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Abstract In this work, liquefied biomass from the
Baltic Sea was used for the preparation of rigid
polyurethane (PUR) foams. The biomass contained 10
wt% of Enteromorpha macroalgae and 90 wt% of
Zostera marina seagrass characterized by a high
content of cellulose. The influence of time, tempera-
ture and the type of solvent on the efficiency of the
liquefaction process and properties of biopolyols was
determined. Obtained materials were analyzed in
terms of chemical structure, rheological properties,
thermal stability and basic physical and mechanical
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properties. It was found that optimal parameters for
liquefaction of used biomass were: temperature of
150 °C, reaction time of 6 h and a solvent mixture
containing glycerol and poly(ethylene glycol) in ratio
of 50:50 (biopolyol 50G50P_150). Under these con-
ditions, 78 wt% of biomass was liquefied and resulting
biopolyol was characterized by a hydroxyl number of
650 mg KOH/g. Depending on the used solvent
mixture and the liquefaction temperature, biopolyols
showed the character of Newtonian or non-Newtonian
liquids. Rigid PUR foams were obtained by substitu-
tion of petrochemical polyol with 10, 20 and 30 wt%
of biopolyol. It was found that the addition of
biopolyol to foams’ formulations did not cause
significant changes in their chemical structure, while
mechanical strength and thermal stability were
enhanced. The presented study confirms that biomass
from the Baltic Sea can be used for the synthesis of
biopolyols and rigid polyurethane foams.

Keywords Bio-based polyols - Algae - Biomass
liquefaction - Rigid polyurethane foam

Introduction

The annual, global consumption of plastics is around
140 million tonnes, which consumes around 150
million tonnes of fossil fuels. Such a large production
generates huge amounts of waste, which is very
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harmful for the environment (Suriyamongkol et al.
2007). Due to the consumption of fossil fuels and the
rise of environmental pollution, many scientists are
directing their research towards ‘“green” plastics
(Stevens 2003). One of the most important renewable
resources used in the plastics industry is biomass from
wood (Zimmermann et al. 2014; Bi et al. 2018; Guo
et al. 2018) and crop plants (Karimia et al. 2017; Hejna
et al. 2018a, b; Hemamalini and Dev 2018): corn
(Nouraddini et al. 2018), soy (Dhaliwala et al. 2018),
potatoes (Bergel et al. 2018), cassava (Luchese et al.
2017) and other edible plants (Ubeyitogullari and
Ciftci 2016; Halal et al. 2015). Due to the controversial
use of food resources, there is a need to find
sustainable non-food renewable sources. Interesting
alternative that can be used in plastics industry is
biomass from the aquatic environment (including
algae). Biomass of algae contains large amounts of
carbohydrates and small amounts of lignin, which
makes algae an excellent candidate for the synthesis of
bioplastics (Kuruppalil 2011; Pathak et al. 2014). The
use of algae for bioplastics can be carried out directly
or indirectly. Direct methods include mixing polymers
with algae biomass, while indirect methods use algae
biomass to obtain a component for the synthesis of
bioplastics, e.g. algae oil. In addition, the biomass of
algae is a direct source of biopolymers, such as agar,
carrageenan and alginate.

The literature extensively describes the preparation
of polyurethane (PUR) materials using alginate (Oh
et al. 2011; Yun et al. 2007; Yuvarani et al. 2015).
Interesting research was conducted by Chen and others
(Chen et al. 2016). They prepared fire-resistant
polyurethane foams containing an alginate-montmo-
rillonite coating (AM) in the form of an aerogel.
Polyurethane foams together with the AM coating
with a thickness of 0.2—1.5 mm were frozen in a bath
with ethanol/liquid nitrogen (about — 114 °C), and
later dried in a lyophilizer at a pressure of 5 Pa. The
obtained AM coating was characterized by smaller
pore diameters compared to polyurethane foams. It
also showed strong interaction with the polyurethane,
because during the lyophilization process, the AM
suspension got into the foam structure. The flamma-
bility tests showed that foams with AM coatings had
higher LOI (32-60) and TTI (3—10 s) values compared
to unmodified foams (LOI = 17, TTI = 1). Authors
determined that total heat of combustion was the
lowest for the sample with 1.5 mm layer of aerogel
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comprised of 5 g of alginate and 10 g of montmoril-
lonite. They claimed that such phenomenon was
associated with barrier effect of applied modifications.

Another idea for the use of algae biomass is the
synthesis of biopolyols for the manufacturing of
polyurethane foams. Algae oil shows similar proper-
ties to other vegetable oils, which for many years have
been a substrates for the synthesis of biopolyols. In the
literature, one can find reports on the use of algae oil
for the synthesis of biopolyols, which are then used to
obtain rigid PUR foams. Pawar et al. (2016) described
the synthesis of biopolyol based on algae from the
Chlorella species. The synthesis consisted of an
oxidation reaction using hydrogen peroxide and acetic
acid, followed by the opening of the oxirane ring using
lactic acid or ethylene glycol. Modified rigid poly-
urethane foams showed properties similar to those of
foams based on conventional, petrochemical polyols.

Kim et al. (2015) proposed a method for obtaining
biopolyols and polyurethane foams. They performed
solvothermal liquefaction of microorganisms in poly-
ethylene glycol and glycerol in the presence of sulfuric
acid as a catalyst. The authors pointed out that algae
are a promising raw material for liquefaction because,
unlike most types of biomass, they do not contain
lignin, which impedes liquefaction. In addition,
microalgae contain relatively high amount of free
fatty acids, which can be easily converted into
monoglycerides—monomers that can be used for the
synthesis of polyurethanes. The article presents the
influence of individual synthesis parameters, i.e. the
ratio of poly(ethylene glycol) to glycerol, temperature
and reaction time, as well as the biomass:solvents ratio
and catalyst loading, on the properties of the biopoly-
ols. The optimal reaction conditions were: PEG/
glycerol ratio 6/4, reaction temperature 190 °C, reac-
tion time 60 min, catalyst loading 5 wt% and 20 wt%
of biomass. Under these conditions, a biopolyol with a
hydroxyl number of 650 mg KOH/g, and acid number
of 9 mg KOH/g was obtained, while biomass conver-
sion reached 88.5%.

Interesting solution was proposed by Mayfield and
Ruddick (Ruddick and Fishman 2015; Mayfield 2015),
who producedthe world’s first polyurethane surfboard
using algae oil. Authors modified the algae oil and
obtained reactive polyols, subsequently used for the
synthesis of foamed polyurethanes. In cooperation
with Arcitic Foam, they created a prototype of the
surfboard core. The first reviews state that prepared
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boards are characterized by similar quality, as well as
slightly higher flexibility compared to classic boards.

The presented study evaluated the potential use of
the liquefaction of biomassfrom the Baltic Sea to
obtain components used in manufacturing of rigid
PUR foams. The influence of the reaction time
(1-6 h), temperature (120-180 °C) and the type of
solvent (crude glycerol, poly(ethylene glycol)) on the
process efficiency (biomass conversion), chemical
structure (FTIR), hydroxyl value, water content and
rheological properties was determined. In addition,
selected biopolyol was used to prepare rigid PUR
foams, whose basic properties were determined (pro-
cessing parameters, compressive strength, thermal
stability, cell size and chemical structure).

Experimental
Materials

Biomass used for the synthesis of biopolyols contained
10 wt% of Enteromorpha macroalgae and 90 wt% of
Zostera marina seagrass and originated from the
Baltic Sea (harvest date: June 2017). The character-
istics of used biomass are presented in Table 1.
Figure 1 shows a microscopic image of Zostera
marina, which contain visible cellulose fibers. As a
solvent for the liquefaction process, purified crude
glycerol containing 99% of glycerol (LOH = 1104
mg KOH/g, water content < 0.5%) obtained from
Bio-Chem Sp. z o0.0. and poly(ethylene oxide)

Fig. 1 Microscopic image of Zostera marina

content < 0.3%) from POCH S.A. During the synthe-
sis, sulfuric acid (VI) was applied as a catalyst and
sodium hydroxide was used to neutralize biopolyols,
both reagents derived from POCH S.A.

Rigid PUR foams were obtained using
50G50P_150 biopolyol and Rokopol®RF551 petro-
chemical polyol (polyoxyalkylene sorbitol) from PCC
Group. The selected properties of polyols are shown in
Table 2. The isocyanate component was a polymeric
methylenediphenyl-4,4'-diisocyanate (pMDI) with a
free NCO content of 31.5% from BASF. The follow-
ing were used as catalysts: 33 wt% potassium acetate
solution in ethylene glycol—PC CAT® TKA30 from
Performance Chemicals, 75 wt% potassium octoate
solution in diethylene glycol—Dabco K15, 33 wt%
solution of triethyl diamine in dipropylene glycol—
Dabco33LV from Air Products and dibutyltin

(PEG400) (LOH = 314 mg KOH/g, water
Table 1. .The che?mical Biomass Chemical composition Dry weight (pbw) Literature
composition of biomass
fron_rl the aquatic Enteromorpha Polysaccharides <75 (Briand et al. 2005)
environment Sulphureous <20
Proteins <12
Zostera marina Carbohydrates <15 (Cabello-Pasini et al. 2004)
Proteins <15
Ash <40
Fiber < 60
Fiber composition (Davies et al. 2007)
Cellulose 57
Hemicellulose 28
Pectin 10
Lignin 5
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Table 2 Selected properties of polyols used to obtain PUR foams

Polyol Hydroxyl number (mggon/g) Viscosity (mPa s) Density (g/cm3) Water content (%)
50G50P_150 650 2236 1.21 0.2
Rokopol ®°RF551 440 3000-5000 1.06 0.1

dilaurate (DBTDL) from Sigma Aldrich. Tegostab B
8465 from Evonik Industries AG was a surfactant
(SPC), and n-pentane from Lach-ner was used as a
blowing agent. Trichloropropyl phosphate (TCCP)
was also added as a flame retardant, which further
reduced the viscosity of the polyol mixture from
LANXESS Deutschland GmbH. Addition of 10 wt%
TCCP for foam formulations was also aimed at
increasing their flexibility and was the basis for
further research on the development of flame
retardants.

Preparation of biopolyols

Biopolyols were obtained in the process of liquefac-
tion of marine biomass using crude glycerol and
poly(ethylene glycol) as solvents, in accordance with
the patent application (Piszczyk et al. 2017). Before
the synthesis, water biomass was cleaned, dried,
grounded (particle size 50-300 pm) and further dried
for 24 h at 100 °C. The solvents were dried using
molecular sieves type 4A from POCH S.A. The
synthesis of biopolyols included the reaction of
solvolysis, i.e. the reaction between a solvent contain-
ing hydroxyl groups and biomass. The reaction was
carried out in a glass reactor equipped with a
mechanical stirrer. A suitable solvent and water
biomass in a ratio of 10/1 were placed in the reactor.
The compositions of biopolyols are presented in
Table 3.

The whole system was mixed and heated to 50 °C,
after which 3 wt% of the catalyst was added. Next,
reaction mixture was heated up to desired temperature
of 120, 150 or 180 °C. The type of catalyst and
temperature range were selected basing on literature
data and previous work (Kosmela et al. 2017a, b). The
study investigated the influence of temperature, type
of solvent and reaction time on the properties of
obtained biopolyols. During the liquefaction, a sample
was taken every hour (for 6 h) to analyze its properties
and determine the progress of the reaction. Liquefac-
tion process was carried out for 8 h, but it was noted
that over 6 h no further changes of hydroxyl value or
biomass conversion were observed. Therefore, we
included only results for reaction times up to 6 h. Time
0 h was determined as a time in which reaction
mixture reached desired temperature of reaction
— 120, 150 or 180 °C. Therefore, reaction could
proceed to some extent before reaching reaction
temperature. Then it was cooled down and the pH
was measured. All biopolyols obtained were charac-
terized by pH ~ 1.5. For neutralization, an appropriate
amount of NaOH was added and heated to 110 °C
under reduced pressure to remove volatile, low
molecular weight products, mainly water. All synthe-
sis were repeated 3 times. Figure 2 presents the
proposed course of the reaction depending on the
solvents used.

Table 3 Compositions of

. . . Biopolyol symbol
biopolyols obtained in the

Raw materials (pbw)

work Biomass Catalyst PEG400 Crude glycerol
100G 10 3 0 100
75G25P 10 3 25 75
50G50P 10 3 50 50
25G75P 10 3 75 25
100P 10 3 100 0

@ Springer
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Fig. 2 Proposed course of
the main reaction occurring
as a result of liquefaction of
biomass: a waste glycerol,
b PEG400, ¢ glycerol/
PEG400 mixture
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Preparation of rigid polyurethane foams

Rigid PUR foams were obtained using the one-step
method from a two-component system. The iso-
cyanate index (I;so) was selected based on literature
reports on rigid polyurethane foams (Modesti and
Lorenzetti 2001) and was 200. Component A was a
polyol mixture consisting of Rokopol®RF551 polyol
or/and biopolyol 50G50P_150, catalysts, surfactant,
flame retardant and blowing agent. Component B was
an isocyanate. Foam formulations are presented in
Table 4. Both components were mixed in a polypropy-
lene cup with a mechanical agitator at a speed of
2000 rpm, poured into an open mold and heated for
24 h at 60 °C.

Characterization of biopolyols

The liquefaction extent was evaluated on the basis of
the residue percent. Product (1 g) of the liquefaction
was diluted (more than 10 times) by methanol, stirred
with a magnetic stirrer for 4 h and then filtrated
through the filter paper in vacuum. Solid residue was
washed with methanol and then dried in the oven at
100 °C to a constant weight. Biomass conversion
percent was calculated according to formula (1):

BC =100 — % x 100% (1)
mo

Table 4 The composition of reaction mixtures

Foam symbol

Pog Pio% P30 P304
Raw materials (pbw)

Rokopol RF55 100 90 80 70
Biopoliol 50G50P_150 0 10 20 30
AC 0.5 0.5 0.5 0.5
Dabco 15 K 0.5 0.5 0.5 0.5
Dabco 33LV 0.5 0.5 0.5 0.5
DBTDL 0.5 0.5 0.5 0.5
TEGOSLAB B 8465 6 6 6 6
n-pentan 12.5 12.5 12.5 12.5
TCCP 10 10 10 10
pMDI 203.6 2147 2258 2370
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where m is the weight of residual biomass and m,, is the
initial weight of biomass.

Hydroxyl number of bio-based polyol was deter-
mined according to PN-93/C-89,052/03. Samples of
0.5 g were placed in 250 cm® Erlenmeyer flasks with
acetylating mixture. Next, it was heated for 30 min,
then 1 ml of pyridine and 50 ml of distilled water were
added. Finally, resulting mixture was titrated using
0.5 M KOH solution in presence of phenolphthalein
until the color of mixture changed to pink. Hydroxyl
values were determined according to formula (2):

_ 56,1 (Viou — Vion) - Cron
m

HV

(2)

KOH,
Vion @nd Vioy—volume of KOH used to titration
of analyzed sample and blind test, m—mass of sample.

FT-IR spectrophotometric analysis was performed
in order to determine the structure of the bio-based
polyol and rigid polyurethane foams. The analysis was
performed at a resolution of 4 cm™' using a Nicolet
8700 apparatus (Thermo Electron Corporation)
equipped with a snap-Gold State II which allows for
making measurements in the reflection configuration
mode.

Viscosity values of prepared polyols were deter-
mined using R/S Portable rheometer. Temperature of
the analysis was 25 °C and shear rate varied from 1 to
100 s~'. Obtained results were analyzed with Rheo
3000 computer software.

Water content of obtained biopolyols was analyzed
using Karl-Fischer titration. Samples were diluted and
titrated with Fischer reagent. Measurements of
biopolyols density were performed using pycnometer
at 25 °C. Values of pH were measured with VOLT-
CRAFT pH-100 ATC pH meter at 25 °C.

All measurements were repeated 3 times.

where Ckonp—concentration of

Characterization of rigid polyurethane foams

The following process parameters were observed and
characterized: start time (time elapsed from the start of
the process until the start of volume expansion); rise
time (time elapsed from the start of volume expansion
until the foam reaches its maximum height); and tack
free time (time elapsed from the moment the foam
reaches its maximum height until the surface of the
foam stops being tacky to the touch).
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The soluble (sol) fraction of each sample was
determined by Soxhlet extraction, using xylene as a
solvent. Around 1.5 g of sample was put inside a
cellulose thimble and submitted to an extraction
process for 24 h. After extraction, the samples were
dried for 24 h at 80 °C to remove the solvent and their
weight was measured. The sol fraction was determined
as the ratio of the difference between weight of the
sample before extraction (W;) and weight of the
sample after extraction (W5), relative to the weight of
the sample before extraction (W), according to
Eq. (3):

W, — W,
X = W 100% (3)

The apparent density of polyurethanes samples was
calculated in accordance to PN-EN ISO 845: 2000, as
the ratio of the sample weight to the sample volume.
The volume of the samples having a cubic shape was
measured with a slide caliper having an accuracy of
0.1 mm. The samples were weighed using an elec-
tronic analytical balance with an accuracy of 0.1 mg.

The compression strength of the PUR-PIR samples
was estimated in accordance to PN-EN ISO 604:2006.
The samples of cubic shape and dimensions of
50 x 50 x 50 mm® were measured with a slide
caliper with an accuracy of 0.1 mm. The compression
test was performed on a Zwick/Roell tensile tester at a
constant speed of 10 mm/min to 40% deformation.

Dynamic mechanical analysis was performer using
DMAQS800 TA Instruments apparatus. Samples were
analyzed in compression mode with a frequency of
1 Hz. Measurements were performed for the temper-
ature range from 35 to 270 °C with heating rate 4 °C/
min. Samples were cylindrical-shaped with dimen-
sions of 6 x 18 mm.

All measurements were repeated 3 times.

Results and discussion
Characterization of biopolyols

Figure 3 shows changes in hydroxyl number and
degree of biomass conversion during liquefaction
reaction with different solvents. As the reaction time
increases up to 6 h, drop of the hydroxyl number and
an increase in the biomass conversion in all cases were
observed. Further elongation of the reaction time did

not result in significant changes of these properties.
The simultaneous decrease of the hydroxyl number
and the increase of biomass conversion indicates
higher extent of conversion (Yao et al. 1995). During
the liquefaction process, hydrolysis and alcoholysis
reactions may occur (Yamada et al. 2001). The use of
excess of solvent that condenses may result in
generation of oligomers and polymers (e.g., polyglyc-
erol from glycerol) and water (Hejna et al. 2018a, b).
Water can break down a long chain of biomass
molecules, generating free hydroxyl groups, which are
responsible for the instantaneous increase of hydroxyl
number. The reduction of hydroxyl number with
progress of liquefaction is probably caused by the
oxidation and dehydration of glycerol or the depoly-
merization of biomass components (Yao et al. 1995).
The liquefaction carried out at 180 °C caused a
distinct decrease of hydroxyl value during the process
for each sample. Biopolyols obtained at this temper-
ature (for samples containing up to 75% of glycerol)
showed high viscosity, which adversely affects their
processing properties. Lowering of process’ temper-
ature to 120 °C resulted in the minimal extent of the
liquefaction reaction, which can be deduced from
almost constant values of the hydroxyl number during
the process, as well as from the heterogeneous form of
obtained product. The liquefaction of biomass at
150 °C for all samples resulted in gradual decrease of
the hydroxyl number over time, and the obtained
products were homogeneous. Determination of bio-
mass conversion efficiency indicates its dependence
on both the process temperature and its duration.
Biomass conversion increases with rise of temperature
and reaction time. For samples containing only
glycerol (for all temperatures) it increases gradually
for 6 h. A larger amount of poly(ethylene glycol)
results in stabilization of the biomass conversion after
about 3 h. This suggests that the introduction of a
second solvent may shorten the required time of
liquefaction, which was also described in other work
(Jo et al. 2015). Interesting results were obtained for
the 100G sample, because it can be seen that for
temperature of 180 °C, the hydroxyl number is
significantly reduced, and the biomass conversion
does not increase rapidly. It suggests occurrence of a
glycerol condensation reaction, along with the lique-
faction of biomass.

@ Springer
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Fig. 3 Influence of time
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Fig. 4 Changes in the hydroxyl number and biomass conversion after 6 h of the liquefaction process depending on the solvent used

Figure 4 shows the changes in the hydroxyl number
and the degree of biomass conversion at different
solvent for reaction time of 6 h.

As the reaction temperature increases, drop of
hydroxyl value can be observed. As mentioned above,
during the liquefaction process at higher temperatures
the solvent condensation reaction takes place. This is
particularly evident for a samples containing 100 wt%
of glycerol. It can be observed that biomass conversion
increases with increasing reaction temperature (for
100G, 75G25P and 100P samples). In addition, it can
be noted that the biomass conversion decreases with
the increasing amount of PEG400 in the solvent
mixture in addition to sample 50G50P_150. For
samples 25G75P and 50G50P initial increase of
biomass conversion with reaction temperature was
observed, followed by decrease with further increase
of temperature. This may suggest that the most
preferred reaction temperature for these mixtures of
solvents temperature is 150 °C.

In presented study, combinations of two solvents,
glycerol and poly(ethylene glycol), in different ratios
were used. The solvent content in the final biopolyol
accounts for ~ 90%, thus the values of the hydroxyl
number in individual cases are related to the type of
solvent used. The glycerol molecule (Mn = 96 g/mol)
contains three hydroxyl groups, therefore products
resulting from the liquefaction of biomass with a large
amount of this solvent show high hydroxyl value (in
the range of 400-900 mg KOH/g). The poly(ethylene
glycol) molecule (the one used in presented study had
Mn = 400 g/mol) in its structure has two hydroxyl

groups, which results in lower hydroxyl values (in the
range of 200400 mgKOH/g), compared to glycerol.
As a result, with the increasing content of glycerol in
solvent mixture, the hydroxyl number increases
(Fig. 4). For a sample containing solely glycerol the
largest decrease in the hydroxyl number with the
increasing reaction temperature was noted, and the
reversed relationship is observed for the biomass
conversion. For a 100G sample, conversion rates at
different temperatures are similar (in the range of
66—-80%). The highest biomass conversion value was
obtained for 100G sample (80%) and 50G50P sample
(78%).

Measurements of rheological properties of obtained
polyols allowed to determine their viscosity, flow
behavior and to match the appropriate mathematical
models describing the nature of the liquid.

The viscosity of 100P_180 sample at room tem-
perature was too high, therefore the value shown is the
result of the measurement performed at 50 °C. It can
be noticed that the viscosity of obtained biopolyols
changes as the temperature of the liquefaction reaction
increases, which is shown in Fig. 5. As the content of
PEG400 in the solvent mixture increases, a decrease in
viscosity is observed. This is due to the lower viscosity
of PEG400 (n = 0.091 Pa s) comparing to glycerol
(m = 0.978 Pa s) (Yao et al. 1995). A lower viscosity
of biopolyols obtained at 150 °C, in comparison to
those obtained at temperature of 120 °C was observed.
Comparing the viscosity results with values of
hydroxyl number and biomass conversion for polyols
obtained at 180 °C, it can be concluded that at this
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Fig. 5 Viscosity of the obtained biopolyols depending on the
composition of the solvent mixture and the liquefaction
temperature (shear rate 200 sh

temperature, apart from the liquefaction reaction,
condensation of solvents occurs, which was confirmed
in other work (Gosz et al. 2018). Higher liquefaction
temperatures could result in generation of branched
and cyclic oligoglycerols structures, which could
affect chain mobility and lead to increased viscosity
(Li et al. 2014). Rise of viscosity at higher reaction
temperatures could be also associated with the evap-
oration of volatile compounds (Hu et al. 2012).

Determination of the relationship between shear
stress and shear rate provides information on the
nature of the liquid. If a given fluid shows linear
dependence, it exhibits Newtonian fluid characteris-
tics, and if it is nonlinear, non-Newtonian fluid
features (Deshpande et al. 2010).

Figure 6 shows the flow curves for obtained
biopolyols. Presented data indicates that polyols
obtained via liquefaction of biomass exhibit non-
Newtonian fluid properties, because they are charac-
terized by a non-linear dependence of tangential stress
on the shear rate. Such dependence is described in
Chhabr’s work (2010). The tangent of the angle of
inclination of the initial flow curve relative to the
x-axis is closely related to the dynamic viscosity of the
liquid and such a relationship can be described by the
following formula (Dziubinski et al. 2009) (4):

tana = 1), (4)

Decreasing tan o value with the increase of the
liquefaction temperature results in a decrease in the
viscosity of the liquid. Figure 7 shows the viscosity
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curves for biopolyols obtained at different tempera-
tures after 6 h. For samples 50G50P_180,
25G75P_150, 25G75P_180 and 100P_120 the viscos-
ity increases with increasing shear rate, which indi-
cates their dilatant nature. Viscosity of other
biopolyols decreases with increasing shear rate, indi-
cating their pseudoplastic character. For pseudoplastic
fluids as the shear rate is increased, the asymmetric
molecules undergo gradual ordering, i.e. the flow
determines the orientation of the particle axis along
the flow line. The viscosity in such liquids decreases as
the shear rate increases, initially rapidly, then slower,
until the optimal arrangement of particles is achieved.
Reducing the viscosity of pseudoplastic fluids under
the influence of increased shear rate is also the reason
for their determination as so-called shear-thinning
liquids (Gtowinska and Datta 2014).

The analysis of viscosity curves shows that depend-
ing on the solvent used and the temperature of the
liquefaction process, polyols show different character,
however difficult to clearly determine on the basis of
the obtained viscosity curves, therefore an analysis of
mathematical models was used. Table 5 presents data
on rheological analysis of biopolyols obtained using
the models of Ostwald-de Waele and Hershel-Bulkley.

Mathematical models approximate the real behav-
ior of non-Newtonian fluids. The Ostwald-de Waele
model is based on the following Eq. (5):

. :K@;‘)" (5)

where K—flow consistency index, gg shear rate

perpendicular to the plane of shear, n—flow behavior
index.

Knowing the value of the fluid flow exponent, its
character can be determined: n < 1—pseudoplastic,
n = 1—Newtonian, n > 1—dilatant.

Another model that can be used to describe the type
of liquid is the Herschel-Bulkley model, which is
described by the following formula (6):

T =10+ Ky" (6)

where: t—shear stress, 1p—yield stress, )—shear rate,
K—flow consistency, n—flow behavior index.

The flow exponent n, as in the Ostwald-de Waele
model, determines the nature of the liquid. In the
Herschel-Bulkey model, an important parameter is the
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Fig. 6 Biopolyols flow curves (*measurement temperature 50 °C)
plastic shear stress 1y determining the amount of stress show the character of Newtonian and non-Newtonian
that the liquid must take to start flowing. fluids. Newtonian behavior was observed for follow-

Basing on the obtained data, it can be stated that the ing samples: 100G_180, 75G25P_180, 50G50P_150,
biopolyols obtained during the liquefaction of biomass 50G50P_180, 25G75P_120, 25G75P_150 and
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Fig. 7 Viscosity curves of biopolyols (*measurement temperature 50 °C)

100P_150. Other biopolyols show the character of
non-Newtonian fluids. The flow exponent for samples
25G75P_180 and 100P_120 is greater than 1, i.e. they
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they

show the nature of shear-thickening fluids. The
exponent value for other liquids is lower than 1 and

can be qualified as shear-thinning liquids.
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Table 5 The Ostwald-de Biopolyol symbol Function K (Pa-s") n(—) R?

Waele and Herschel-

Bulkley linear functi(.)ns The Ostwald-de Waele linear functions

g:f:‘}r‘;;tgfoxiﬁflcal 100G_120 y = 94.7254 . x4028 94.7254 0.4028 0.9641

samples 100G_150 y = 41.153 . x4 41.153 0.5214 0.9810
100G_180 y = 5.7297 - x*95% 5.7297 0.9598 0.9997
75G25P_120 y = 70.2075 - x*444 70.2075 0.4441 0.9726
75G25P_150 y = 58.2793 . 034 58.2793 0.3424 0.9792
75G25P_180 y = 4.1783 . x*9840 4.1783 0.9840 0.9996
50G50P_120 y = 9.9206 - x*78%8 9.9206 0.7828 0.9998
50G50P_150 y =2.7818 - x*9622 27818 0.9622 0.9979
50G50P_180 y =2.0712 - x"0% 2.0712 1.0220 0.9996
25G75P_120 y = 1.0379 - x*9% 1.0379 0.9830 0.9978
25G75P_150 y = 13775 - x"0%3! 1.3775 1.0331 0.9995
25G75P_180 y = x08982 1 0.8982 0.9939
100P_120 y = x0:8640 1 0.8640 0.9933
100P_150 y = x0%8!! 1 0.9811 0.9996
100P_180 y = x08991 1 0.8991 0.9982
Bio-polyol symbol  Function To(Pa) K@Pas") n(-) R
The Herschel Bulkley linear functions
100G_120 y =57.8516 + 11.6441 - x*%1% 578516 11.6441  0.8419 0.9986
100G_150 y = 43.4902 + 8.4646 - x>3*7 434902  8.4646  0.8447 0.9806
100G_180 y = 0.0665 + 5.6944 . x*9%° 0.0665 5.6944  0.9609 0.9988
75G25P_120 y = 51.6182 + 10.1419 - x®¥% 516182 10.1419  0.8458 0.9994
75G25P_150 y =57.0134 + 6.1313 - x*785 570134  6.1313  0.7815 0.9880
75G25P_180 y = 45163 - x*9673 0 45163  0.9673 0.9984
50G50P_120 y = 104541 + 7.5965 - x>%3%° 104541  7.5965  0.8329 0.9997
50G50P_150 y = 3.0562 - x*94% 0 3.0562  0.9423  0.9908
50G50P_180 y = 2.3385 - x*99%8 0 23385 0.9958  0.9990
25G75P_120 y = 4.7078 4 0.7831 - x*9%88 47078 0.7831  0.9688  0.9900
25G75P_150 y = 1.6047 - x'-0004 0 1.6047  1.0004 0.9985
25G75P_180 y = 0.4953 . x! 0514 0 0.4953  1.0514 0.9997
100P_120 y = 0.5045 . x'0134 0 0.5045 10134  0.9970
100P_150 y = 1.0418 - x*973° 0 1.0418 0973  0.9984
100P_180 y = 0.751 - x%617 0 0.751 0.9617  0.9970

Analyzing the results in terms of matching the
appropriate model to the liquid, the correlation
coefficient R? is an important parameter. The more
its value is close to 1, the model better describes the
behavior of particular liquid. Most of analyzed
biopolyols except 100G_120, 75G25P_120,
75G25P_150, 25G75P_180 and 100P_120 were better
described by the Ostwald-de Waele model.

Figure 8 shows the FTIR spectra of biomass,
50G50P solvent mixture and 50G50P_150 biopolyol.

Most of the signals obtained on the biopolyol spectrum
correlate with signals from solvents due to their high
content (90 wt%) in polyol.

However, one can observe changes in the intensity
of signals, mainly the signal responsible for the
vibrations of the hydroxyl group in the range
3300-3400 cm™' (Deng and Ting 2005). The intensity
of this signal decreased for biopolyol 50G50P_150
comparing to the intensity of the signal for solvents
and biomass, which confirms the occurrence of
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Fig. 8 FTIR spectra of S0G50P_150 biopolyol, used biomass
and solvents

reaction between substrates and correlates with the
decreasing value of the hydroxyl number. In addition,
the appearance of new bands for biopolyol at 1733 and
1602 cm ™' is observed, which may correspond to
C=0 and C=C bonds in biomass degradation products
generated during liquefaction process (Budarin et al.
2010). The signal at 1733 cm™' may also come from
levulinate formed as a result of the reaction shown in
Fig. 2. (Grilc et al. 2015). The remaining signals
observed in the spectra were assigned to appropriate

chemical bonds and vibrations and are presented in
Table 6.

Figure 9 shows the FTIR spectra of solvents and
biopolyols obtained at three temperatures. Generally,
all biopolyols exhibit absorption signals similar to the
solvents from which they were obtained. For all
samples, decrease in the intensity of the absorbance
band related to vibrationsof hydroxyl groups (approx-
imately 3300 cm™") is observed with the increase of
the reaction temperature (in addition to biopolyols
obtained as a result of liquefaction of PEG400). For
these samples, the intensity of the band derived from
the vibrations of the hydroxyl group is similar to the
intensity of the signal from the solvent. In the range of
1750-1700 cm ™" for all biopolyols (except for 100P),
the appearance of the absorption band characteristic
for the C=0 group vibrations is observed. As
mentioned above, this may correspond to the vibra-
tions of the levulinate carbonyl group that may be
formed during the liquefaction reaction (Fig. 2).

Figure 10 shows the water content in biopolyols
depending on the solvent used. Water content in
biopolyols obtained at 120 °C is in the range of
1.7-2.2%, for 150 °C in the range of 2.5-3.7% and for
180 °C in the range of 5.8-8.4%.

Table 6 The values of the wavenumbers of the appropriate functional groups for the FTIR spectra

Vibration (bond) Wavenumber (cm™ l)

Solvent mixture S0G50P

Biomass from sea Biopolyol 50G50P_150

Stretching (O-H) 3351
Asymmertic stretching (C-H) 2926
Asymmertic stretching (C-H) 2869

Stretching (C=0) -
Stretching (C=C) -

Bending (C-H) 1453
Bending (C-OH) 1409
bending (C-H)

Bending (C-OH) and (C-H) 1350
Wagging (C-H) 1248
Stretching (C-O-C) -
Stretching (C-O-C) and (C-O) 1095
Stretching (C-0) 1035
Stretching (C—OH) 924
Rocking (C-C) 849

3320 3362
2021 2926
2853 2869
1733 1733
1634 1602
1467 1455
1422 1409
1370 1350
1248 1248
1157 -
1099 1095
1035 1035
- 924
- 849
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dependence of the liquefaction temperature and the type of solvent on the chemical

Considering that the initial water content in 1.44%, 1.39%, 1.35%, 1.31% and 1.27%, respectively
biomass is 9.8%, in crude glycerol 0.5%, and taking for 100G, 75G25P, 50G50P, 25G75P and 100P
into account the water contained in the catalyst, the samples. The obtained biopolyols are characterized
theoretical water content in biopolyols should equal by a higher than theoretical water content, which
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Fig. 10 Water content in biopolyols depending on the solvent
and the liquefaction temperature

indicates the formation of water as a by-product.
Similar observations were made by Wang et al.
(2009). As the temperature of the liquefaction reaction
increases, a larger amount of water, a by-product, is
observed, which indicates higher reaction efficiency.

All polyols were characterized by low pH in the
range of 1-2. This was due to the use of sulfuric acid as
a catalyst. Both low pH and high-water content are
disadvantageous for polyol compounds to be a com-
ponent for obtaining rigid polyurethane foams. To
change these parameters, all biopolyols were neutral-
ized with an aqueous NaOH solution and dried under
reduced pressure. Finally, biopolyols were character-
ized by a pH in the range of 6.5-7 and a water content
in the range of 0.2-0.5%.

Characterization of rigid polyurethane foams
The mixing times and the tack-free time for all PUR

foams were 10 s and O s, respectively, therefore in
Table 7 only the rise times and the maximum

Table 8 Physico-mechanical and thermal properties of PUR foams

Table 7 Rise times and maximum temperatures recorded
during the synthesis of PUR foams

Biopolyol content (pbw) Rise time (s) Twmax (°C)
0 40 86.8
10 40 87.9
20 39 138.2
30 38 141.6

temperatures recorded during the synthesis are pre-
sented. At the same time, a slight decrease in the rise
time and the increase in the maximum reaction
temperature with the increase of LB biopolyol
(50G50P_150) content in the foam formulation were
observed. A large increase in Tyax is observed for
foams containing more than 20% of the LB biopolyol,
which indicates enhanced reactivity of these systems.
A similar relationship was confirmed in other studies
(Kosmela et al. 2017a, b).

The properties of rigid polyurethane foams depend
on their apparent density, so it is important to analyze
materials with similar apparent density. Table 8
presents apparent density, sol fraction content, com-
pressive strength and glass transition temperatures
(determined from the temperature dependence of loss
tangent (tan 6) (DMA)) of PUR foams. Apparent
density of all foams was in the range of 49.2-50.8 kg/
m®. Such values have been achieved by modifying the
foam formulations. The addition of biopolyol LB
resulted in a reduction of the sol fraction content for all
foams, which indicates a reduction in the amount of
non-crosslinked fraction and may suggest a higher
crosslink density. In addition to the main reaction
occurring during the production of PUR foams, other
reactions are generated that can contribute to the
increase of crosslink density of materials. These are

Foam symbol Apparent density (kg/m3) Sol fraction (wt. %) Compressive strength (kPa) T, (°C)
Perpendicular Parallel

200_LBO 492 + 1.8 2.7 +0.7 163 £ 9 394 + 12 154

200_LB10 50.1 £ 1.1 22 4+0.2 176 £ 10 410 £ 8 200

200_LB20 50.8 £ 1.9 1.5+03 229 £ 8 430 + 11 204

200_LB30 49.6 = 1.3 1.3 £0.7 287 £ 11 446 + 8 210
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reactions in which allophanate, biuret groups and
isocyanate trimerization products are formed.

Table 8 shows the values of compressive strength
of foams for 15% of deformation. Foams were
compressed in two orientations, perpendicular and
parallel to the direction of foam growth. It was noted
that the cellular structure has a significant impact on
mechanical strength. Compression of foams in a
direction parallel to the growth of the foams resulted
in higher compressive strength values, comparing to
results obtained for the perpendicular direction, which
was confirmed in other works (Modesti and Lorenzetti
2003). In general, the increase of LB biopolyol content
in foams increased their strength. This may be
associated with larger crosslink density of foams,
which is confirmed by the values of the sol fraction
content. Other researchers have described similar
relationships (Guo et al. 2015).

Table 8 also presents the glass transition tempera-
tures (T,) for the PUR foams. The increase in T, is
observed along with the increase of the amount of
biopolyol, which suggests stiffening of the material.
Javni et al. (2004) found that the increase in T, of PUR
foams along with the increase in biopolyol in formu-
lations is due to the lower flexibility of the biopolyol
chains comparing to petrochemical polyols and con-
tributes to a higher density of cross-linking of
materials.

The FTIR analysis showed that the addition of
biopolyol does not significantly affect the structure of
the foams (Fig. 11). Absorption bands in the range of
3290-3320 cm™ " were assigned to stretching of N-H
bonds in urethane groups. The bending vibrations of
these bonds were confirmed by signals the range of
1510-1520 cm™ ' (Sormana and Meredith 2004).
Bands in the range of 1705-1715 cm™" were assigned
to stretching vibrations of C=0O groups. In the
1200-1215 cm ™! range, the occurring bands can be
attributed to the C-N bond stretching in urethane
groups (Fournier and Du Prez 2008). The signals
described above confirm the presence of urethane
groups. The absorption bands around
1410-1415 cm ™" are associated with the presence of
isocyanurate rings (Samborska-Skowron and Balas
2003). Signals observed in the range of
22602280 cm™' indicate the presence of free
N=C=0 groups, which is associated with a high value
of the isocyanate index (excess of isocyanate) (Jiao
et al. 2013). In the wavelength ranges of 2960-2975
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- C-NC-0
C=0 PR
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0 ] 20080
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Fig. 11 FTIR spectra of obtained PUR foams

and 2860-2870 cm™', signals responsible for asym-
metric and symmetric stretching vibrations of C-H
bonds in the methylene groups of the polymer chains
are observed. Multiple signals in the range of
1000-1090 cm ™" are associated with vibrations of
C-0O bonds in the ester and ether groups of the polyols
(Pretsch et al. 2009).

Conclusion

The work presents the method of obtaining biopolyol
in a one-stage process of marine biomass liquefaction
with crude glycerol and poly(ethylene glycol). The
influence of process parameters on the hydroxyl
number, biomass conversion, products’ structure and
their rheological properties are discussed. It was found
that as the temperature rises, the hydroxyl number
decreases and the biomass conversion increases,
which indicates the progress of the reaction. Depend-
ing on the solvents used, the reaction took place at
different rates. For the mixture of solvents containing
crude glycerol, the appearance of an absorbance band
that can be derived from levulinate carbonyl groups
was observed, which may confirm the occurrence of
the proposed reaction (Fig.2). As the reaction
temperature increased, the viscosity of the biopolyols
changed. For all the solvents used, the viscosity of the
liquefied biomass decreased at reaction temperatures
of at most 150 °C, above this temperature the viscosity
increased, which could be due to condensation of the
solvents and formation of branched structures.
Depending on the solvent used, biopolyols exhibited
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different rheological properties. The majority of
biopolyols showed the nature of shear-thinning liquid,
which is advantageous from the application point of
view. With the increase of the liquefaction tempera-
ture, increase of the water content in the obtained
biopolyols was observed, which confirms a greater
extent of reaction. It has been found that as the content
of PEG400 in the solvent mixture increases, less water
is formed as a by-product of the reaction. This may be
due to the lower reactivity of PEG400 comparing to
crude glycerol. Finally, it was found that the most
preferred properties are showed by biopolyol obtained
after 6 h at 150 °C and using a 50G50P solvent
mixture.

The biopolyol obtained under the above-mentioned
conditions was used to obtain rigid polyurethane
foams, as the substitution of the petrochemical polyol
in the formulation. A maximum of 30 wt% of
biopolyol was incorporated into foam formulation. It
was found that the addition of biopolyol resulted in a
shorter foam rise time and a higher temperature
increase during the synthesis, which indicates
increased reactivity of the system. The introduction
of biopolyol into the formulation also influenced the
mechanical properties of the foams. Foams obtained
with the biopolyol had a higher compressive strength
and a higher glass transition temperature, which could
have been caused by a greater stiffening of the
material. Spectroscopic analysis confirmed the pres-
ence of polyurethane groups and isocyanurate rings in
foams. Generally, it can be stated that the addition of
the biopolyol obtained in an amount up to 30 wt%.
does not significantly change the properties of PUR
foams, and even improves compressive strength. This
is a big advantage in terms of its potential use in the
production of polyurethanes.
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