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WORD OF GRATITUDE

Maar TOES is meer dan enkel wat doctoraatstudenten, veel meer zelfs en ik weet eigenlijk niet goed
waar te beginnen... Greet, voor mij is het eigenlijk ‘Greetje’, ik ben trots dat ik &én van de weinigen
ben die dat mag zeggen tegen jou ©, maar willen of niet, het verkleinwoordje blijft staan voor mijn
liefkozing. “kek kek”. Martine, wie gaat er nou nog voor mij zorgen, als jij er niet meer bent Martine
(herken Louise - Clouseau)? Elsy, man wat heb ik u geplaagd... Maar je kent het gezegde hé
“‘meisjes plagen,...” Jenny, ‘Mama Garzelli omdat jij het moederfiguur bij uitstek bent, alhoewel het
soms leek dat jij die bijnaam liever niet had. Je bent wel steeds te vinden om uw aanstekelijke lach te
delen en te transfereren naar ons allen, merci, maar nu zit ik wel met een geweldig vrouwelijke lach.
Lindake, ‘mijn pindake' (waarvoor stond dat weer in het Pools???), ik hoop dat ik nog vele jaren uw
speculaasjes mag komen afhalen want die zijn oh zo lekker. Succes nog met het dansen en de
andere duizenden activiteiten. Nu lijkt het alsof TOES alleen maar goddelijke dames bevat, maar er is
ook heel wat mannelijk geweld beschikbaar. Yvo, de ‘snelle Eddy’ van TOES, nooit verlegen om een
grap of ben jij eigenlijk wel ooit serieus? Voor algemene labo-vragen kon ik steeds bij jou (en
trouwens iedereen) terecht, en soms kreeg ik dan ook nog eens een fatsoenlijk antwoord. Er is wel
nog één ding, wanneer gaan wij eigenlijk tegen elkaar lopen? De vragende partij wacht af! Guy, je
zou denken stil, maar ik denk eerder aan (ondeugende) humor. En ‘GC/MS koning' Jan, waar ik nog
zo veel van te leren heb... Petje af! Maar ik zou u nog willen spreken ivm een afbetalingsplan, want ik
heb het verstoplokaaltje iets te veel gebruikt. Je stuurt de rekening maar, dan zet ik er wel een
kostenplaats op. Allen dien ik te bedanken voor hun hulp met allerhande analytische technieken,
maar wat voor mij vooral telde is de gezellige TOES-sfeer! Hopelijk kom ik ergens terecht waar men
aan jullie kan tippen (hoop doet zege).

Spijtig genoeg is TOES ook al geconfronteerd met enkele verliezen. Eéntje dat nooit verwerkt zal
worden is het begrip ‘Olga’. De vrolijke meid die mij steeds onder handen wist te nemen o0.a. met
haar oh zo lange nagels. Wanneer gaan wij nog zo eens op stap als in Krakau... Olga, besef goed
dat heel TOES u mist. En last but not least Caroline, of eerder Calorien, die maar al te graag werd
uitgedaagd om 10000 calorieén te verliezen. Succes met je carriére bij de noorderburen.

Maar ook buiten TOES zijn er heel wat mensen van de UH die ik uitermate dankbaar ben. Zoals
Christel, die veel meer deed dan de bestellingen. Ik hoop dat ik niet al je snoepjes verorbert heb,
maar als ze na mijn vertrek niet geledigd worden, bezorg je mij er maar een paar als Kerstcadeau.
Naar 't schijnt ken jij één of twee van zijn rendieren... En Magda voor de broodnodige foto-upgrading.
Kathleen voor de leuke en vooral lachwekkende gesprekjes in de gang. Peter bedankt voor uw hulp
over eigenlijk een breed gamma van mijn onderzoek, gaande van NMR tot zelfs statistische
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mij, dankzij zijn enorme inzet, heel wat resultaten voor dit proefschrift bezorgde. Ik hoop dat je ooit de
weg naar de UH en liefst TOES terug vindt.

Niet alleen mag ik tevreden terug kiken naar mijn werkgerelateerde achtergrond. Sinds mijn
allerjongste jaren ben ik bedeeld met mensen die ik ten zeerste apprecieer en die ik hoop mijn hele
leven mee te dragen in mijn hart en dus niet alleen in dit dankwoord... De bende van Runkst bij wie ik
ben opgegroeid. Kameraden (m/v) als Maati, Kelly, Juveins, Achmed, Willems, ... (ik ga ze niet
allemaal op noemen want dan vergeet ik er sowieso) wens ik toe aan iedereen, amusement
gegarandeerd. Chiro Runkst is no more, maar de gesmeden vriendschappen zijn solide! Ook hier
waag ik mij niet aan een volwaardige lijst, maar sommigen springen toch uit het oog en verdienen
een plaatsje in deze toch wel lange lijst. Zo is er mijn “moatje” Jos, Dennis, Danny, Dirk, Claes, en
vele vele anderen. Gregor en Sven horen zowat overal en nergens, dus mix ik er jullie helemaal
doorheen. Mijn voetbalmakkers, die al een eftelijke tijd er voor zorgen dat ik mezelf regelmatig kan
ontladen: Jouri, Erik, Michel J., Bjorn, Michel C., Jens, Fre en Alex. SB Demolder aan de top,
alhoewel FC Cambrinus, FC Tunes en de Runkster Rangers ook enkele pluimen verdienen. Jasper
en Yves mag ik natuurlijk ook niet vergeten die samen met SB Demolder fetiam_B levende proberen
te houden. Ten laatste zijn er enkele die overblijven na de jaren aan het Atheneum, waarvan er twee
een uitermate belangrijke bijdrage geleverd hebben. Timothy, die ik oneindig vaak ‘dank je wel' zal
moeten zeggen voor zijn inspanningen om mijn Engels een beetje op te smukken voor publicatie. En
Dr. Geoffrey, die op een artistieke manier weet om te gaan met technische dingen. Ik vind de
tekening op de cover echt mooi! (Om maar te zwijgen over de dustjacket.) Hopelijk vind jij hem zelf
ook nog steeds goed. En hier horen natuurlijk twee schatten van vrouwen bij, sorry... drie, Hanne,
Hanne en Sien.
Allen noem ik ‘mijn vrienden', en met ieder van hen heb ik superweekenden meegemaakt en vandaar
dat ik weet wat een “zaterdag” betekent in een hele week...
Because we are your friends
You'll never be alone again

Justice — We are your friends, 2006

En zo neig ik langzaam naar het einde van mijn dankwoord, maar toch moeten er hier nog enkele de
revue passeren. Zoals bijvoorbeeld mijn familie, waaronder Bompa, Rudi en Carine, Hugo en Marie-
Jeanne, Vivianne en Ludo, Eddy, Dianne en Fonny. Maar ook mijn neven en nichten: Greet, Joost,
Dries, Sven (welkom op de UH), Wim, Kurt, David en Sigrid. Sommigen van hen dien ik toch even


















































































































CHAPTER 1: INTRODUCTION

1.6.3. Water in bio-oil

A main problem when dealing with pyrolysis oil is its high amount of water. Water in bio-oil results
from the original moisture in the feedstock and as a product of the pyrolysis reactions and depends
on the feedstock and process conditions, including the extent of secondary reaction or cracking. Even
from dry biomass, pyrolytic water is produced [17, 24]. Bio-oil has a water content of typically 15-30
%, which cannot be removed by conventional methods like distillation [9]. Typically, phase
separations may partially occur when the water content of pyrolysis oil is more than 35 - 40 %.
However, water contents below 35 % do not guarantee a single phase bio-oil [16, 17, 24].

The presence of water has both positive and negative effects on the oil properties. It improves bio-oil
flow characteristics (reduces the oil viscosity), which is beneficial for combustion (pumping and
atomisation). It also leads to a more uniform temperature profile in the cylinder of a diesel engine and
to lower NOx emissions. On the other hand, it lowers the heating value, it can lead to premature
evaporation of the oil and resultant injection difficulties, it contributes to the increase in ignition delay
and in some cases to the decrease of combustion rate compared to diesel fuels [69, 118, 121]. The
beneficial effects of the aqueous phase are outbalanced by its negative impact [122]. The effect of
water is complex in that it affects stability, viscosity, pH, corrosiveness, and other liquid properties.
Selective condensation may reduce the water content of one or more fractions but at the expense of
operating problems and a possible loss of low molecular weight volatile components [9].

Water contents of maximum 28% are often hailed as being acceptable to allow bio-oil to be applied
as a fuel in static applications [120, 123-125]. Some potential end-users (Fortum/Oilon, Wartsild,
Ormrod, and Orenda) commented that specifications should even be tighter: water contents should
be lower, because of poor ignition properties and high emissions of high-water content bio-oil [125].
However, many biomass streams and pyrolysis reactors result in bio-oils that do not reach such “low”
water contents. Water contents of 30 — 50%, and some even > 65% are reported [13, 35, 36, 45, 52,
82] and ask for some serious upgrading, before specific applications can be sought.

1.6.4. Miscibility of bio-oil

Bio-oil can be considered as a mixture of water and water-soluble organic compounds with water-
insoluble, mostly oligomeric material. Bio-oils differ to some extent in their ability to dissolve water
[52, 120]. Phase separation can take place in higher water andfor lignin-derived material
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Figure 2.3: The Pyrocycling™ vacuum pyrolysis process of Pyrovac [7].
2.2.4. Ablative pyrolysis reactors [4-10]

Ablative pyrolysis relies on heat transfer occurring when a biomass particle impacts and slides over a
solid hot source. The mode of reaction in ablative pyrolysis is analogous to melting butter in a frying
pan: pressing down and moving the butter over the heated pan surface can significantly enhance the
rate of melting and speed up heat transfer. The shearing action additionally creates more surface
area, which can then contact the heat source, further increasing the heat transfer. Therefore, ablative
pyrolysis is sometimes defined as ‘melting’ or ‘thermal erosion’.
During ablative pyrolysis of biomass, heat is transferred from the hot reactor wall o “melt”
wood/biomass that is in contact with it under pressure. The pyrolysis front moves unidirectionally
through the biomass particle. Different from the other reactor configurations, the reaction is limited by
the rate of heat supply to the reactor. When wood is pressed against a heated surface and rapidly
moved during the heating, the wood melts at the heated surface and leaves a residual oil film behind
which provides lubrication for successive biomass particles and also rapidly evaporates to give
pyrolysis vapours for condensation and collection in the same way as for other processes.
The mechanical action or centrifugal force causes the particles to pyrolyse (thermally erode) and thus
a high speed (> 1.2 m/s) relative to the hot reactor surface (< 873 K) is required. The rate of reaction
is strongly influenced by:

B pressure,

P the relative velocity of wood on the heat-exchange surface,
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are ablated while they are spirally transported upwards by centrifugal forces to the top of the reactor
[9]. The final char/ash residue is ejected from the top of the cone [7]. An important feature of this
reactor type is the absence of carrier gas since it is the rotating action of the cone which propels the
solids from the reactor entrance to its exit. Because of the absence of carrier gas, the vapour
products are not diluted and their flow is minimal.
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!
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/ ' Wall
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Bursting Disk |
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Support plate ;
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I 1 304 Cﬂsing
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Figure 2.5: University of Twente rofating cone principle [7].

2.2.6. Vortex reactors

During flash pyrolysis in a vortex reactor, small particles are forced by a steam current with high
speed (up to 1200 m/s) to rotate on the heated inner wall of a cylindrical reactor inducing ablative

pyrolysis. The biomass particles, entrained in the carrier gas, enter the vortex reactor tangentially so
that the particles are forced to the hot reactor wall by high centrifugal forces [7]. Accordingly, very
high heat transfer rates are obtained by direct contact between the hot reactor wall and biomass
particles sliding against it. The wall temperature has to be limited to a maximum of about 898 K to
ensure production of a liquid film between the wall of the reactor and the particle. The isolating liquid
and solid pyrolysis products arising on the surface during pyrolysis are removed by friction or
vaporisation [5, 7].
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Figure 2.9: The final pyrolysis set-up: a, reactor containing the heat transfer medium (at PT); b, injection system
(at RT) with a biomass reservoir; and c, recuperation system (at RT) with an additional water cooler.

2.4.2.2. Procedure

Preliminary, all materials (+ 700 g sand and + 100 g input) are dried at 383 K. When heating has
started, nitrogen gas continuously enters the reactor via two ways to guarantee an “oxygen-free’,
rather oxygen poor, environment:
1. via the hollow shaft of the Archimedical screw in the reactor which also acts as a gas pre-
heater (70 ml/min), and
2. via the injection system (70 ml/min).
As soon as the sand inside the reactor reaches the pyrolysis temperature (PT), the nitrogen flow is
stopped and the injection system is started. By this, the biomass material is inserted into the reactor
at a rate of 20 rpm. In this way, an injection rate of approximately 140 ml per minute is achieved. The
biomass subsequently undergoes a flash pyrolysis and is converted into volatiles which mainly
condense into the recuperation system as condensables, mostly bio-oil. Figure 2.10 represents a

flash pyrolysis flow chart customised to the findings of this research.
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Figure 2.10: Extended schematic representation of the flash pyrolysis flowchart.

During the entire experiment (heating, injection, pyrolysis,...), temperature measurements are taken
at the top of the sand bed with a thermocouple type K and are continuously monitored by coupling an
ATAL Smart Reader Plus with a PC.

2.4.2.3. Reactor evaluation
The pyrolysis reactor results in a liquid collection that is significantly lower (+ 50 %) compared to the
bio-oil yields of 60, 70 and even 80 % described in literature. Some possible reasons of the lower bio-
oil yield are discussed:
B No 'perfect’ flash pyrolysis is induced. The biomass is injected from the storage vessel
(Figure 2.9 (part b)) into the heated reactor by a horizontal Archimedical screw rotating at
20 rpm. The time required for injection can amount up to a few seconds. The hollow shaft in
which the biomass is transported shows a gradual temperature increase from room
temperature to the reactor temperature. This diminishes the temperature shock that the
biomass undergoes when impacting with the hot sand while entering the reactor. Only
recently, the injection system is further improved by constructing a water cooler around the
hollow tube. For the results discussed in this work, the additional water cooler was not
installed yet.
» Additionally, an increased chance for secondary reactions might be applicable for the
pyrolysis reactor under consideration:

o A relatively high homogeneous temperature sand bed is present. Gases must
pass almost the entire bed upwards before they leave the reactor to be quenched
in the condensation system. This might result in an increased gas residence time

-at the pyrolysis temperature.

o The biomass char particles stay behind inside the reactor and the homogeneous

temperature sand bed. Char is a cracking catalyst for volatiles, and prolonged
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a, Wﬂiaw
Input (m%)*
Willow 100.00 51.80 50.36 50.06 49.90 49.83 52.57 49.97
Biopolymer 0.00 48.20 49.64 49.94 50.10 50.17 47.43 50.03
Ouiput (m%)
Condensables 50.10 51.96 43.72 64.24 5279 50.01 59.24 51.52
Char 22.39 1346 14.47 9.50 12.92 13.92 15.24 1349
Gases (by diff.) 27.50 34.58 41.81 26.26 3429 36.07 25.52 34.99
b. Willow Willow/PLA
Spp— E—
Cristals (g) 0.00 0.00
Bio-ail (g) 50.10 51.96
Water content (m%) 36.65 1553
— =
Water-free Bio-oil (g) 3174 43.89
Pyrolytic Water (g) 18.36
C. Willow
H.H.V. (Mdikg) 16.1
Energy recuperation (%) 431
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CHAPTER 4: F 0-PYROLYSIS OF BIOMASS AND BIOPOLYMERS

4.3.2. Pyrolytic water - Synergy

It should also be emphasised that some biopolymers result in a synergy during the flash co-pyrolysis
with willow. This synergy is best illustrated by calculating the difference between the actual amount
and the minimum amount of pyrolytic water produced during the flash co-pyrolysis:

B The actual amount of pyrolytic water is calculated via the bio-oil yield and the respective
water content (Table 4.2). It should be noted that the crystals, originating from the flash co-
pyrolysis of willow and PHB, do not contain any water.

B The minimum amount of pyrolytic water, for which it is assumed that the biopolymer itself

does not result in the formation of pyrolytic water during pyrolysis (= absolute minimum), is
calculated by the amount of willow in the respective blend and the pyrolysis results of pure
willow (reference): 100 gram willow results in 18.36 gram pyrolytic water (Table 4.2b).

Table 4.3: The influence of biopalymers on the amount of pyrolytic water produced.
Pyrolytic water (m%)

Biopolymer option Actual amount  Absolute minimum Influence (%
Willow 18.36 18.36 -
Willow/PLA 8.07 9.51 -15
Willow/corn starch 11.78 9.25 +27
Willow/PHB 5.52 9.19 -40
Willow/Biopearis 8.87 9.16 -3
Willow/Eastar 9.48 9.15 +4
Willow/Solanyl 19.44 9.65 +101
Willow/potato starch 8.33 9.18 -9

The biopalymer options in italic result in a synergy.

Table 4.3 summarises the influence of each biopolymer on the production of pyrolytic water during
flash co-pyrolysis with willow. Four biopolymer options result in a lower actual amount of pyrolytic
water compared with the absolute minimum amount and thus result in a synergy: PLA, PHB

Biopearls and potato starch. The flash co-pyrolysis of 1:1 willow/PHB shows the highest synergy,
reaching minus 40% [13]:
B the absolute minimum amount of pyrolytic water for willow/PHB
=[(50.06g x 18.36m% + 49.94g x 0.00m%)/100] = 9.19 m%,
the actual yield in pyrolyitc water is 5.52 m% (Table 4.2b),
B thus a decrease of 3.67 m% or [(3.67/9.19) 100] = - 39.93 % is calculated.
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Water-free bio-oil Water content Enerqgy recuperation Char Separable chemicals
Min/Max Maximise Minimise Maximise Minimise Maximise
Weight 0.2511 0.0887 0.1525 0.0533 0.4543
Transformation function V-shape V-shape V-shape V-shape Usual
Indifference threshold q - . - - -
Preference threshold p 14.89 21.12 27.90 12.89 -
Gaussian threshold s - - - -
Threshold unit g m% % g g
Average performance 38 22.48 50.4 14.42 3.71
Standard deviation 6.13 8.47 8.3 3.64 10.5
Unit g m% % g g
Willow (Reference) 31.74 36.65 431 22,39 0.00
Willow/PLA 1:1 43.89 15,53 51.5 13.46 0.00
Willow/com starch 1:1 31.94 26.94 389 1447 0.00
Willow/PHB 1:1 29.03 15.97 66.8 9.5 29.70
Willow/Biopearls 1:1 43.92 16.81 515 12.92 0.00
Willow/Eastar 1:1 40.53 18.96 46,3 13.92 0.00
Willow/Solany! 1:1 39.8 32.82 52.1 15.24 0.00
Willow/potato starch 1:1 43.19 16.17 52.6 13.49 0.00
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CHAPTER 4: FLASH CO-PYROLYSIS OF BIOMASS AND BIOPOLYMERS

quantity of information is available in the plane. However, some information usually gets lost in the
projection process in the GAIA plane. For this, GAIA generates a A value which serves as a quality

control measure. It measures the amount of information preserved in the GAIA plane. In practice, A
values larger than 70% correspond to reliable GAIA planes; A values lower than 60% should be
considered with care [11]. Figure 4.5 shows the GAIA plane of the decision problem (Step 6b) and
has a A value of over 91%. In the GAIA plane the criteria are presented by axes connected to
squares, and the biopolymer options by triangular shapes. The weights of the criteria are represented
by a separate axis, called the Pi decision axis. This decision axis shows the kind of compromise
solution that is proposed by PROMETHEE.

The GAIA plane confirms the observations from the PROMETHEE rankings:
» PHB is the biopolymer option that is in best agreement with the Pi decision axis and is
especially supported by the criteria “total amount of readily separable chemicals” and
“energy recuperation”.
> PLA, Biopearls and potato starch are clustered, indicating that these biopolymer options
have similar profiles. Out of these three biopolymer options, PLA is located the furthest in
the direction of the Pi decision axis and is thus considered as the best option.
B Eastar seems to “flit” with the borders.
» Solanyl, com starch and willow are directed towards the opposite direction of the Pi
decision axis, with Solanyl the closest and willow the furthest.
The GAIA plane also indicates that the “total amount of readily separable chemicals” and the “water-
free bio-oil yield" are the two most conflicting criteria.

4.4.5. Weight sensitivity analysis

Finally, a weight sensitivity analysis is performed (Step 6c). Table 4.6 summarises the range within
which the respective weights of each criterion are allowed to deviate (ceteris paribus) without
changing the PROMETHEE |l ranking of all the biopolymer options. It can be observed that the decision
problem is fairly robust: the weights of each criterion can be altered in a relatively wide range, without
any further consequence. The char yield presents the most narrow interval. However, even if the char
yield would double in importance, which for this research is unlikely, no alterations in the PROMETHEE
Il ranking are induced.
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CHAPTER 5: FLASH CO-PYROLYSIS OF WILLOW/PHB AND WILLOW/PLA BLENDS

IR spectra at their respective temperature, e.g. 545 K (left) and 622 K (right), is made. One should be
aware that these spectra are to be considered as the FT-IR analysis of a mixture of several volatiles
evolving at the same time/temperature event.

At 545 K, the pure PHB and 1:1 willow/PHB FT-IR spectra are very similar. Only a few differences

are observed:
» the willow/PHB blend shows a relatively higher response for COz (2300 — 2400 cm'')
compared to pure PHB, and
» the band pattem at 1150 cm-' (most probably referring to C-O vibrations) slightly differs
between pure PHB and 1:1 willow/PHB.
The decomposition of the 1:1 willow/PHB blend at 545 K is clearly dominated by and can almost
completely be attributed to the degradation of PHB, indicating that yet no significant interactions
occur during the analytical co-pyrolysis.

At 622 K, on the other hand, the FT-IR spectrum of 1:1 willow/PHB resembles the FT-IR spectrum of
willow the most. However, the spectrum features are still affected by PHB. This can possibly be
explained by tailing of the PHB decomposition (also consult the 3D diagrams in Figure 5.9 where
such tailing is also observed). All three FT-IR spectra at 622 K show the presence of COz (and CO),
but the actual peak pattern of COz slightly differs for all three inputs. The response for CO2 is the
highest in the 1:1 willow/PHB spectrum. This observation can be an indication towards another
degradation mechanism, which results in an increased production of CO, occurring during the co-
pyrolysis of willow and PHB.

Figure 5.8, which contains some minor artefacts due to background substraction, shows the evolution
of CO and CO; as a function of temperature for pure willow, pure PHB, and 1:1 willow/PHB. The
evolving gases monitored by TG/FT-IR contain much more COz than CO, with PHB (Figure 5.8b)
producing only a negligible amount of CO. The COz-profile of the 1:1 willow/PHB blend obtained by
TGIFT-IR (shown in Figure 5.8¢) resembles the profile for water obtained by TG/MS of that same
blend (ion-kinetogram of the mass fragment ion m/z 18, Figure 5.5): the magnitude of the first peak
(at 545 K) of 1:1 willow/PHB is lower compared to the second peak (at 622 K), which is in sharp
contrast to the DTG-profile of 1:1 willow/PHB (Figure 5.4c), indicating that, as for the production of
pyrolytic water, the influence of PHB on the production of CO is fairly lower compared to willow in the
blend.
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CHAPTER 6: STATISTICAL AND COMPARATIVE ANALYTICAL INVESTIGATION — EXPLANATION OF THE OBSERVED SYNERGY

As mentioned in Chapter 5, the thermal decomposition of the biopolymer polyhydroxybutyrate (PHB),
a bacterial alkanoate, is already investigated by means of several thermo-analytical techniques (TGA,
DSC, Py-MS, Py-GC/MS, and Py-GC/FT-IR) and is described in earlier literature [6-9]. PHB
decomposes according to the cis-elimination mechanism and yields crotonic acid as well as some

linear oligomers (Figure 6.1).

In addition to the characteristic mass fragment ions of crotonic acid (m/z 39, 41, 68, 69 and 86 —
Figure 6.2) the averaged mass spectra obtained by Py-MS of PHB reveals additional mass fragment
ions (m/z 69, 87, 103, 154, 155, 171, 172 and 173), which can be attributed to oligomers of crotonic
acid, some of which exhibiting the homologues series m/z = 87 + n«86 (n = 0) [7, 9]. The formation of

monomeric (crotonic acid) and oligomeric volatile products have also been observed by Py-GC/FT-IR
[6]. Kopinke et al. [7, 8] observed a significant difference between the thermal stability of pure PHB
and that of PHB still embedded in its crude biomass, although both arise from the same fermentation
process. Pure PHB seemed to be much more stable. Thus, matrix effects appear to play a significant
role. The pyrolysis of PHB followed by a condensation of the volatiles produced, has already been
executed as well. The pyrolysis of purified PHB yields 60 to 65% of crotonic acid [10].
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Figure 6.2: Mass spectrum of crotonic acid.

In Chapter 5, a synergetic decrease in the amount of pyrolytic water, together with a synergetic
increase in pyrolysis yield and in energy recuperation is observed for willow/PHB blends. Besides bio-
oil, the flash co-pyrolysis of willow/PHB blends with a high PHB fraction (w/w-ratio 2:1 and 1:1)
resulted in the production of crystals of crotonic acid, which offers added value as a source of
chemicals [1]. In section 6.2.1. and 6.2.2,, the condensable and noncondensable pyrolytic gases
obtained by Py-GC/MS and the bio-oil and crystals obtained from the reactor experiments,
respectively, will be investigated. In section 6.2.3. the observed synergy is discussed.
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Willow guared

Mean Structure
1 Bt 101 14 <0.0001 B -39 38 0.3113 B2 2 3.1 0.5176
2 Bo2 9.1 0.7 <0.0001 B2 104 34 00026 B2  -31 33 0.346
3 [Boa 11 09 <0.0001 s 8.1 31 0.0089 P23 74 2.5 0.003
4 [os 16.5 1.1 <0.0001 Pu 13.9 39 0.0005 Basa  -16.7 3.1 <0.0001
8 fBos 11.9 0.6 <0.0001 s 4.8 29 0.0996 Bas -1.8 28 0.5259
6 Boe 18 09 <0.0001 B -138 37 0.0002 PBas 10.9 34 0.0013
7 Bor 134 13 <0.0001 Bir 9.7 4.8 0.0428 Bar 8 41 0.0513
8 Bz 10.1 14 <0.0001 P -99 49 0.0452  Pas 8.1 4 0.0446
Residual Variances
1 o1? 33 0.7 <0.0001
2 o2 4.5 09 <0.0001
3 o3 1.8 0.4 <0.0001
4 o4? 4.1 0.9 < 0.0001
5 os* 7.7 21 0.0001
8 o8? 6.2 1.4 <(.0001
7 or 4.1 0.7 < 0.0001
8 ag? 39 0.7 <0.0001
AR(1) Correlation

p 0.66 0.05 < (.0001
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Py-GC/MS

GC/MS

Class Functionality Willow Willow/PLA 10:1 Willow/PLA 3:1  Willow/PLA 1:1  Willow/PLA 1:2 PLA

T 0 Akene . Z - 0.02 - -

Aromatic 0.32 0.22 0.2 0.04 0.05 -

1 Ether 3.69 2.08 2.35 2.64 3.46 4,66

Alcohol 8.28 5.44 4.14 3.35 2.82 08

Phenol 24,25 17.42 13.26 10.99 6.35 0.26

2 Aldehyde 7.84 7.58 9.49 8.72 8.29 6.65

Keton 14.9 15,11 15.48 13.57 12.45 8.09

3 Carboxylic acid 6.73 10.78 11.89 11.79 136 16.41

Ester 8.3 9.92 15.95 18.05 20.63 18.63

- QOligomers - 11.51 16.91 20.46 27.27 36.03

~ Total 74,31 80.06 89.67 89,63 94.92 91.53

Class Functionali Willow Willow/PLA 10:1 Willow/PLA 3:1  Willow/PLA 1:1  Willow/PLA 1:2 PLA

0 Alkene - - - - B

Aromatic - 0.05 0.05 0.06 - -

1 Ether 418 3.91 6.41 12.35 1480 29.00

Alcohol 1.35 1.01 1.05 0.70 0.69 0.03
Phenol 25.56 2464 21.88 15.92 8.81

2  Aldehyde 8.28 8.56 8.69 531 2.09 -

Keton 17.99 16.28 16.35 11.75 11.80 1.47

3  Carboxylic acid 9.70 14.69 19.36 21.94 3062 14.25

Ester 2.00 3.50 430 457 9.40 27.38

- Oligomers - - 1.05 3.60 6.63 6.08

Total 69.05 72.64 79.14 76.21 84.64 78.21
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CHAPTER 6: STATISTICAL AND COMPARATIVE ANALYTICAL INVE ON — EXPLANATION OF THE OBSERVED SYNERGY
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SAMENVATTING EN ALGEMEEN BESLUIT

Zeven verschillende biopolymeren worden initieel onderzocht: polymelkzuur (PLA), maiszetmeel,
polyhydroxybutyraat (PHB), Biopearls, Eastar, Solanyl en aardappelzetmeel. De flash pyrolyse van
wilg en de flash co-pyrolyse van de zeven wilg/biopolymeermengsels, elk in een w/w ratio van 1:1,
wordt op basis van vijf vooraf gedefinieerde criteria (opbrengst aan watervrije bio-olie, watergehalte,
energierecuperatie, opbrengst aan char en totale opbrengst aan gemakkelijk te scheiden
chemicalién) ten opzichte van elkaar geévalueerd en kan beschouwd worden als een typisch multi-
criteria beslissingsprobleem. Met behulp van Decision Lab, een multi-criteria beslissingshulpmiddel,
wordt een objectieve rangschikking van de verschillende biopolymeeropties gemaakt. Hierbij moet
vermeld worden dat ondanks het feit dat biopolymeren beschouwd worden als hernieuwbaar en/of
biodegradeerbaar, ze nog steeds als afval gezien worden. In het algemeen kan er besloten worden
dat de flash co-pyrolyse van biomassa en biopolymeren bij 450°C niet alleen resulteert in bio-olie met
een verlaagd watergehalte, maar ook in een verbeterde pyrolyseopbrengst, een daling van het
afvalvolume en een aantrekkelijkere verwerking van biopolymeren. Hierdoor kan de flash co-pyrolyse
van wilg en biopolymeren gedefinieerd worden als een interessante opwaardering voor de pyrolyse
van biomassa-afvalstromen, als een bron van hernieuwbare energie en producten met toegevoegde
waarde en als een alternatieve afvalverwerkingtechniek. PHB, PLA, Biopearls en aardappelzetmeel
zijn de meest performante biopolymeeropties en resulteren ook in een synergetisch effect tijdens hun
co-pyrolyse met wilg: een daling van de hoeveelheid pyrolytisch water, hoger dan theoretisch
verwacht, wordt geobserveerd. Hiernaast worden de bekomen resultaten op hun economische
draagkracht geévalueerd. Deze lopende studie past in het kader van het Centrum voor Milieukunde
(CMK).

De flash co-pyrolyses van wilg/PHB- en wilg/PLA-mengsels worden in dit proefschrift nader
onderzocht. Voor PHB worden 7:1, 3:1, 2:1 en 1:1 wilg/PHB bestudeerd ten opzichte van de
referentiematerialen puur wilg en puur PHB, terwijl voor PLA 10:1, 3:1, 1:1 en 1:2 wilg/PLA-mengsels
vergeleken worden met puur wilg en puur PLA.

In een eerste benadering wordt er een chemisch-analytische studie van de (co-)pyrolyses uitgevoerd.
TGA, TG/MS en TG/FT-IR worden via trage (co-)pyrolyse uitgevoerd op de verschillende
uitgangsmaterialen. Voor wilg en PHB worden er geen synergetische interacties gedetecteerd, terwijl
er een beperkte synergie vastgesteld wordt tijdens de trage co-pyrolyse van wilg en PLA.

Vervolgens wordt de flash co-pyrolyse uitgevoerd met behulp van de semi-continue pyrolysereactor,
waarbij de pyrolyseopbrengsten en -efficiénties geévalueerd worden en een gesimplificeerde
energetische valorisatie berekend wordt. Beide mengsels (wilg/PHB en wilg/PLA) geven aanleiding
tot synergetisch verbeterde pyrolyse-efficiénties: een uitgesproken synergetische daling van de
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