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Abstract In this work lignocellulose biomass lique-

faction was used to produce biopolyols suitable for the

manufacturing of rigid polyurethane foams. In order to

better evaluate the mechanism of the process, pure

cellulose was applied as a raw material. The effect of

time and temperature on the effectiveness of liquefac-

tion and the parameters of resulting biopolyols were

characterized. The prepared materials were analyzed in

terms of their chemical structure, rheology, thermal and

oxidative stability, and basic physical and mechanical

properties that are important from the point of view of

polyurethane manufacturing. The optimal parameters

for the biopolyol production with a 94 % yield were

achieved at 150 �C for a 6-h reaction duration. The

obtained polyols were characterized by the hydroxyl

number of 643 mg KOH/g and enhanced thermal and

oxidative stability compared to the polyols obtained at

lower temperatures, which is associated with the altered

mechanism of liquefaction. The results of rheological

tests, analyzed with the use of Ostwald-de Waele and

Herschel Bulkley models, revealed that the prepared

biopolyols can be classified as pseudoplastic fluids with

the viscosity values similar to those of commercially

available products. Rigid foams obtained via partial

substitution of petrochemical polyol with prepared bio-

based one were characterized by slightly increased

apparent density and average cell size comparing to

unmodified materials. The best mechanical perfor-

mance was observed for the sample containing 35 wt%

of biopolyol in the polyol mixture, which indicates a

synergistic effect between the applied polyols. The

applied modification delayed thermal degradation of

foams due to changes in thermal decomposition

process. In conclusion, the presented work confirms

that lignocellulose biomass liquefaction can be suc-

cessfully applied as a manufacturing method of polyols

later used in the production of polyurethanes.

Keywords Biopolyols � Biomass liquefaction �
Crude glycerol � Rigid polyurethane foams

Introduction

Due to high cost and non-renewable character of

petroleum as well as inconveniences associated with
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the utilization of huge amounts of various by-products,

pro-ecological technologies are gaining increasing

attention in scientific and industry-related circles.

These technologies include the processes related to the

utilization of biomass not only at the energy produc-

tion stage, but also during the fabrication of various

chemical compounds. To some extent, such biomass

utilization helps to cope with the surplus of biomass

stored in landfills.

The main component of biomass is lignocellulose,

which is a combination of natural polymers such as

cellulose, hemicellulose and lignin, containing at least

two hydroxyl groups per particle. Its functionalized

structure makes lignocellulose biomass a very desir-

able substrate for many chemical processes, e.g.

liquefaction. The application of the chemical methods

of lignocellulose biomass liquefaction results in the

synthesis of highly reactive compounds with a vast

range of molecular weight, which can be further

processed into phenolic resins (Roslan et al. 2014;

Wang et al. 2009a, b) or polyols for the production of

polyurethanes (Cinelli et al. 2013; Hu et al. 2012;

Kurimoto et al. 2001; Wang et al. 2008).

The most popular methods of biomass liquefaction

are based on the incorporation of organic solvents and

acidic or basic catalysts (Hassan and Shukry 2008).

The conversion of biomass, very often wood, into

industrially useful compounds can also be performed

with the use of supercritical methanol or ethanol

(Minami and Saka 2003; Poudel and Oh 2012),

subcritical water (Matsunaga et al. 2008) or ionic

liquids (Maki-Arvela et al. 2010). The main reactions

occurring during liquefaction are the degradation of

biomass ingredients, esterification and polycondensa-

tion. The final structure of the obtained products

mainly depends on the solvent used, and the conditions

of the process (Ye et al. 2014).

Oxypropylation with propylene oxide, assisted by

Brønsted or Lewis base as a catalyst, is one of the most

popular methods of polyol production from lignocel-

lulose biomass. The essence of this method is to

enhance the reactivity of hydroxyl groups by shifting

them towards the end of the main chain (Briones et al.

2011a, b). The resulting polyols are liquid mixtures of

oxypropylenated biomass, homopolymer of propylene

oxide, and unreacted biomass (Evtiouguina et al.

2002). This method of polyol production was inves-

tigated by many research groups which incorporated

into the process various types of biomass such as,

coffee grinds (Evtiouguina et al. 2002), sugar beet

pulp (Pavier and Gandini 2000), gambier tannin

(Arbenz and Averous 2015), soy hulls (Rosa et al.

2015), rapeseed cake residue (Briones et al. 2010), and

olive stones (Matos et al. 2010).

Besides propylene oxide, the most popular solvents

used for biomass liquefaction are polyethylene glycol

(PEG), ethylene glycol (EG) and glycerol. Zhang et al.

(2007) used ethylene glycol to liquefy bagasse in the

presence of sulfuric acid (VI), while Ye et al. (2014)

converted bamboo shoot shells into a polyol with the

mixture of EG and PEG. Glycerol, used alone or in

combination with other solvents, seems to be the most

popular chemical to liquefy cork (Yona et al. 2014),

acid hydrolysis residue of corncob (Zhang et al. 2012),

biodiesel production solid residues (Briones et al.

2011a, b), wheat straw (Wang and Chen 2007), and

bagasse or cotton stalks (Hassan and Shukry 2008).

The main advantage of glycerol with respect to the

liquefaction process is the presence of three hydroxyl

groups in its structure, which allows for the generation

of the branched structure of resulting polyols.

Recently, the attempts of crude glycerol incorporation

into the liquefaction process of corn straw (Hu and Li

2014) and soybean straw (Hu et al. 2012) have been

reported.

In order to better understand the mechanism of the

process, polyols can also be obtained from the

individual biomass compounds such as, cellulose or

lignin. Lignin can be converted into polyols via

hydrolysis in the presence of basic catalysts (Mah-

mood et al. 2013), and the treatment with organic

solvents (Jin et al. 2011) or supercritical methanol and

ethanol (Miller et al. 1999). The methods of cellulose

liquefaction are based on cellulose hydrogenolysis or

hydrolysis assisted by acids, enzymes, ionic liquids or

hot steam (Baek et al. 2012; Liu et al. 2012). Zhang

et al. (2014) carried out acid-catalyzed liquefaction of

three main components of biomass, i.e. cellulose,

hemicellulose and lignin with the mixture of poly-

ethylene glycol and glycerol in order to study in detail

the mechanisms of this process. The authors stated that

liquefaction of cellulose should be performed at a

temperature around 160 �C to achieve the best

effectiveness.

In the presented study, the potential use of refined

crude glycerol as a solvent for cellulose liquefaction

has been evaluated. Based on the literature data, we

aimed at examining the influence of the time of
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reaction (1–6 h) and temperature (120–150 �C) on the

yield of the process as well as the chemical structure

(FTIR analysis), water content, hydroxyl value, and

rheological (viscosity studies) and thermal (thermo-

gravimetric analysis, oxidation onset temperature test)

properties of the resulting biopolyols. Pure cellulose

was used to better control the liquefaction process with

refined crude glycerol. Moreover, a selected biopolyol

was applied to prepare rigid polyurethane foams.

Experimental

Materials

Bio-based polyols were synthesized by liquefaction of

cellulose with the purified crude glycerol. Cellulose in

the form of cotton with a water content of 5.4 % was

obtained from VITA Rzeszow (Poland). Refined crude

glycerol was acquired from Bio-Chem Sp. z o.o.

(Poland). The water content of the solvent was lower

than 0.5 wt% and its density was 1.26 g/cm3. The

liquefaction process was catalyzed by 95 % water

solution of sulfuric acid (VI) obtained from Avantor

Performance Materials Poland SA.

Rigid polyurethane foams were synthesized using

two types of polyols, namely, petrochemical poly-

etherol based on sorbitol with a trade name Rokopol

RF55, and previously prepared biopolyol EP1 (see

‘‘Preparation of bio-based polyols’’ section). Rokopol

RF55, with a hydroxyl number (LOH) of ca. 495 mg

KOH/g and the water content lower than 0.1 wt%, was

supplied by PCC Rokita SA (Poland). The applied bio-

based polyol was characterized by LOH = 754 mg

KOH/g and the water content of 0.63 wt%. Polymeric

methylene diphenyldiisocyanate (pMDI) was supplied

by Borsodchem (Hungary). The average functionality

of pMDI was ca. 2.8, while the content of free

isocyanate groups was 31.5 %. Tin(II) 2-ethylhex-

anoate (Sn catalyst) produced by Sigma Aldrich, and

tertiary amines Dabco� TMR-2 and Dabco� 1027 (Air

Products Europe Chemicals BV) were used as cata-

lysts. Tegostab� B 8465 (Evonik Industries AG) was

employed as a stabilizer of porous structure. Carbon

dioxide, generated in the reaction between water and

isocyanate groups, was used as a chemical blowing

agent. Solkane� 365/227 (Solvay Chemicals) served

as a physical blowing agent.

Preparation of bio-based polyols

As mentioned before, bio-based polyols were synthe-

sized by liquefaction of cellulose with purified crude

glycerol. The mass ratio of solvent to biomass was

10:1. In order to accelerate the process, the catalyst

(3 wt%) was added to the reaction mixture. The

individual reactions were run at 120, 135 and 150 �C
for 6 h, with samples being collected every hour. The

obtained polyols were neutralized with a 67 % water

solution of sodium hydroxide, and later dried out

under vacuum.

Preparation of rigid polyurethane foams

Rigid polyurethane foams (PUFs) were produced on a

laboratory scale by a single step method from a two-

component (A and B) system with the ratio of NCO/

OH groups equal to 2. Component A (polyol mixture)

consisted of the estimated amount of polyether

Rokopol RF 55 or a mixture of Rokopol RF55 and

bio-based polyol at the appropriate ratio (prepared at

150 �C, as described in chapter 2.2), catalysts,

surfactant and water. It was weighted and placed in a

500 mL polypropylene cup, then mixed with compo-

nent B (polyisocyanate, pMDI) at a predetermined

mass ratio, and stirred at 3000 rpm for 15 s, and left

for free rise. After demoulding, the obtained PUF

samples were kept at 60 �C for 24 h and then seasoned

at room temperature for 24 h. Table 1 contains the

details of different foam formulations.

Characterizations of polyols

The liquefaction extent was evaluated on the basis of

the percentage of residue. The liquefaction product

(1 g) was diluted (more than ten times) with methanol,

then stirred by means of a magnetic stirrer for 4 h, and

finally vacuum-filtered. Solid residue was washed

with methanol and then dried in the oven at 100 �C
until the sample has reached a constant weight. The

percentage of residue was calculated according to

formula (1):

mresidue ¼
m

mo

� 100 ð1Þ

where m (g) is the weight of residual biomass, and mo

(g) is the initial weight of biomass.

Cellulose (2016) 23:2929–2942 2931
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The hydroxyl number of bio-based polyol was

determined according to standard PN-93/C-89052/03.

The samples weighing 0.5 g each were placed in

250 cm3 Erlenmeyer flasks containing acetylating

mixture and then heated for 30 min. Next, 1 mL of

pyridine and 50 mL of distilled water were added.

Finally, the resulting mixture was titrated using 0.5 M

KOH solution in the presence of phenolphthalein

indicator dye. The values of hydroxyl number were

determined according to formula (2):

HV ¼ 56:1 � V2 � V1ð Þ � CKOH

m
ð2Þ

where: CKOH, concentration of KOH (mol/dm3); V1

and V2, volumes of KOH used to titrate the analyzed

sample (1) and blank (2), respectively (cm3); and m,

sample mass (g).

FT-IR spectrophotometric analysis was performed

in order to determine the structure of the obtained bio-

based polyol. The analysis was performed at a

resolution of 4 cm-1 using a Nicolet 8700 apparatus

(Thermo Electron Corporation) equipped with a snap-

Gold State II which allowed for making the measure-

ments in a reflection configuration mode.

The viscosity values of prepared polyols were

determined using R/S Portable rheometer. The anal-

ysis was conducted at 25 �C for the shear rates varying

from 1 to 100 s-1. The obtained results were analyzed

by employing Rheo 3000 computer software.

Oxidation Onset Temperature (OOT) Test. The

OOT test was used to evaluate the effectiveness of

antioxidants in biopolyols. The tests were performed

under oxygen atmosphere using a NETSCH DSC F3

differential scanning calorimeter. The oxygen flow

was maintained at 20 mL/min. The biopolyol samples

(12 mg each) were placed in open aluminum pans and

heated from 35 to 250 �C, at a heating rate of 10 �C/

min. All the experiments were performed at least in

duplicate. The OOT values were obtained by using the

NETZSCH Proteus Thermal Analysis software.

The water content of the produced biopolyols was

assessed by using Karl-Fischer titration. The samples

were diluted with methanol and titrated with Fischer

reagent.

The measurements of biopolyol density were

performed at 25 �C by means of a pycnometer. The

pH values were measured with a VOLTCRAFT pH-

100 ATC pH-meter at 25 �C.

Characterization of polyurethanes

The apparent density of polyurethane samples was

calculated in accordance with the standard PN–EN

ISO 845: 2000 as the ratio of the sample weight to the

sample volume. The volume of cube-shaped samples

was measured with a slide caliper, with an accuracy of

0.1 mm. The samples were weighted using an elec-

tronic analytical balance, with an accuracy of 0.1 mg.

The compression strength of PUF samples was

estimated in accordance with the standard PN–EN ISO

604:2006. The cube-shaped samples with the dimen-

sions of 50 9 50 9 50 mm3 were measured with a

slide caliper, with an accuracy of 0.1 mm. The

compression test was performed on a Zwick/Roell

Table 1 The composition

of reaction mixtures
Component Foam’s symbol

P1 P2 P3 P4 P5

Mass of the component (g)

Component A

Rokopol RF55 11.15 8.55 7.25 5.95 3.55

Biopolyol EP1 – 2.60 3.90 5.30 7.80

DABCO 1027 0.165 0.165 0.165 0.165 0.165

DABCO TMR-2 0.165 0.165 0.165 0.165 0.165

Sn catalyst 0.06 0.06 0.06 0.06 0.06

TEGOSTAB B8465 0.15 0.15 0.15 0.15 0.15

Water 0.055 0.055 0.055 0.055 0.055

Solkane 365/227 5.0 5.0 5.0 5.0 5.0

Component B

pMDI 21.02 23.75 25.12 26.49 29.22
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tensile tester at a constant speed of 10 mm/min to

40 % deformation.

The thermogravimetric analysis (TGA) was per-

formed on a NETZSCH TG 209 apparatus using 5-mg

samples within the temperature range 100–600 �C
under nitrogen atmosphere, at a heating rate of 15 �C/

min.

The cellular morphology of polyurethanes was

investigated with a Philips-FEI XL 30 environmental

scanning electron microscope (ESEM) using an

acceleration of 25 kV. Samples were cut at room

temperature, while the observations were performed in

wet mode.

Results and discussion

Characterization of bio-based polyols

As stated before, the liquefaction process was carried

out at three different temperatures. In Fig. 1a, b, the

values of biomass conversion and hydroxyl number

plotted versus time and temperature of the process are

presented. It is noticeable that an increase in reaction

temperature resulted in the higher yield of liquefaction

and lowered hydroxyl values in the obtained

biopolyols.

Branched products prepared with applied crude

glycerol were characterized by high hydroxyl values

ranging between 650 and 1050 mg KOH/g. A notice-

able drop in HV is related to the hydrolysis and

alcoholysis reactions occurring during the biomass

liquefaction. A decrease in the hydroxyl value with

increasing reaction duration was also reported by

others (Yao et al. 1995). The incorporation of high

excess of glycerol may lead to its condensation and the

resulting generation of polyglycerol and water as by-

products. The balance between hydrolysis and alco-

holysis shifts during the process, therefore the rate of

hydroxyl value decrease is changing. Hydrolysis

causes scission of biomass-derived long particles,

leading to the generation of free hydroxyl groups,

which are responsible for a momentary increase in

HV. The degradation of biomass particles into low-

molecular-weight compounds and their reactions with

solvent present in the system reduces the content of

residual biomass in the polyol. At the beginning of the

process, such degradation is the primary process

taking place, simultaneously causing a fast increase

in the liquefaction yield. However, at the later stages

of liquefaction, compounds generated through the

biomass degradation are re-polymerizing, and thus

creating an insoluble material that consists of glycol or

glycerol glucosides and xylosides (Yamada and Ono

1999; Yamada et al. 2001). The re-polymerization rate

increases with increasing reaction duration due to the

increasing concentration of low-molecular-weight

compounds related to the biomass decomposition

(Wang and Chen 2007). As a result, the balance

between decomposition and re-polymerization shifts

towards the latter process, which simultaneously

slows down the rate of increase of liquefaction yield.

Undissolved residues of biomass present in the

obtained polyol may act as reactive fillers during the

polymer synthesis, e.g. they may react with iso-

cyanates present in the reaction mixture during

Fig. 1 Effect of reaction duration on the hydroxyl number

(a) and yield of liquefaction (b) for different reaction

temperatures
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polyurethane manufacturing. It can be seen that the

values of hydroxyl number and liquefaction yield

reach a plateau in about 5–6 h. Thus, on the basis of

presented results, we can conclude that such reaction

duration can be considered as optimal for lignocellu-

lose biomass liquefaction process employing crude

glycerol.

The measurements of rheological parameters

enabled the determination of viscosity values, plotting

of flow curves, and fitting the proper mathematical

models to the obtained data.

In Fig. 2, the flow curves plotted for various

reaction durations and temperatures are presented.

The data demonstrate that the obtained biopolyols are

non-Newtonian fluids because they display a nonlinear

dependence of shear rate on shear stress (Chhabra

2010; Dziubiński et al. 2009). The slope of the initial

part of flow curve is strictly correlated with the

viscosity of the liquid, and can be described by the

following formula (Schramm 2000) (3):

tana ¼ g0 ð3Þ

In the presented plots, the slope value decreases

with increasing reaction temperature, thus a decrease

in viscosity has also occurred. Simultaneously, the

maximum values of shear stress decreased, reaching

3290, 2302 and 1369 Pa at 120, 135 and 150 �C,

respectively, for samples collected after a 6-h

liquefaction.

The dependence of shear rate on the viscosity of

biopolyols at various temperatures has been illustrated

in Fig. 3. It is noticeable that after an initial increase,

the viscosity decreases for higher values of shear rate.

For the shear rates[ca. 80 s-1, the relationship

between the shear rate and viscosity becomes linear.

Such disproportionality at low shear rates indicates

that the prepared biopolyols should be categorized as

pseudoplastic liquids (Björn et al. 2012). In such

liquids, the increased shear rate results in a specific

arrangement of particles, i.e. a steady flow arranges

the particles along the flow line. At the beginning, the

viscosity drop is quite rapid. Later on, when the

particles reach the best possible arrangement, the

viscosity decrease is slower. In the case of pseudo-

plastic liquids, decreasing viscosity due to increased

shear rate is also the reason for describing these fluids

as shear-thinning liquids (Glowiska and Datta 2014).

In Fig. 3, the values of viscosity measured at

constant shear rate of 180 s-1 and constant

temperature of 25 �C were plotted as a function of

reaction temperature and reaction duration. It can be

seen that with increasing reaction temperature and

reaction duration there is a noticeable drop in viscos-

ity, which correlates well with the estimated yield of

Fig. 2 Flow curves of biopolyols obtained at various temper-

atures: a 120 �C, b 135 �C, c 150 �C
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liquefaction process. In Table 2, the mathematical

models describing rheological behavior of the

obtained polyols are presented. The rheological mea-

surements were analyzed using the Ostwald-de Waele

and Herschel Bulkley models. The Ostwald-de Waele

model is a simple, but useful tool, employed to analyze

the fluid behavior. However, the model only approx-

imately describes the real non-Newtonian fluids. It is

based on the following formulas (4) and (5):

s ¼ K
ou

oy

� �n

ð4Þ

leff ¼ K
ou

oy

� �n�1

ð5Þ

where K is the flow consistency index, qu/qy is the

shear rate perpendicular to the plane of shear, n is the

flow behavior index, and leff represents an effective

viscosity as a function of shear rate.

The presented formulas implicate that for liquids

with value of n lower than 1, effective viscosity would

drop indefinitely with increasing shear rate. Thus the

Ostwald-de Waele model is suitable for analyzing

fluids within a given range of shear rates. Based on the

flow behavior index n, fluids can be divided into three

categories, i.e. pseudoplastic (n lower than 1), New-

tonian (n equals 1) and dilatant (n higher than 1) fluids.

The value of index n lower than 1 for all prepared

biopolyols confirms the assumption made on the basis

of flow curves, namely, that the obtained liquids can be

classified as pseudoplastic. Moreover, the increased

time of reaction duration caused an increase in the flow

behavior index. This means that longer reaction

duration shifts the fluid behavior closer to Newtonian

fluids.

Herschel-Bulkley model is based on the following

constitutive Eq. (6):

s ¼ s0 þ K _cn ð6Þ

where s is the shear stress, s0 yield stress, _c shear rate,

K is the flow consistency index, and n the flow

behavior index.

Yield stress is a very important parameter of the

Herschel-Bulkley model as it determines the amount

of stress that fluid may experience before it starts to

flow. With increasing reaction duration and temper-

ature, the value of yield stress becomes significantly

reduced, which is strictly related to the yield of

liquefaction and the percentage of solid residue in a

biopolyol. The presence of solid particles in the fluid

increases the force needed to make fluid flow. Thus,

the degradation of lignocellulose-biomass particles

during liquefaction resulted in a decrease in yield

stress, which equaled zero after a 6-h reaction. This

indicates that the biopolyols were flowing immedi-

ately after the application of force.

As in the case of the Ostwald-de Waele model, the

n value determines the shear thinning or shear

thickening of the fluid, for example, for n = 1 and

s0 = 0, the model describes fluid as Newtonian.

According to the Herschel-Bulkley model, the pre-

pared biopolyols are pseudoplastic fluids, which is in

agreement with the flow curves and the Ostwald-de

Waele model developed for the tested polyols.

Figure 4 shows FTIR spectra for biopolyol

obtained at 150 �C, after 6 h of reaction, together

with the spectra of substrates used, glycerol and

cellulose. Absorption bands (a) characteristic for the

Fig. 3 The viscosity curves (a) and change in viscosity during

the reaction (b)
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stretching vibrations of O–H groups were observed at

3300 cm-1 (Deng and Ting 2005). Signals (b) in the

range of 2940–2870 cm-1 were attributed to the

symmetric and asymmetric stretching vibrations of

C–H bonds in CH2 groups present in aliphatic chains

and CH3 end groups (Collier et al. 1997). The

absorption maxima (c) at ca. 2360–2320 cm-1 were

most likely associated with the weak vibrations of

acetal groups present in the cellulose structure. A band

(d) at 1720 cm-1 was attributed to the stretching

vibrations of unconjugated C=O bonds and C=C bonds

in the products of cellulose degradation that had

occurred during the liquefaction of biomass (Budarin

et al. 2010). Signals (e) in the range between 1420 and

1333 cm-1 were related to the CH2 and HOC in-plane

bending vibrations (Ciolacu et al. 2011; Schwanninger

et al. 2004). The absorption bands observed between

1170 and 980 cm-1 (g) were characteristic for the

vibrations of C–O–C ether groups (Cai et al. 2007).

Other signals (h) observed at 915–840 cm-1 can be

attributed to the out-of-plane vibrations of C=C and

C–H bonds in aromatic rings present in the structure of

biomass used (Faix 1991).

In the present study, FTIR analysis was used for

qualitative purposes. Nevertheless, some dependences

in the intensity of particular signals might be observed.

In case of biopolyol spectra is quite similar to those of

Table 2 The Ostwald-de Waele and Herschel Bulkley linear functions based on the rheological data from bio-based polyol samples

Sample code Function K (Pa sn) n (-) R2

The Ostwald-de Waele linear functions

P120-0 y = 56.46 x0.7984 56.4605 0.7984 0.9995

P120-3 y = 31.51 x0.9031 31.5098 0.9031 0.9999

P120-6 y = 26.97 x0.9305 26.9727 0.9305 0.9996

P135-0 y = 45.31 x0.8194 45.3099 0.8194 0.9999

P135-3 y = 22.78 x0.9331 22.7751 0.9331 0.9993

P135-6 y = 17.38 x0.9501 17.3832 0.9501 0.9990

P150-0 y = 28.33 x0.8982 28.3265 0.8982 0.9999

P150-3 y = 11.76 x0.9424 11.7573 0.9424 0.9997

P150-6 y = 9.42 x0.9611 9.4196 0.9611 0.9999

Sample code Function s0 (Pa) lom (Pa sn) n (-) R2

The Herschel Bulkley linear functions

P120-0 y = 33.02 ? 41.64 x0.8605 33.02 41.6439 0.8605 0.9998

P120-3 y = 2.76 ? 33.23 x0.8899 2.76 33.2346 0.8899 0.9999

P120-6 y = 30.94 x0.8987 0 30.9436 0.8987 0.9999

P135-0 y = 15.33 ? 38.71 x0.8513 15.33 38.7101 0.8513 0.9999

P135-3 y = 28.25 x0.8848 0 28.2459 0.8848 0.9999

P135-6 y = 22.70 x0.89 0 22.7013 0.8900 0.9999

P150-0 y = 4.71 ? 28.96 x0.8911 4.71 28.9640 0.8911 0.9999

P150-3 y = 13.78 x0.9073 0 13.7771 0.9073 0.9998

P150-6 y = 10.08 x0.9459 0 10.0808 0.9459 0.9999

Fig. 4 FTIR spectra of cellulose, glycerol and bio-based polyol
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applied glycerol, which is related to the excess of this

solvent used during liquefaction.

In Table 4, the values of density, water content and

pH of the obtained biopolyols are presented. It can be

seen that the reaction temperature does not have a

significant influence on the density and pH of the

produced materials. All samples had density of 2.7 g/

cm3, while their pH ranged from 6.5 to 6.7. The water

content of liquefied cellulose and crude glycerol was

5.4 and 0.5 wt%, respectively. Considering these

values and the fact that water was present in the

catalyst and KOH solution used for neutralization, the

theoretical water content of the obtained polyols

should have been ca. 0.97 wt%. Prior to desiccation,

the water content was 2.1, 4.3 and 12.4 wt% for the

polyols obtained at 120, 135 and 150 �C, respectively.

This finding demonstrates that water is generated as a

by-product during the biomass liquefaction (Wang

et al. 2009a, b). Nevertheless, the final water content

decreased with increasing reaction temperature, which

means that higher temperature reduces the amount of

bonded water in the forming polyols.

The values of OOT were determined for the

samples coded P120, P135 and P150 after 6 h of

reaction (see Table 3). The oxidation onset tempera-

ture was defined as the intersection of the tangent line

to the initial baseline and the tangent line to the point

of maximum increase, corresponding to the inflection

point of the oxidation peak.

The presented data indicate that the increased

temperature of liquefaction enhances oxidative stabil-

ity of resulting biopolyols. Such phenomenon can be

associated with the specifics of the process. As

mentioned before, during liquefaction cellulose is

decomposing into low-molecular-weight compounds

with various functional groups, which can be

subjected to oxidation, e.g. hydroxyl groups. These

compounds are subsequently reacting with the solvent,

which decreases the hydroxyl value of biopolyols. As

illustrated in Fig. 1, the hydroxyl value and percentage

of solid residue decrease with increasing temperature,

so there are less functional groups prone to oxidation.

This means that an increase in the liquefaction yield

will result in the higher value of OOT.

The results of thermogravimetric analysis of raw

materials and biopolyols obtained after a 6-h reaction

are presented in Fig. 5 and Table 4. As can be

observed on the DTG curve, raw materials displayed

rather sharp peaks which is related to the level of

material’s purity. In the case of cellulose, a small

degradation step at ca. 100 �C is related to the

moisture content of the material, while the further

course of degradation is typical for this compound

(Shafizadeh and Bradbury 1979; Shen and Gu 2009).

Thermal stability of the prepared biopolyols increased

Table 3 Physical properties of bio-based polyol obtained after

6 h of reaction

Property Sample

P120 P135 P150

Density (g/cm) 2.7 2.7 2.7

Water content before drying (%) 2.1 4.3 12.4

Water content after drying (%) 1.34 0.95 0.63

pH value 6.5 6.7 6.7

OOT (�C) 161 175 180

Fig. 5 Differential thermogravimetric curves for cellulose,

glycerol and bio-based polyol after a 6-h reaction

Table 4 Thermogravimetric analysis of bio-based polyol,

cellulose and glycerol

Sample Temperature (�C)

T2 T5 T10 Tmax 1 Tmax 2

P120 144 163 176 206 404

P135 152 168 181 210 401

P150 153 173 188 220 413

Cellulose 63 272 313 – 369

Glycerol 148 167 182 228 –

Cellulose (2016) 23:2929–2942 2937
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with increasing reaction temperature, as these two

parameters are strongly correlated. As in the case of

OOT, a higher reaction temperature resulted in the

lowered content of compounds with weak thermal

stability in the analyzed biopolyols because the latter

had been subjected to various chemical reactions

during liquefaction.

In addition, noticeable differences in DTG curves

of the analyzed polyols are present, which can be

related to the effectiveness of liquefaction process.

The values of Tmax 1 and Tmax 2 are shifted towards

higher temperatures, which is related to the higher

yield of liquefaction and more effective bonding of

liquefied cellulose to the solvent particles. In the case

of sample P150, both temperature peaks are lowered,

while its thermal degradation within the range of

250–350 �C differs compared to other samples. These

findings indicate a better material homogeneity and

the compatibility between the compounds present in

this particular biopolyol.

Mechanical and thermal properties of analyzed

polyurethanes

In Table 5, the values of apparent density and

compressive strength of prepared rigid polyurethane

foams are presented.

In the case of polyurethane foams, apparent density

has a crucial impact on the mechanical performance of

the material due to the fact that higher density results

in the increased compressive strength (Prociak 2008).

The replacement of petrochemical polyol with biopo-

lyol P150 resulted in a decreased volumetric expan-

sion during polymerization which, in turn, caused an

increase in the produced material’s density in com-

parison to neat foam. Similar observations associated

with the incorporation of bio-based polyols into

polyurethane foams have been previously reported

(Piszczyk et al. 2014). However, the effect related to

the use of P150 is rather small due to the low water

content of the biopolyol used in this study in compar-

ison to biopolyols described in the literature. An

increased share of biopolyol in the polyol mixture

improved the mechanical strength of the obtained

material, which can be related to the slight increase in

apparent density. Nevertheless, the highest value of

compressive strength was observed for sample P3,

which indicates a synergistic effect between the

applied polyols.

The incorporation of bio-based polyol into PU foam

also increased the average cell size, as illustrated in

Fig. 6. Such phenomenon might be related to the

higher water content of biopolyol P150 (0.63 wt%)

compared to Rokopol RF55 (\0.1 wt%), and a slightly

higher generation of carbon dioxide during the reac-

tion with isocyanate particles present in the system.

The decreased viscosity of polyol mixture might be

another underlying reason since P150 has lower

viscosity than the petrochemical polyol (7600 and

9200 mPa s, respectively) which facilitates the diffu-

sion of CO2 and hydrofluorocarbon used. Similar

results related to the increase of cell size during the

incorporation of bio-based polyols into polyurethane

foams have been reported by others (Zieleniewska

et al. 2015).

The results of thermogravimetric analysis are

presented in Fig. 7 and Table 6. Generally, the

mechanism of polyurethane thermal degradation is

rather complicated due to the complex structure of the

material. For all samples, the values of the initial

temperature of degradation corresponding to 2 and

5 wt% mass loss were in the range of 188–259 �C,

which is related to the initial stage of polyurethane

degradation, involving the decomposition of less

stable groups such as, biuret, alophanate and urethane

(Lee et al. 2002; Somania et al. 2003; Tanaka et al.

2008). The consecutive steps of degradation consisted

of the decomposition of long polyol chains, and were

relatively slower than the first step (Cervantes-Uc

et al. 2009).

Table 5 Comparison of the

properties of rigid

polyurethane foams

Sample Apparent density (kg/m3) Cell size (lm) Compressive strength (kPa)

P1 39.3 ± 1.6 129.8 ± 6.5 267.0 ± 7.3

P2 39.6 ± 1.9 152.7 ± 7.6 256.5 ± 6.5

P3 40.3 ± 1.3 180.7 ± 7.0 320.0 ± 6.8

P4 41.7 ± 1.5 189.5 ± 6.8 352.6 ± 7.8

P5 42.5 ± 1.8 202.2 ± 7.2 367.4 ± 7.0
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It is noticeable that the incorporation of P150

biopolyol resulted in the increased thermal stability of

PU foam, which may suggest a decrease in the content

of volatile compounds and the enhancement of thermal

stability of rigid segments in the resulting material. In

Table 6, the values of Tmax 1, Tmax 2, Tmax 3 and Tmax 4,

respectively corresponding to the temperature peaks on

the differential thermogravimetric curves are pre-

sented. Moreover, the DTG curves are presented in

Fig. 7 in order to illustrate the slight changes in thermal

degradation pathways of the analyzed foams. It can be

seen that the incorporation of biopolyol residues into

rigid polyurethane foams caused the disappearance of

Tmax 1 peak that has been ‘‘replaced’’ by Tmax 2 peak.

This confirms the delay of thermal degradation of rigid

segments. The Tmax 3 peak, which is related to the

Fig. 6 SEM images of PU foams coded a P1, b P2, c P3, d P4 and e P5

Fig. 7 The effect of bio-based polyol on the shape of

differential thermogravimetric curves for rigid polyurethane

foams

Table 6 Characteristics of

thermal degradation in rigid

polyurethane foams

Sample Mass loss (wt%) Tmax 1 (�C) Tmax 2 (�C) Tmax 3 (�C) Tmax 4 (�C)

2 5 10 50

Temperature (�C)

P1 188 217 269 354 190 – 343 483

P3 199 249 277 366 – 297 342 481

P5 215 259 282 377 – 298 335 478

Cellulose (2016) 23:2929–2942 2939
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decomposition of soft segments, shifted towards lower

temperatures with the increasing content of biopolyol.

This finding suggests a slight deterioration of soft

segment stability. For all the analyzed foams, peak

Tmax 4 was present which is associated with the

thermolysis of organic residues from previous decom-

position stages (Garrido and Font 2015).

Conclusions

Biopolyols suitable for the manufacturing of rigid

polyurethane foams were prepared via lignocellu-

lose-biomass liquefaction process, with the refined

crude glycerol used as a solvent. To better control

the mechanism of the process, pure cellulose was

used as a raw material. The effect of liquefaction

time and temperature on the effectiveness of the

process, and the parameters of the resulting biopoly-

ols were characterized. The produced materials

were analyzed in terms of their structure (FTIR

analysis), water content, hydroxyl value, and rheo-

logical (viscosity studies) and thermal (thermo-

gravimetric analysis, oxidation onset temperature

test) properties. The reaction duration of 6 h and a

temperature of 150 �C were selected as optimal

parameters for the production of biopolyol to be

used later for obtaining rigid polyurethane foams.

The foam sample P150, obtained in the reaction

with a 94 % yield, was characterized by the

hydroxyl number of 643 mg KOH/g. Moreover,

with increasing reaction temperature the thermal

stability and resistance to oxidation of the polyol

improved, which was strictly correlated to the

mechanism of the liquefaction process.

The obtained biopolyols were also analyzed with

respect to their rheological properties. The produced

materials showed the viscosity values similar to those

of commercially available products commonly used

for manufacturing of PU foams. This finding should be

considered as very beneficial from the technological

point of view. The obtained rheological data were

analyzed using the Ostwald-de Waele and Herschel

Bulkley models. According to these mathematical

models, the prepared biopolyols can be classified as

pseudoplastic fluids. However, with increasing reac-

tion duration the character of polyols is closer to a

Newtonian fluid.

Biopolyol P150 was selected for the preparation

of rigid polyurethane foams; its share in the polyol

mixture was variably increased to 70 wt%. The

obtained foams were characterized in terms of their

basic properties such as, apparent density, cell size,

compressive strength, and thermal stability. The

presented results indicate that the substitution of

petrochemical polyol with the obtained bio-based

polyol slightly increased the apparent density of the

material. However, the differences were small and

they could be easily corrected by adjusting the

foam formulation (i.e. foaming agent content).

Moreover, the incorporation of biopolyol resulted

in the increased average cell size, but this change

in the foam morphology did not have any unfavor-

able influence on the mechanical performance of

the material. The highest value of compressive

strength was observed for sample P3 (35 wt% of

biopolyol in the polyol mixture), which indicates a

synergistic effect between the applied polyols. The

analyzed modifications with polyol P150 also

enhanced the thermal stability of PU foams, as

demonstrated by a slight change in the thermal

decomposition process.

In summary, this work has confirmed that

lignocellulose-biomass liquefaction with refined

crude glycerol can be successfully applied to

manufacture polyols used in the polyurethane foam

production. The resulting polyols allowed the

preparation of foams with comparable or even

enhanced properties compared to the foams pro-

duced with petrochemical compounds only. Further

studies in this field should focus on (1) the

evaluation of crude glycerol containing impurities

as a solvent for the biomass liquefaction process;

(2) the application of other, more complex types of

biomass, including the biomass of industrial origin;

(3) the investigation of total substitution of petro-

chemical polyols with those obtained via lignocel-

lulose-biomass liquefaction for the production of

polyurethane foams.
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