10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

Paper accepted for publication by Biomass & Bioenergy
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Abstract
Rigid polyurethane (PU) foams are widely used for instance in building insulation. Two component systems
comprising of a polyol as component A and a diisocyanate as component B are generally applied. Both

components are produced from fossil oil resources. The liquid products from fast pyrolysis of biomass contain a
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large variety of organic compounds with —OH functional groups. This gives rise to the idea to substitute the
polyol component in PU foams with such biomass based intermediates. Pyrolysis condensates derived from
woody and herbaceous biomass were dried and samples of PU foams were produced with varying amounts of
condensate substituting the polyol component. Especially the foams made from condensates produced from
straw showed good insulation properties, which were expressed as low thermal conductivity. Here, with a
substitution degree of 80 % a thermal conductivity of 0.0283 Wm*K was achieved, which was 8 % lower than
for the foams produced from commercial components (0.0308 WmK™1). Preliminary results for the
measurement of compressive strength indicated that the required value of 150 kPa can easily be achieved,
especially with a high degree of substitution. These results show a high potential for the application of bio-based
intermediates in the building sector. Further research on other properties is necessary, but the main requirements

for thermal conductivity are already met without optimization of the catalyst/stabilizer system.

Keywords: pyrolysis oil, bioplastics, rigid polyurethane foams

1 Introduction

Polyurethanes (PU) are one of the most widely used polymeric materials in the world. One of the most important
commercial polyurethane product is polyurethane foam (PU foam), which is commonly classified as flexible,
semi-rigid or rigid, depending on its mechanical performance and core density [1]. Rigid polyurethane foam is
one of the most important insulating materials used in the construction industry today, because of its excellent
combination of low thermal conductivity and proper mechanical properties [2]. PU foams are polymers formed
by a condensation reaction between isocyanates having more than one reactive isocyanate group per molecule
and alcohols having two or more reactive hydroxyl groups per molecule (see section 2). Similar to other
polymeric materials, also polyurethane industry strongly relies on fossil resources, as the main feedstocks used
in polyurethane products synthesis (isocyanates and polyols) are obtained mainly from petroleum. Due to
environmental concerns great efforts are made to find renewable substitutes for these raw materials. One of the
promising substitutive resources is biomass as the only renewable carbon source. Many researchers have shown
that the polyols derived from biomass-based materials, such as palm [3], soybean [4], wheat straw [5], corn
stover [6] and sugarcane bagasse [2] have suitable characteristics (e.g. hydroxyl numbers, viscosities, molecular
weight) for making polyurethane foams with comparable properties to conventional polyurethane foams. One of
the promising methods to make use of residues from forestry and agriculture and to produce biomass-based oil is

pyrolysis [7]. During pyrolysis, 3 products are formed: a solid residue called bio-char, a liquid fraction called

2
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pyrolysis condensates and permanent gases [8]. Pyrolysis is attractive due to the advantages of the produced bio-
oil, which contains valuable liquid chemicals. Compared to slow pyrolysis, fast pyrolysis is the preferred process
for obtaining bio-oil, as it leads to a relatively higher liquid yield instead of solid yield [9]. However, the target
products for polyurethane manufacturing containing the functional hydroxyl groups like sugars, phenols and
aldehydes make up only smaller part in the conventional pyrolysis condensates. Furthermore, the high water
mass fraction and low pH value of the primary condensate also hinder the direct use of it [10]. Therefore, the
target components must be concentrated and water and acids have to be removed. A staged condensation of the
pyrolysis condensates provides the possibility to obtain the target products with higher concentration in certain
condensation stages [11, 12].

Rigid polyurethane foams were produced within the scope of this study with varying amount of pyrolysis
condensates replacing partially the polyol component and the main properties with respect to foam application as
building insulation - thermal conductivity and compressive strength - were measured and compared to

commercial product samples.

2 Theory

The basic reaction behind the production of polyurethane foams, irrespective of rigid or soft foam production, is
the addition of an isocyanate and an alcohol according to Figure 1 to form the urethane group between two
organic structures R and R’. To form polymers with high chain lengths monomers are used that have active
groups at both ends of the molecule. As the addition reaction already starts at room temperature, molecules with
mixed active groups (one isocyanate and one alcohol group) are avoided and two separate monomers with either
two hydroxyl groups (component A) or two isocyanate groups (component B) are produced and stored
separately.

Figure 1: Reaction scheme of urethane formation

In PU industry, different molecules are used bearing the reactive isocyanate group. Molecules having aromatic
structures are usually used for the production of rigid polyurethane foams that are intended for the later use as
building insulation, because they are more flame resistant and thermally stable than bifunctional diisocyanate
molecules with a linear hydrocarbon backbone. [13] For this study Methylene Diphenyl Isocyanate (MDI) was
chosen for convenience. Unfortunately, MDI (Figure 2, top) is solid at room temperature. Its polymeric form
PMDI (Figure 2, bottom) with typically around 6 phenylene groups is liquid at room temperature and therefore

easier to process.
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Figure 2: Chemical structure of Methylene Diphenyl Isocyanate (MDI; top) and Polymethylene Diphenyl

Isocyanate (PMDI; bottom)

As alcohol component two- or polyfunctional polymers with medium chain length are used. These polymers can

either be esters (Figure 3, bottom) or ethers (Figure 3, top), whereas ethers usually are cheaper compared to

esters. [13] If the ethers are produced from the polyaddition of ethylenoxide or polycondensation of

ethylenglycol Polyethylenglycol (PEG) is formed, which is shown in Figure 3 (top). Such dialcohol was used in

this study.

Figure 3: Chemical structure of Polyether-dialcohol (top) and Polyester-dialcohol (bottom)

In order to produce a foam instead of a hard, solid block, it is necessary to generate nucleating bubbles within the

reacting mixture. Such blowing or foaming action can be attained by using either or both of the following [14]:

e aphysical blowing agent (e.g. Pentane or hydrofluorocarbons), usually a solvent with low boiling point
which evaporates off by the heat of the reactions, or

e achemical blowing agent (water), which undergoes chemical reactions with the isocyanate to liberate a
gaseous product (carbon dioxide).

As pyrolysis condensates naturally contain water, water was chosen as blowing agent. Following the reaction

scheme shown in Figure 4 water reacts with an isocyanate group by addition and subsequent CO, elimination,

resulting in a primary amine. The evolving gas forms small bubbles which must be stabilized within the reacting

mixture. To achieve this, a stabilizer is added to the mixture to prevent the coagulation of the primary bubbles

[15]. Typically, silicone surfactants are used. These are available from several suppliers and its choice depends

on the foaming agent used and intended application of the foam.

Figure 4: Reaction schemes for water induced foaming

The foaming reaction between water and isocyanate group does not terminate the polymer formation, as the

resulting amine can further react with an additional isocyanate group following the reaction scheme given in

Figure 5 to form a urea derivative.

Figure 5: Reaction scheme for chain growth with amine group

Inevitable byproducts of biomass pyrolysis are carboxylic acids to different extend. These acids can react with

both active compounds following the reaction schemes shown in Figure 6: when reacting with the alcohol

component (Figure 6, bottom) esters are formed and with the isocyanate group (Figure 6, top) amides are

produced with the release of gaseous CO,. As the acids in the pyrolysis condensates are usually monofunctional

these reactions terminate the chain growth on one side of either the alcohol or isocyanate component, which is

unwanted. Therefore, a low acid concentration in the pyrolysis condensate is necessary.
4



124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

Paper accepted for publication by Biomass & Bioenergy

Figure 6: Side reactions with carboxylic acids: formation of esters (bottom) and amides (top)
In an earlier study Kazan National Research Technological University developed a basic recipe for the
production of rigid polyurethane foam with partly substitution of the polyalcohol component A by pyrolysis

condensate [16]. This basic recipe was also used in the present study (see section 3.2).

3 Methods and Materials

3.1 Production of pyrolysis condensates

The condensates from ablative fast pyrolysis were produced in two different experimental facilities: in a
laboratory plant delivered by PyTrade GmbH, Hamburg, Germany, at Fraunhofer UMSICHT in Oberhausen,
Germany, and in a pilot plant FPPO1 of EnergoLesProm LLC (spin-off from Kazan National Research
Technological University) at Stolbishe, Russian Federation. The principle of ablative fast pyrolysis and the
laboratory plant, which has a design capacity of up to 10 kg h** biomass feed, are explained in detail [11, 17] and
the pilot plant, which has a capacity of 50 kg h%, is described in brief [18] elsewhere. The main differences
between the experimental plants are the reactor design and the condensation unit. The laboratory plant uses a
flat, electrically heated surface while the reactor of the pilot plant is a horizontal fixed drum heated by flue gas
from the outer surface while the biomass is pressed against the inner surface by rotating blades. For the
condensation of the pyrolysis vapors the laboratory plant applies an indirect cooler with cooling coil and jacket
followed by an electrostatic precipitator while in the pilot plant a quench system using the liquid product as
guench medium is installed.

This work was performed on 3 different substrates of unknown provenance, for which the chain of custody is not
known. The cultivars cannot be specified and while the authors BELIEVE that this work exemplifies the effect
of process conditions - there is a reasonable concern that there may be substrate factors that influence the results
obtained. The pilot plant was fed with wood chips from birch wood, supplied by Lignum Resurs LLC,
Zelenodolsk, Russian Federation, with particle size below 50 mm and water mass fraction below 10 %. The
laboratory plant was fed with cylindrical biomass rods of approximately 50 mm diameter. Solid beech wood and
birch wood rods (supplied by Alber Schreinerei GmbH, 70794 Filderstadt, Germany) with a diameter of 48 mm
and 295 mm length (cut from handrails) with a water mass fraction of around 5 % were used as wooden
reference material. The majority of experiments in the laboratory plant were performed with straw (supplied by
Erhard Meyer, 27798 Hude-Vielstedt, Germany, under the trademark “Strohfix” — Gerste as mixture made of
barley and wheat straw with a mass fraction of 50 % each) with a water mass fraction of around 6 %, which was

pressed to cylindrical briquettes of 50 mm diameter.



155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

Paper accepted for publication by Biomass & Bioenergy

The liquid product from the 2 woody biomasses beech and birch resulted in single-phase liquids in both
experimental installations, while the liquid product from straw pyrolysis formed a two-phase liquid with an
aqueous phase on top and a tarry phase on the bottom of the catch tank of the laboratory plant. For the
production of PU foams, only the tarry phase was used. To improve the quality of the pyrolysis condensates
from straw pyrolysis also a staged condensation with 2 sets of condenser-precipitator units in series with
operating temperatures of about 70 °C in the 1%t stage and 4 °C in the 2" stage was applied in a side stream of the
laboratory plant. Details of this setup are also reported in reference [11, 17].

The water mass fraction, which is a very important parameter with respect to the production of PU foams, was
analyzed using Karl-Fischer titration for all pyrolysis condensates. Table 1 gives an overview for all biomasses
used with regard to experimental conditions and water mass fractions of the primary liquid products and Table 2
reports the results of detailed analysis with GC/MS-FID of beech and straw based pyrolysis condensates, where
similar compounds were added up and values given for such groups of compounds. The difference in water mass
fraction for the pyrolysis experimental runs Pytec 119 and Pytec 122 only results from the slight difference in
operation temperature of the first condenser, all other operating parameters are kept identical [19].

Table 1: Experimental conditions and water mass fractions of primary pyrolysis condensates

Table 2: Composition of pyrolysis condensates (assorted by functional groups); all values given in percent of
original sample mass including water

As water is present in all pyrolysis condensates, a commercial 2-component reference system for the production
of rigid polyurethane foams was used, which incorporates water as the blowing agent. The water mass fraction of
the commercial reference system (see next paragraph) was much lower than the water mass fraction of all the
different pyrolysis condensates. Therefore they had to be dried. A rotary evaporator with vacuum pump was
used. The temperature of the liquid bath was increased to the set temperature, 80 °C or 120 °C, and then the set
pressure was slowly reduced until the target pressure of 42 hPa (absolute pressure) was reached. From earlier
experience at Kazan National Research Technological University, the addition of polyether-alcohol (PEG400 as
representative example) to the pyrolysis condensate prior to drying could improve the properties of the later
produced foams, probably due to the removal of organic acids present in the pyrolysis condensate by reaction
with some of the alcohol groups in PEG400. Therefore, some of the samples were pre-mixed with PEG400 (see
next paragraph) and dried as mixture applying the same procedure. The ratio condensate : PEG400 describes
how many grams of PEG400 were added to 100 g of pyrolysis condensate. Table 3 gives an overview over all
conditions and mixing rates and finally the water and PEG400 mass fractions of the dried products. The smell of

the pyrolysis condensates after drying was still smoky, but it lost its pungent part.

6
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Table 3: Drying temperature, mixing ratio and resulting mass fractions of PEG400 and water

3.2 Experimental setup for polyurethane production

As a reference material a commercial 2-component polyurethane foam system was purchased from bacuplast
Faserverbundtechnik GmbH, Remscheid, Germany. Component B, the isocyanate source, consisted of
Polymethylene polyphenyl isocyanate (PMDI). Component A mainly consisted of polymeric alcohols (not
further specified), catalyst and stabilizer (amount and chemical identification for both not further specified) and
water as foaming agent. The water mass fraction was determined by Karl-Fischer-titration to be 4.1 %.

The commercial component B was used for all produced samples, while the component A was made up of
poly(ethylene glycol) with a mean molecular weight of 400 Da (PEG400), delivered by Alpha Aesar / Thermo
Fisher (Kandel) GmbH, Karlsruhe, Germany, and pyrolysis condensate derived from various biomass feedstocks
and with varying ratios of PEG400 and pyrolysis condensate. These compounds were used to replace the
polyether-alcohols from the commercial component A. The active mass (pure dialcohol compound without
water, catalysts and stabilizer) in component A is completely replaced by PEG400 and consecutively substituted
by pyrolysis condensate. The degree of substitution S is defined by the ratio of the mass of pyrolysis condensate

(on dry basis) used in a certain recipe within the total active mass, expressed in percent:

mass of pyrolysis condensate gry pasi
S — (dry basis) * 100 % (1)

total active mass

As catalyst 1,4-Diazabicyclo[2.2.2]octane (DABCO) from Merck Schuchardt OHG, Hohenbrunn, Germany

(> 98 %), and Tin(Il) 2-ethylhexanoate (SnOct) from Sigma Aldrich Chemie GmbH, Steinheim, Germany

(~ 95 %), were purchased. Dow Corning GmbH, Wiesbaden, Germany, provided a sample of 2938 Additive,
which is a silicone surfactant dedicated for the production of rigid foam; designed for PUR/PIR insulation
panels, both in hydrocarbon- and water-blown systems.

All samples of rigid polyurethane foams were produced using cups of 400 cm?® volume with an amount of 40 g of
reactive mixture of both components. The commercial system had a mixing ratio of 100 : 145 of component

A : component B on mass basis. As component B always the commercial material was used with an amount of
23.673 g. For component A the amount was always 16.327 g, but the composition varied. For reference samples,
the commercial component A was used and for the other foam samples, component A was mixed following the
standard recipe from Kazan National Research Technological University [16]: component A is made up of active

mass (15.055 g, mixture of pyrolysis condensate and PEG400 in different ratios), additional 0.5 % of active mass



215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

Paper accepted for publication by Biomass & Bioenergy

catalyst DABCO (75.3 mg)?, further additional 1.5 % of active mass catalyst SnOct (225.8 mg) and additional

2 % of active mass stabilizer 2938 Additive (301.1 mg). The final mixture contained 669.4 mg water as blowing
agent to mimic the water mass fraction of the commercial system, coming partly from the pyrolysis condensate
and partly being added to adjust the amount. The degree of substitution, which is later used to discriminate the
recipes, describes the share of pyrolysis condensate in the active mass on water-free basis and is expressed in
percent of mass.

The final preparation process of rigid polyurethane foams followed the procedure shown in Figure 7 from left to
right: into a cup placed on scales all ingredients of component A were filled and then mixed, subsequently
component B was added. Quickly after addition of component B the whole batch was well stirred with a
propeller stirrer at 11.7 Hz for about 30 s. When foaming started the cup was set aside and the foam was left rise
freely until final height was reached.

Figure 7: Preparation process of rigid PU foams from the 2 components A and B

Each recipe was replicated three times to minimize experimental error. The foam samples were odorless. During
mechanical treatment of the foam samples (cutting, sanding) a slight smoky smell was released temporarily.

3.3 Analytical methods applied

Thermal conductivity, thermal diffusivity and heat capacity of the rigid polyurethane foams were measured using
a TPS2500S system with Kapton type sensor 5501 of Hot Disk AB, Gothenburg, Sweden. The samples were
removed from the cup and cut into slices with a thickness of 25 mm (Figure 8, left). The slices were stored in the
room with the analyzer for at least 24 h to let the samples acclimatize. The sensor is placed between 2 slices,
which is heated with constant power by the analyzer. The analyzer calculated the thermal properties from the
temperature measurement of the sensor over time. Figure 8 (right) depicts the sensor of the analyzer between 2
slices of a sample. The bottom and the top slices are shaped irregularly and the lowest regularly shaped slice had
a diameter below the necessary value. Therefore, only 4 of the 7 slices could be used, which gave 2 individual
measurements of thermal properties per polyurethane foam sample. The thermal conductivity for every recipe
was then calculated as average from 6 individual readings, 2 readings per sample and 3 replicated samples per
recipe.

Figure 8: Slices of PU foams (left) and set-up for measurement of thermal parameters (right)

1 The original recipe from KNRTU [16] used 0.5 % T-33, which is a solution of 33 %DABCO in
67 %Dipropylene glycol. This solution was not available at Fraunhofer UMSICHT, but pure DABCO crystals.
Due to misunderstanding in translation 0.5 % DABCO crystals were applied, thus overdosing catalyst by a factor
of 3. Therefore, no comparison to prior results at KNRTU is performed in this study.

8
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242  Afterwards the puck-like samples were cut to rectangular samples with dimensions 50 mm x 50 mm x 25 mm
243 (Figure 9).

244 Figure 9: Rectangular samples of PU foams for different degrees of substitution in component A

245  The samples were weighed and the density was calculated, resulting in an average value from 9 pieces per

246 recipe; 3 pieces per sample and 3 replicated samples per recipe. These rectangular samples were again stored in
247 an air-conditioned room for several days and subsequently the compressive strength following DIN EN 826 [20]
248  was measured.

249

250 4 Results

251 41 Thermal conductivity

252 The most relevant property in view of the possible application of these modified rigid polyurethane foams as
253 building insulation is the thermal conductivity. Usually the value of commercial products is in the range from
254  0.020 WmK1 to 0.050 Wm*K* [21], typically below 0.030 WmK- [22]. A sample of commercial rigid

255 polyurethane foam cut from a sandwich board installed at the building of Fraunhofer UMSICHT in Oberhausen,
256 Germany showed a measured value of 0.0282 WmK-L, This lies well within the typical range of commercial
257 products. The samples produced in laboratory with commercial grade components A and B had a thermal

258 conductivity of 0.0308 Wm*K-2, which is slightly higher. The reference material produced with commercial
259 component B and simulated component A made from 100°% PEG400 as active compound had an even higher
260 thermal conductivity of 0.0331 Wm™K-%. The measured values for all samples produced with substituted

261 component A are shown in Table 4. The capital letters A — E used in column 2 identify the type of dried

262  pyrolysis condensate as defined in Table 3, column 2. The measured values of thermal conductivity all lie

263 between 28.0-10° WmK* and 37.0-10° Wm K with an average value of 31.8-10° Wm™K*, which means
264  that the variation in thermal conductivity with the degree of substitution is not very pronounced. As a general
265 trend it can be observed that the thermal conductivity slightly decreases with increasing degree of substitution.
266  Additionally the use of different biomass feedstocks for the production of pyrolysis condensates does not

267 influence the thermal conductivity of the produced sample of polyurethane foams significantly. The only

268  exception from these two general conclusions is shown by polyurethane foam samples produced from pyrolysis
269  condensate originating from birch wood processed in the FPPO1 of EnergoLesProm LLC, represented by rows A
270  and B in birch section of Table 4. Here, thermal conductivity increases with increasing degree of substitution and
271  these samples exhibit the highest values at all. This kind of pyrolysis condensate is the only liquid used in this

272 study obtained in a direct quenching system and a different reactor. All other condensates were obtained in a

9
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condensation system applying an indirect cooler. The best results regarding thermal conductivity were achieved
by recipes with high degree of substitution (60 % and above) produced from pyrolysis condensates originating
from birch (processed in Oberhausen with indirect cooler; Table 4, birch section, rows C and D) and straw dried
without PEG400 addition (Table 4, straw section, rows A and B). Here, values below 0.03 WmK-! were
reached, which lie well within the typical range of commercial insulation products.

Table 4: Thermal conductivity in mW m™K, average of 6 samples

As can be seen from the values of thermal conductivity for polyurethane foam samples produced with pyrolysis
condensates originating from straw, the addition of PEG400 to the liquid prior to drying did not improve, which
means lower, the thermal conductivity (compare rows A and B to C; A and B are based on directly dried liquid
and C is generated with condensate that was dried with the addition of PEG400, all 3 sequences of experiments
were performed with the same batch of pyrolysis condensate). This result is contradictory to the earlier findings
at Kazan National Research Technological University and needs further investigations to find a reason for this
behavior, which might be based on original biomass composition or different reactor/condensation system. The
results in Kazan were obtained from pyrolysis condensates derived from birch wood chips with a direct
guenching system and the results reported in this study are based on pyrolysis condensates derived from cereal

straw and an indirect cooling system.

4.2 Density

The density of commercial rigid polyurethane foams ranges from 30 kg m= to 45 kg m [21, 22]. The sample
taken from real insulation material had a density of 39.797 kg m3, while the sample produced from commercial
grade components A and B showed a density of 42.637 kg m. The reference material with 100°% PEG400 as
active compound had a density of 51.294 kg m3, which lies slightly above the usual range of commercial
products. The results of density measurements for the different samples with substituted component A are given
in Table 5. For straw based polyurethane foams the general tendency shows a reduction of density with increased
degree of substitution of PEG400 by pyrolysis condensate. Especially the sample with lowest thermal
conductivity revealed also the lowest density. For birch wood an inconsistency was observed. Although the
pyrolysis condensates from birch wood produced in Kazan as well as in Oberhausen were dried with the same
apparatus with similar conditions, the density increased with degree of substitution for the birch pyrolysis
condensates produced in Kazan while it decreased for the birch wood pyrolysis condensates produced in
Oberhausen. The only difference here is the raw material coming from different sources and the applied reactor

and condensation system, respectively. A sound explanation for this obvious difference can’t be given.

10
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Table 5: Density in kg m, average of 9 samples

4.3 Compressive strength

For the application as building insulation the German and European Association of Polyurethane Producer
require a compressive strength of at least 100 kPa for wall insulation and above 150 kPa for floor boards.
Alternatively, if the material does not exhibit a clear compresive strength, the same minimum values are required
for the stress at 10 % compression [21, 22]. Figure 10 shows first exemplary results of compressive strength
measurements for some samples.

Figure 10: Compressive strength measurements for different samples

The short dashed lines belong to the reference material cut from commercial sandwich boards installed at
Fraunhofer UMSICHT in Oberhausen. These samples exhibit a compressive strength around 350 kPa, which is
greatly above the required minimum. The long dashed lines are the compression-stress-correlations of foam
samples made from commercial grade two component system. Due to the manual production set up, there is a
much broader distribution of stress at 10 % compression (no distinct compressive strength detectable for the
majority of these samples) ranging from 160 kPa up to 350 kPa, all being fairly above the high quality threshold.
The doted lines show the correlation between compression and stress for samples produced from a simulated
component A only containing PEG400 as active mass. It can be seen clearly that these foams do not match the
requirements for building insulation, as the values for stress at 10 % compression only are around 25 kPa. From
this result it can be concluded that either PEG400 is not a good choice as a model compound for the active mass
in component A or the applied mass ratio of PEG400 to commercial grade component B (PMDI) is not
optimized. But as it was not the aim of this study to replace active mass by PEG400 the reason for this low
values for compressive strength was not further evaluated.

Dash-dotted lines show the curves for samples with 60 % of active mass substituted by straw-based pyrolysis
condensates and continuous lines represent the curves for samples with a degree of substitution of 80 %, also
with straw-based pyrolysis condensate. For the lower substitution rate the measured vales of stress at 10 %
compression are above and below the required range and the values for the highest substitution rate are all above
the required value for premium quality (applicable for floor boards). As the measurements of all samples are not
yet evaluated, these preliminary results can only be interpreted as hints that the requirements for the property
“compressive strength” can be achieved with a proper mixture and production procedure. Especially the result
that the samples with highest substitution rate show sufficient performance is very encouraging. In future the

remaining samples will be tested and evaluated.
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5 Conclusions

The experiments described in this study demonstrated that the alcohol component in rigid polyurethane foams
can be replaced with pyrolysis condensates based on wood as well as based on cereal straw to a large extend (up
to 80 % by mass). Part of the water present in pyrolysis condensate can be used as foaming agent, so no
additional fossil-based blowing agent is necessary. Though, the water mass fraction of the pyrolysis condensates
must be reduced by drying, because the water mass fraction of the condensates is much higher than the typical
value necessary as blowing agent. Even pyrolysis condensates produced by staged condensation contain more
water than necessary and acceptable. The drying could well be performed in a rotary evaporator and the addition
of PEG400 to the condensates prior to drying showed no significant improvement of the evaluated properties of
the foam samples. Especially for the thermal conductivity the best (lowest) values could be reached with
pyrolysis condensates dried without addition of PEG400.

The most relevant property for the possible application of rigid polyurethane foams as building insulation
showed no large variation with the degree of substitution and reached in general the higher end of typical
commercial insulation material of about 0.03 Wm™*K-1. A slight trend could be discovered for the straw
condensates dried without the addition of PEG400. For these samples the thermal conductivity reduces with
increasing degree of substitution, which greatly encourages future work on this development.

For the compressive strength, the second important property, only preliminary results are currently available.
These results indicate that also for this property the necessary minimum requirements for the application as

building insulation can be achieved.
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Table 1: Experimental conditions and water mass fractions of primary pyrolysis condensates

pyrolysis No. of stages in  temperature of water
temperature condensation 1%t condenser mass fraction
(69 0 (%)
beech wood, Pytec 9 500 1 10 24.10
birch wood, FPP01 500 1 45 30.46
birch wood, Pytec138 550 1 4 26.30
straw, Pytec 109/113/114 550 1 4 19.22"
straw, Pytec 119 550 2 70 21.20
straw, Pytec 122 550 2 65 25.82

“tarry product from 3 experiments, analyzed separately and afterwards joint in storage canister
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431  Table 2: Composition of pyrolysis condensates (assorted by functional groups); all values given in percent of

432 original sample mass including water

Pytec Pytec Pytec Pytec
9 109/113/114 119 122

NONAROMATIC 18.17 16.43 21.35 19.99
COMPOUNDS
Acids 8.69 5.92 7.79 7.75
Nonaromatic Esters 0.04 0.10 0.22 0.18
Nonaromatic Alcohols 0.18 0.33 0.92 0.82
Nonaromatic Aldehydes 4.37 0.53 1.40 0.56
Nonaromatic Ketones 4.89 9.53 11.02 10.67
Hydrocarbons 0,00 0.02 0.00 0.00
HETEROCYCLIC 2.53 2.52 2.83 2.62
COMPOUNDS
Furans 2.26 2.52 2.83 2.62
Pyrans 0.27 0.00 0.00 0.00
AROMATIC 6.22 16.29 14.20 14.26
COMPOUNDS
Benzenes 0.00 0.35 0.05 0.09
Catechols n.g. n.g. n.g. n.g.
Aromatic Alcohols 0.00 0.00 0.00 0.00
Aromatic Aldehydes 0.04 0.26 0.20 0.21
Aromatic Ketones 0.00 0.09 0.00 0.06
Aromatic Esters 0.00 0.00 0.00 0.00
Lignin derived Phenols 0.19 3.69 3.15 3.18
Guaiacols (Methoxy 1.79 6.40 5.52 5.56
phenols)
Syringols (Dimethoxy 4.20 5.50 5.27 5.16
phenols)
CARBOHYDRATES 4.93 1.91 3.38 2.95
Sugars 4.93 1.91 3.38 2.95
OTHER ORGANIC 0.45 0.40 0.43 0.42
COMPOUNDS
N-compounds 0.00 0.00 0.04 0.06
Acetates 0.00 0.00 0.00 0.00
Terpenes 0.22 0.01 0.00 0.03
unknown compounds 0.21 0.36 0.36 0.32
Miscellaneous 0.02 0.03 0.03 0.02
NOT GC- 41.95 42.82 36.59 34.67
DETECTABLES
WATER 25.75 19.62 21.20 25.82

433 n.g. not quantified

434

435
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Table 3: Drying temperature, mixing ratio and resulting mass fractions of PEG400 and water

drying ratio PEG400 water
temperature condensate  mass fraction ~ mass fraction
: PEG400
Q) (%) (%)
beech wood, Pytec 9 A 120 100: 35 37.68 0.75
beech wood, Pytec 9 B 120 100: 15 20.85 1.1
birch wood, FPP01 A 120 100: 35 37.50 0.9
birch wood, FPP01 B 120 100: 15 21.55 1.7
birch wood, Pytec138 C 120 100: 35 44.75 1.4
birch wood, Pytec138 D 120 100: 15 26.59 0.9
straw, Pytec 109/113/114 A 80 100:0 0 1.7
straw, Pytec 109/113/114 B 120 100:0 0 1.4
straw, Pytec 109/113/114 C 120 100: 20 21.89 1.2
straw, Pytec 119 D 120 100: 15 17.95 2.2
straw, Pytec 122 E 120 100: 35 34.80 2.1
Table 4: Thermal conductivity in mW mK-1, average of 6 samples
Degree of substitution in %
20 40 60 80
Beech A 32.65+2.88% 31.24+0.73 32.39+1.24 -
B 33.07+3.70 31.55+1.17 31.99+0.65 31.76+1.14*
Birch A 31.58+1.33° 35.31+0.93 34.66+1.61° -
B 32.30+0.88% 37.04+1.38 34.13+0.84 33.56+0.571
C 34.64+1.52¢ 29.32+0.882 28.03+0.502 -
D 30.73+0.86° 30.00+1.41 29.85+1.32 29.23+0.892
Straw A 32.13+0.63 30.53+0.66 29.08+0.68 28.32+0.60
B 32.15+0.67 32.17+0.82 31.08+1.09 28.29+1.29¢
C 33.35+0.632 33.46+1.03¢ 31.06+0.432 30.69+0.343¢
D 32.86+0.70 33.20+0.67 33.19+0.96 -
E 30.33+0.45 30.59+0.87 30.94+0.63 32.74+0.71
1:S=75%;2:S=70%;3:S=78%
a: 4 samples; b: 5 samples; c: 3 samples; d: 2 samples
Table 5: Density in kg m, average of 9 samples
Degree of substitution in %
20 40 60 80
Beech A 39.8+10.9 54.0+8.662 49.6+5.49 -
B 33.3+6.54 43.78+5.46 42.1+£6.99 41.4+4 841
Birch A 30.0+1.92 59.3+11.07 74.0+27.10° -
B 32.8+1.58 69.1+16.74 48.645.03 52.8+8.40%¢
C 44.849.342 30.1+2.522 35.1+2.492 -
D 35.4+4.59 29.5+4.13 31.3+2.84 31.1+3.742
Straw A 33.0+2.14 29.8+1.82 26.0+0.87 26.2+1.59
B 32.7+1.57 34.1+1.65 31.5+1.53 33.6+1.16¢
C 35.6+1.522 34.4+0.69° 32.1+1.482 36.7+2.0932
D 37.7+£1.20 44.1+1.49 48.5+2.68 -
E 30.1+1.17¢ 33.6+1.67 36.0+1.25 46.3+1.33

1:S=75%;2:S=70%;3:S=78%

a: 6 samples; b: 5 samples; c: 7 samples; d: 3 samples; e: 12 samples
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448 Figure 1: Reaction scheme of urethane formation
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453 Isocyanate (PMDI; bottom)
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457 Figure 3: Chemical structure of Polyether-dialcohol (top) and Polyester-dialcohol (bottom)
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Figure 4: Reaction schemes for water induced foaming
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Figure 6: Side reactions with carboxylic acids: formation of esters (bottom) and amides (top)
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Figure 7: Preparation process of rigid PU foams from 2 components A and B

Figure 8: Slices of PU foams (left) and set-up for measurement of thermal parameters (right)
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479 Figure 9: Rectangular samples of PU foams for different degrees of substitution in component A
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483 Figure 10: Compressive strength measurements for different samples
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