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1. Abstract

Polyhydroxyalkanoates (PHAs) are biopolymers thah de stored in some specific
microorganisms during a fermentation process withuse of cheap substrates like sucrose,
agro-industrial residues and activated sludge. Thest important type of PHA is
Polyhydroxybutyrate (PHB) which has been produaegitot scale. [1]

Nevertheless, PHB as material has shown severalbdcks compared to conventional
polymers like stiffness, brittleness and its pdwerinal stability at temperatures close to its
melting point (176°C to 188 °C). These drawbacleent them from substituting the fossil
based polymeric materials in commercial produd@g. [

The aim of this master thesis will be the studythaf first part of the reaction from PHB to
methyl crotonate (MC) without the need of the exgdem purification process using PHB
directly from fermentation without any further ugstm processing apart from drying.

Reaction conditions of 200°C, 13 bar and 6h, addidagnL of methanol to obtain the ester
from 0.6 g of PHB results in a 49% conversion of Mhtile with pure PHB (53%).

It has also been tested that reaction with the k=mmpf PHB taken directly from the
fermentation stage shows a faster reaction tham wiire PHB reaching the optimal
conversion of 48% in 3h instead of 6h.



2. Introduction

Petroleum-based plastics show versatility and lawgt,cand they can also be used as
substitutes of wood, metal...

Plastics are actually a derivative of petroleuntured gases or other fossil resources. As a
petroleum product, plastic contributes to oil defecy, at a time when it is generally
recognized that oil will not be available indefelit. The use of petroleum in its production
causes a huge environmental problem because thalgiarbon cycle is being destroyed,
while for biomass/bio-organic compounds it takeB0lyears to turn to COfossil resources
petroleum and natural gas turns toG®more than 1Dyears.

Plastic waste generated by industries require dptwlred years for total degradation [3]. An
approach to decrease the solid waste [4] can sgbsititute conventional material with biodegradednie
materials to reduce costs and to enhance the degnaaf the final product.

Over time plastics actually photodegrade into senadind smaller toxic pieces but never
disappear. Many of these tiny pieces end up incmeans and waterways and are eaten by
marine life. The toxicity of plastics is not fullynderstood or adequately tested. Most plastics
contain chemical additives to make the plastic n@rable, or UV resistant, etc. Some of
these ingredients or additives are not thorougkgyed [5].

Bio-based material production has become one ofrthst important researches due to limit
supply, increasing price of crude oil and demaratsehvironment sustainability. The last
studies [6] show that PHB involves less complicags, high yields and the use of cheaper
substrates.

Poly(3-hydroxyutyrate) (PHB), is a bio-polyesteoguced by many bacterial species as an
energy storage material, it has material propesiieslar to petrochemical polymers like
polypropylene for a variety of applications [7].

PHB was discovered in 1926 but its use was ovedddbecause petroleum was cheap and
abundant [8]. Commercialization of PHB is difficdte to high production costs and also
because PHB shows some drawbacks like its fluctgabroperties and the low thermal
stability [9] The processing conditions for PHB kaleen reported to be from 170°C to
200°C, which are really close to the temperaturerelidegradation of PHB can be observed
and also because it has an expensive purificatioregs. [9]

PHB degradation has been studied before in ordebtin crotonic acid (CA) and 3-
hydroxybutyrate (3HB) through a pyrolysis procesds it can be seen in scheme 1. Without
the use of catalyst [6] 63% CA can be obtainegl@°C from PHB degradation and it can be
converted to acrylic acid and propylene via metsitheith ethylene, which are important
products for the plastic industry [10.]



Scheme 1. Degradation of PHB into CA and 3HB.

Nevertheless, the temperature used for the degoadatocess of PHB is high and also as CA
Is soluble in water its purification process is @dcated. It has been researched in previous
publications that another conversion is a PHB ®atesification process in presence of acidic
methanol or butanol to form 3-hydroxybutyrates aigb that when base or more than 60%
was used for the assay, crotonates were formed fmathyl 3-hydroxybutyrate (SHBMe)
[11] .

For now, a transesterification to produce methgtamate (MC) from PHB is unknown so far
and it can also be used as a substrate to obi@liraded propylene and methyl acrylates.
Methyl crotonate is insoluble in water so the sapan stage would be easier and also it can
be used to obtain biobased propylene and metbybrate. As far several experiments have
been done with purified PHB [10], in presence @ftimanol in a single step, without the use
of catalysts.

Purification process of PHB has less complicategpsstthan petroleum plastics production
(Figure 1)[13] and also uses cheaper substrates tttea petrochemical way like activated
sludge, starch, whey cheese, glucose...
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Figure 1. Diagram Scheme of purification process of PHB. Red arrow indicates the point
of extraction of samples PHB Cells.

As it can be seen in figure 1, PHB is purified tigh several treatments to dry it and also to
remove all the biomass present in the streamsctimae from the reactor, which involves high
energetic requirements for the centrifugation aadtments to remove the biomass.



The aim of this thesis will be finding a solutioh these drawbacks to use biodegradable
polymers to obtain other useful chemicals like gtepe or methyl acrylate, which have a lot
of applications in adhesives, chemical intermediatatings, textiles and plastics. The
substrate used in this case is waste water frons Bars factory in Veghel. PHB was taken
directly from the fermentation process (Figureetd arrow) skipping the purification process,
to remove biomass formed by the rests of cells usdtie fermentation and also nutrients
from the fermentation stage. The process with i3 has been already studied in our
group, using 200°C, methanol as a solvent and pressrom 15bar and 20bar, all these
conditions provided an optimal conversion of mettrgitonate .

The samples of PHB Cells used in all experimentsewwovided by Delft University of
Technology. The reaction that will take place iswh in the following scheme:

o
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PHB n Methanol 0 crotonate Methyl Acrilate Propylene

Scheme 2. Chemical conversion of PHB to methyl acrylate and propylene

Once the amount of PHB in the feed is known, threpta will be examined through a TGA
(Thermogravimetric Analysis) to know the onset @elgition temperature of PHB and the
maximum one. The experiment will be tested witHedént temperatures between the onset
and maximum degradation temperatures.

The first experiments will focus on the idea ofngssamples of PHB Cells in the reaction
using the same conditions that were used in thetios with pure PHB. The standard
conditions that has been settled are 200°C, t=6h5f20 bar, 10 mL solvent (methanol)

The weight losses present in the TGA until 110°Ceneferred to the removed water from
the biomass and at temperatures from 110 - 1708getlwould be a decomposition of
bacterial cell components of the bacteria.

TGA is a technique in which the mass of a substascenonitored as a function of
temperature or time as the sample specimen iscghj¢o a controlled temperature program
in a controlled atmosphere.

The mechanism consists of a sample pan that isosigapby a precision balance. That pan
resides in a furnace and is heated or cooled ddhe@xperiment. The mass of the samples is
monitored during the experiment. A sample purgeagasrols the sample environment. This
gas may be inert or a reactive gas that flows twesample and exits through an exhaust.
TGA can also be understood as a technique in whipbn heating a material, its weight
increases or decreases.

When a sample is heated in TGA, it releases velatiaterials or generate combustion
components as it burns. According to the experimealne by Eindhoven University of

technology in an IR cell, the untreated biomasmfMars pilot plant will be the as follows in

figure 3:
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Figure 2. TGA of untreated biomass. TGA provided by Gizella Malkova from Eindhoven
University of technology.

As it can be seen in Figure 2, in the first pdrthe graph it is shown the exact composition
of the volatiles produced during the degradatimtess.

In the last part of the graph shown in Figure Ziaih be seen that there are some inorganic
elements produced from the degradation of the ksgmanother FTIR was done under
nitrogen conditions to know the type of inorganibat are produced after the degradation.
The results are as follows:
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Figure 3. FTIR on sample decomposed in TGA (N,). Provided by Gizella Malkova from
Eindhoven University of technology.
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As it can be seen in Figure 3, the samples fronlaiheontain carbonates and materials which
could be related to silicates, phosphates or thsi®s. The carbonates could be removed by
HCI washing and it's known that inorganics can cbuote to thermal degradation and/or
degradation.

In previous work in our group [12] , the GC-MS arsad showed that during the degradation
process of pure PHB some products like propylend ethylene are produced, these are



typical products from degradation and come mostinfthe decarboxylation of crotonates

[8].

The experiment will also be done at different puess. A certain amount of Nvill be used

to reach the desire pressures in the reactors, dilso important to know that during the
reaction the methanol will turn to gas due to tighthiemperatures so it will also have some
effect in the pressure that is reached in the i@act

The samples used come from the fermentation pramessey contain biomass and also huge
amounts of water. The samples will be dried in ptderemove all the water present before
being used in the reactors, the samples will beirpat freeze drier and then in an infrared
drier to know exactly the state of the samplegims of dry matter and water.

There will also be experiments with different amizuaf water to see the influence of water
in the production of MC and also water/PHB.

The residence time for the reaction will also hal&d to see if the degradation of PHB is the
same as with pure PHB. The optimal residence tiondhfe reaction of pure PHB has been
settled at 6 hours [12] getting a conversion &H3v4C.

The presence of residues from the fermenta®iiomass and nutrients from the cells will
also be. The presence of some nutrients from tiek stolution like K, Mg** used during the
fermentation process will also be studied to séehids any influence in PHB conversion. The
initial stock solution used in the fermentation gess in the pilot plant from Mars [1]
contained also ammonium, but the samples were taken depletion of the ammonium, so
there is no NH'. It will also be tested if the presence of thessidues have any effect in the
reaction, making the reaction go faster

The samples used from PHB Cells also containedreeptage of valerate of 16% while in
pure PHB there is only 2%. Polyhydroxybutyratepegalerate (PHBY is a copolymer of
PHB containing segments of hydroxyvalerate, an@ IKHB is biodegradable, nontoxic,
biocompatible plastic produced naturally by baeteit is a thermoplastic linear aliphatic
polyester. A sample of PHBV with 20% Valerate wilo be used during the experiments.

The structures of both polymers is very similarjthwPHBV having an extra methyl group
(Figure 4)

PHB PHV
Figure 4. Structures of PHB and PHV.



3. Materials and methods

PHB was provided by Technical University Eindhomol% Polyhydroxyvalerate (PHV),
Mn=450kDa and Mw/Mn=1.3)/ PHBV20 (20% valerate) vpasvided by ShanDong TianAn
Chemical Co., LTD, Methanol HPLC gradient was pdad by Actu-All Chemicals and
Mg(OH), bought from Sigma Aldrich.

The samples containing PHB directly from the fertagan process have biomass with high
PHA content, these samples were conducted withewaséer from a candy bar factory (Mars,
Veghel, The Netherlands) and had different commost of PHB: sample A (16-10-2013,
(54%PHB), sample B (22-10-2013, 51%PHB), sampl2&10-2013, 50%PHB) and sample
D (11-12-2013, 59%PHB).

The samples used for the experiments were pufrieezer to reach -200°C and then put in a
freeze drier Christ Alpha 2-4 LD to remove all thater from the fermentation process. The
samples were then put in an infrared drier to ktlmgvamount of water that was still present.
After that, the samples were put in vials with ataie amount of methanol and then in the
reactors, the reactors used were a Parr SeriesM0liiple Reactor System.

The degradation temperature was studied througBA dnalysis. The reactors were taken to
the reactor setup where temperature, pressure esidence time of the reaction were

controlled with a software and it was also usedetich the pressure desired for the reaction
software. The methanol present in the reaction timgas during the reaction, which made the
pressure of the reactor increase and to get higlessures it was also used nitrogen during
the reaction. Before the reaction took place thstesy was purged with nitrogen and

temperature was reached with a cooling system basedhter

Once the reactions were done, the samples wera taikie syringes and through filters were
put in 10mL vials. The samples were diluted in tome with methanol (100uL sample +
900uL methanol) using micropipettes and then puat HPLC to know the exact composition
of crotonic acid, methyl-3-hydroxybutyrate, 3-hyelybutyrate and the product methyl
crotonate.
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4. Results and discussion

Initial experiments

The first experiments will focus on the behaviotithe reaction with pure PHB to know the
conversion and the reference values to do nextrempets.

In Table 1 (entry 1) it can be seen that the caiwarreaches 54% MC. Comparing to
previous experiments done in our group [1&]e entry 2 shows that the conversion of MC is
quite similar in both experiments while the restud starting materials (crotonic acid (CA)
and methyl-3-hydroxybutyrate (3HBMe)) show very l@anversions. There are also some
losses in the system which are basically gasesQiReor CG and propylene originated from
a decarboxylation reaction, reported for CA [32heTpressure couldn’t be calculated due to
some problems with the pressure sensor duringdberienent.

Table 1. Results from experiment JHOO1, pure PHB.
Entry ‘ MC (%) CA(%) 3HBMe (%) Losses (%)
1 54 3 8 35
2 53 7 12 28
Reaction conditions: 0.600g pure PHB, T = 200°C, t= 6h, 10 mL methanol. No
3HB (%) was observed. Average of duplicate experiments.

Once it is known the results with pure PHB, the saxperiment in the same conditions will

be done with samples taken from the outlet streftieobioreactor for the production of PHB

without any further treatment, which means thatgreduct still contains biomass, water and
according to the data from Delft University of Taology: acetate, propionate, butyrate,
valerate, hexanoate, ethanol... (See appendix: RidAtent and substrate (cells Delft

university)). These samples were taken at differdates so they all have different

compositions and delivered by Delft University aéchinology, who obtained them from a
pilot plant at the Mars factory in Veghel [1]. Frdmere on, all these experiments done with
this type of samples will have the code of PHBC BREEIIS).

Sample A: 16-10-2013 (PHBC A) 54% PHB
Sample B: 22-10-2013 (PHBC B) 51% PHB
Sample C: 26-10-2013 (PHBC C) 50% PHB
Sample D: 11-12-2013 (PHBC D) 59%PHB

As it has been said before, these samples of PHIBCantained high amounts of water, and
according to previous experiments done before mitte PHB and PHBYV [15] the properties
of PHB and PHBV didn’t change at temperatures bef®RC while with high heating
temperatures there was significantly increase e pgblymer degradation, so to remove the
water temperatures around 60 °C will be used.

To do the experiments with PHBC in the same comaktias previous experiments done with
pure PHB [12] the samples of PHB Cells were putiifreeze drier that had a condenser
temperature high enough to remove the water andegtade the rest of the sample.

11



More than one freeze drying run was necessarynmve all of the water content, therefore
the results using PHB Cells in the first and sedoeeze drying had a starting material which
was not completely dry. These experiments weredase to remove the amount of water and
then see if the results of MC conversion were simib the ones obtained with pure PHB.
After the second freeze drying the samples coulgutein an infrared drier to see the dry
percentage and then see if the water was completggipved or it was necessary more than
one freeze drying.

The following experiments will ty to answer the gtien if there is any difference when using
pure PHB and PHB Cells when the reaction conditiossed are the optimal ones for the
reaction with pure PHB done by my supervisor Jufgekreijse: T=200 °C, t= 6h, 0.600g
PHB, 10 mL of methanol and P=15bar -20 bar and @sapletely dry.

The results of the first freeze drying are as fean Table 2

Table 2. Results of experiment JHOO02.

Entry | Sample MC(%) CA(%) 3HBMe (%) Losses (%)
1 PHBC A 53 3 3 41
2 PHBC B 46 2 7 45
3 PHBC C 46 13 16 24
4 PHBCD 45 3 8 43

Reaction conditions: T=200 °C, t= 6h, PHBC (0.600g PHB), 10 mL of methanol, no 3HB
(%) was observed. Pressure unknown due to a problem with pressure sensor.

It could be seen looking at the samples that tixxe still some water present and that the
only one that was completely dry was sample D Hsellts obtained are very similar to the
ones obtained with pure PHB in Table 1, howeverstraples were put again in a freeze drier
to make sure that all the water was completely rado

After the second and third freeze drying, the sasiplere put in an infrared drier to know the
exact dry matter percentage that was present irsdahgles. The conditions didn’t change
from JHOO02 (¥ FD), the only that changes is that now the presefisvater is much lower in
samples A and B.

The results obtained after th&2nd 3 FD can be seen in Tables 3, 4:

Table 3. Results of experiment JHO04 (2" FD)

Entry | Sample MC(%) CA(%) 3HBMe (%) Losses(%) Dry (%)
1 PHBC A 49 2 18 31 95
2 PHBCB 57 2 5 36 97
3 PHBCC 52 1 6 41 77
4 PHBC C 50 3 9 38 99

Reaction conditions: T=200 °C, t= 6h, PHBC (0.600g PHB), 10 mL of methanol, no 3HB
(%) was observed. Pressure unknown due to some problems with pressure sensor.

As can be seen in Table 3, the conversion for say@nd B are 49% and 57% of MC, there
is also some water present in sample C. All ofdghmples show results quite similar to the
ones obtained from pure PHB in Table 1

12



Table 4. Results from experiment JHO11 (39 FD)

Entry Sample MC (%) CA(%) 3HBMe (%) Losses(%) P (bar) Dry(%)
1 PHBC A 30 2 15 54 20 95
2 PHBC A JHO12 35 1 6 58 21 96
3 PHBC C 49 1 7 43 22 96
4 PHBCD 44 2 - 54 19 99

Reaction conditions: T=200 °C, t= 6h, PHBC (0.600g PHB), 10 mL of methanol, no 3HB
(%) was observed.

After the third freeze drying, the results in Tablshow that the behaviour of PHB Cells after
different freeze drying runs are comparable. SarAaows a much lower conversion of MC
after the third freeze drying. This experiment wlase in duplicate (Table 4, entries 1 and 2)
and the conversion was still a bit lower than tket.rin general, in all the samples the
conversion of 3HBMe (from 6% to 15%) is higher tltaa one obtained for pure PHB (3%).
The losses observed in the experiment of PHBC tioe PHB were lower from 28% to 35%,
than with pure PHB (28% to 35%) which are basjcghses like CO or Cand propylene
originated from a decarboxylation reaction, repbiftr CA (crotonic acid) [32].

It can be assumed looking at the results in Figu(eee below), that the different samples of
PHB Cells have the same behaviour in the reactabtain MC once the samples are as dry
as the samples used of pure PHB. The compositiall dhe samples are different because
they were taken at different dates, but as we eanirs terms of MC conversion the results
are not affected by it.

100 -
80 1 @ Sample A
M Sample B
= 60 - -
& X Sample C
@) [ | X
X
= 40 - X Sample D
* X pure PHB
20 -
0 )
95 100
DRY (%)

Figure 5. Effect of Freeze drying in MC (%).

As it can be seen in Figure 5, there is not toohmiifference between the second and third
freeze drying, but as it can be seen in later emymets testing different amounts of water, its
presence in the samples produces several changike iconversion of the products. The
results obtained are very similar to the ones abthwith pure PHB in the first experiments
shown in Table 1.

13



Effect of temperaturein degradation of PHB Cells versus pure PHB

The thermal degradation of PHB using a TGA acca dinprevious experiments [16] showed
that degradation of neat PHB and PHBV have revealedcurs rapidly near the melting
point according to mainly a random chain scission.

According to some authors the fermentation resdug or plasticizers [18] have influence
on the PHB degradatio\ccording to these last researches [16] this fetatem residues
formed basically by a mixture of lipids like freattly acids, mono-, di- and triacylglycerols,
phospholipids, cholesterol and cholesterol estedsadso ammonium compounds had almost
no influence on the polymer main degradation step.

Inspired by these last experiments, a TGA has ltkeTe to the samples taken from the
fermentation stage (PHB Cells) to see if the ressdwhich are different from the previous
experiments because the samples used were takemeftietion of the ammonium with ATU
(Allylthiourea), had any effect in the degradatmfrthe PHB.

TGA was also done because in previous reportst[Bjeamaximum degradation temperature
of 310°C it was obtained 63% CA from PHB, but therere not studies about an average
degradation temperature and it wasn’'t very suréhéf maximum conversion of CA was
obtained at the maximum degradation temperaturd rwas higher at a lower average
temperature.

Experiments previously done with pure PHB [19] shdwhat the average degradation was
from 150 to 240°C (see Figure 6).
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Figure 6. TGA for pure PHB.

As we can see in Figure 6, the onset degradatmopeeature for the degradation of pure PHB
stars atirca 250°C and ends at 300°C, where everything has tegraded.

Some experiments with TGA were done to know if ¢heras a difference in degradation
temperature between the samples of pure PHB andatigles of PHB Cells obtained from
the pilot plant and also in samples of PHBV witt?/@0alerate. The samples of PHB Cells
were the ones obtained after the second freezadlryi

14



The samples of PHB Cells show the following behaxio

100
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Figure 7. TGA for PHBC D.

The TGA than can be seen in Figure 7 correspondartiple D, which is the driest sample of
PHB Cells. The results are a bit different to tineobtained for pure PHB in Figure 6. The
TGA was also done for another sample of PHB Cé&8kn{ple C), the results can be seen in
Figure 8.

According to the results obtained, it can be assuthat the presence of residues from the
fermentation doesn’t have any influence on the mely main degradation step, which

confirms the idea shown on [16]. Another TGA wagse&lto another sample of PHB Cells that
still have some water, to see the difference wample D that was completely dried.

WEIGHT (%)

50 100 150 200 250 300 350 400
TEMPERATURE (°C)

Figure 8. TGA for PHBC A.

In Figure 8, it can be seen that there is firstpdod weight (%) when the temperature is
around 50°C, which can be due to the presence wfrwathe sample. According to the TGA,
the results obtained before make sense becausenthent of water was still significant in the
sample, making MC conversions get lower. A TGA a® done to the rest of samples from
PHB Cells (B, C) which can be seen in the appendix.

15



The difference between samples without valeratevetid 12% and 19% [20], can be seen in
the following figure as follows:

100 4 ’ ~———PHBV-H 12%
s BHEY-H 190
a0 b ——PHB-H
‘g 60 F
£
2 a0
20+
240 250 280 270 280 290 300

Temperature (°C)
Figure 9. TGA for samples of pure PHB and PHBV (12 %, 19 %).

As it can be seen in Figure 9, the degradationragist happens at the same temperature, the
presence of valerate doesn’t make the sample h#feeedt degradation as the purified PHB.
Higher HV content contributed to higher stabilitpwards the thermal degradation, the
thermal stability of polyesters increases with iti@easing number of structural carbon units
in the polymers [20].

Following the idea of the experiments done by TGéyeral experiments have been done at
the same time as TGA to see the difference in dygadiation of PHB Cells and pure PHB.

According to previous experiments [12], no esteaifion takes place at temperatures below
150°C and also as it could be seen in the TGAs shmweviously in Figures 7, 8 the optimal
degradation temperature for the samples of PHBs@ellildn’t be seen through this technique,
so the next experiment has been done to see ahwhmeperature the samples from PHB
Cells get an optimal conversion and then compagerdisults obtained with pure PHB and
determine if the presence of biomass or other camgavhich are present in the samples
have any effect on the degradation temperature §ppendix, PHA content and substrate
(cells Delft University).

Table 5. Results obtained from JHO15 (Different Temperatures) with PHB Cells.

Entry | T("C) MC(%) CA(%)  3HBMe(%)  Losses(%) P (bar)
1 180 40 11 21 28 11
2 200 52 2 3 45 17
3 220 40 5 1 54 17

Reaction conditions: t= 6h, PHBC B (0.600g PHB), 10 mL methanol, no 3HB (%) was
observed. Average of duplicate experiments.
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Figure 10. T vs MC (%) in JHO15.

As we can see in Table 5 and Figure 10, the MC ea@mn in this range of temperature is
similar. In entryl, the results are a bit lower whbe temperature is 180°C, while it gets
higher when the temperature reaches 200°C in enggtting a conversion from 51 to 53%.
In the entry 3, at the highest temperature of 22af@ conversion reaches conversions
between 38% and 43%.

It can also be seen that when the temperature(8Cl&he conversion of 3HBMe reaches
21 %, which is higher than with 200°C 3% and 22®@ just 1%. This can be because the
reaction hasn't reached the optimal conditionstif@r production of MC and the CA hasn’t
fully reacted to form MC, so there is still somé [see Scheme 3).

The increase of 3HBMe could be explained as ancefh the speed in the reaction, at
temperatures below 200°C the speed reaction to 8HiBMe is higher than MC formation

and when the temperature increases to 200°C thed apieMC production speeds up faster
than the trans-esterification reaction because dbeditions are more in favour for the

formation of MC.
o] o
4 /\\\)J\DH - /d\u/
g CA MC

o

H ___.-"
o oH = on o OH o]
n H.\"“u
PHB ~ /Jvu\ - . /I\)'LD -
T OH
3HB 3HBMe

Scheme 3. Reaction of PHB in presence of MeOH [10].

As it can be seen in Table 5, the losses increasegithe experiments when the temperature
also increases. This losses are mainly gases liBe@> and also propylene and ethylene
according to a GC-MS analysis done by my super\is2j:
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After analyzing the TGA done on the samples of PE#ls and after studying the results
obtained in the previous experiment with differdemperatures we can confirm the
hypothesis of decarboxylation of products showrthi@ introduction involving pure PHB,
therefore the behaviour of pure PHB and PHB Callerms of degradation follows the same
pattern.

As it can be seen in Figure 8 the TGA is differesiten there is still water present in the
samples from PHB Cells. The next step will be townf the presence of water affects the
MC conversion in the same way as with pure PHB.

I mpact of presence of water on MC and 3HBM e conver sions.

In recent researches that are being done in Eirethdniversity [1] studying the whole
process from PHB to MC and now it is also importambre research is being done to know
the PHB conversion in water presence.

It is shown in some studies [21] that the degradatif PHB occurs through a random chain
scission in the non-aqueous conditions while trgrattation of PHB in the presence of water
occurs through surface hydrolysis with no changmoliecular weight.

According to [22] when the morphology of the PHBs eoles on the surface, it allows water

molecules to come into contact with the surface #wedpolymer around the holes starts to

degraded. As the holes become bigger and biggee rawteria and water molecules can fill

the big holes, leading to further degradation. Gmaoth process surface, this process would
be much more difficult.

As the samples from pure PHB used in previous éxmets have been already process
through a purification step, the surface of them@mpdes is thought to be smooth and more
crystalline, while samples from PHB Cells as theydn’t been processed in any treatment,
its morphology is not well known.

Inspired by these researches that showed that dieygeon the morphology of the process the
degradation of the PHB could be higher, some erpmiis were done with samples taken
from fermentation (PHB Cells) to see if they showth@ same behaviour as previous
experiments done with pure PHB [10]

The results are as follows in Table 6:

Table 6. Results of experiment JHOO03.

Entry | Sample MC(%) CA(%) 3HBMe (%) Losses (%)
1 PHBC A 5 24 16 13
2 PHBCB 22 10 5 34
3 PHBCD 30 2 - 60
4 PHBV20 3 30 20 49

Reaction conditions: T=200 °C, t= 6h, PHBC (0.600g PHB), 10 mL of methanol. All
experiments with 10 mL water, no 3HB (%) was observed.

Although the samples had still some water in thefote adding even more water to test its
effect, it's sure to say that the presence of watakes the conversion of CA and 3HBMe go
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higher and the one of MC go lower. The experimeitiht WHBV20 also shows that with water
there is a clear decrease in MC conversion andlaihcrease of 3HBMe.

This can be due to the equilibrium of the reactlmat can be seen as follows in the Scheme 4.

o 0
/\JJ\ = /\)J\
NS on 7 & H20
mc

o] -

-~ CA
H >
o OH j' OH 0 OH e
PHB = /l\)L MeOH _+H0
\\‘\ OH ©
3HB 3HBMe

Scheme 4. Reaction of PHB in the presence of water.

As it can be seen the formation of MC comes diyeetdm the reaction CA has with methanol,
the same happens with the formation of 3HBMe wtiomes from 3HB. The equilibrium
that takes place in both reactions is shown irfdllewing equation:

_ [MC][H,0] [3HBMe][H,O0]

Ky = [CA][MeOH] 2 ™ [3HB][MeOH]

Equation 1. Equilibrium of reactions shown in scheme 2.

In order to get the same value of the equilibriuinatant, in the first reaction of CA, when
the amount of water increases and the amount ofhanet remains constant, the
concentration of MC has to decrease and CA hasotbigher so the equilibrium doesn'’t
change. The same happens with the second reakbibmvolves 3HB.

In the following experiment, the reactions were elomith PHB Cells (Sample C) with
different amounts of water and then a comparatiae done with some experiments done by
my supervisor Jurjen Spekreijse with pure PHB agalikthere is any difference.

Table 7. Results of PHB Cells with different amounts of water.

Entry Sample Water (mL) MC (%) CA (%) 3HB (%) 3HBMe (%) Losses (%) P (bar)
1 PHBC C (Table 4) - 49 1 - 7 43 22
2 PHBC C 2 41 7 8 31 12 20
3 PHBC C 4 21 12 10 31 26 21
4 PHBC C 6 15 19 15 39 12 21
5 PHBC C 8 14 23 17 22 24 20
6 PHBC C 10 12 25 9 42 12 21
7 PHBV20 10 3 30 20 49 - 21

Reaction conditions: T=200 °C, t= 6h, 10 mL of methanol, PHBC (0.600g PHB) and
PHBV20 (0.600g PHB). Average of duplicate experiments (JHO08 and JHO21).

19



Table 8. Results of pure PHB with different amounts of water. Results from my
supervisor Jurjen Spekreijse.

Entry | Water(mL) MC(%) CA(%) 3HB(%) 3HBMe (%) Losses(%) P (bar)
1 - 54 15 - 10 21 20
2 2 50 13 - - 37 21
3 3 29 27 13 8 23 19
4 4 22 34 15 4 25 19
5 4.7 11 20 13 3 53 19
6 8 13 25 24 4 34 19

Reaction conditions: T=200 °C, t= 6h, 10 mL of methanol, 0.600g pure PHB. Average of
duplicate experiments (JHO08 and JHO21).

The results obtained in Tables 7 and 8 for PHBCaid pure PHB, are shown in Figure 11
as follows:

100 -
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Figure 11. Difference of MC(%) with and without water.

As it can be seen in Figure 11, the effect of watevery similar in both samples. As the
amount of water increases the MC conversion deeseasd then because of the equilibrium
Ca increases its conversion. The reaction of 3HEhéBe 3) also increases its speed and the
3HB but because of the presence of water, 3HBMe&amsion increases from 7% without any
water (Table 8) to 42% with 10 mL water.

Comparing Tables 7 and 8, it is shown that whenatineunt of water increases, with pure
PHB the decrease of MC turns into an increase sddg like gases CO, ¢é@nd also CA,
while the samples that come from PHB Cells and PRB{20% Valerate), the conversion of
3HBMeincreases drastically, as it can be seen in [&] pigrcentage of valerate present in the
samples that come from PHB Cells is 16%.

The valerate together with the presence of watdtesidhe 3HBMe conversion go up, the
properties of pure PHB and valerate [23] Are shawhable 9 as follows:
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Table 9. Melting T and crystallinity of PHB and PHBV20.

Properties | PHB PHBV20
Melting T (°C) | 180 173
Cristallinity (%) 72 51

The valerate content of the PHBV copolymers actplasticizer producing a small, but
noticeable change in the overall rate of degradattoseems that another factor that favored
the slightly faster degradation of PHBV than PHBtsslower crystallinity (Table 9) as the
larger amorphous regions enhanced the permeatiavat#r molecules and the subsequent
hydrolysis of ester bonds [23].

The increase in the degradation rate at higher plies probably indicates that the
degradation of the polymer is mediated by hydroxon, under aqueous condition, the
mechanism is thought to occur through ester hydielj24].

In the following experiment it is also studied #féect of different amounts of water, but this
time the amount of pure PHB during the experimeas w&lso changed from 0.600g to other
amounts as follows in Table 10:

Table 10. Results from experiment with different amounts of pure PHB and water

(JHO10).
Entry | Mass(g) Water(mL) MC(%) CA(%) 3HB(%) 3HBMe (%) Losses(%) P (bar)
1 1.8 2 39 22 10 6 24 20
2 1.8 4 23 46 3 1 27 16
3 1.8 7 17 29 10 3 42 22
4 0.3 2 17 33 - 3 47 23
5 0.3 4 17 32 14 - 37 22
6 0.3 7 9 37 24 4 26 19

Reaction conditions: T=200 °C, t= 6h and 10 mL of methanol.

As it can be seen in Table 10, the MC conversiorcléarly lower than the previous
experiment with just 0.600g of PHB Cells. The sam®unt of water with different amounts
of pure PHB doesn’t show a very different behavionless when the presence of water is
(2mL) that the results are better when the amotHB is 0.600g than when it's 1.800g, so
in general is more important that the amount ofew#han the amount of pure PHB used in
the experiment,

The effect of the amount of water used in the feastis also analyzed in Table 11 taking
into account the results obtained from Tables {e8ults from Jurjen Spekreijse) and 10.
The study of the ratios of water/PHB is shown ia thilowing table as follows:
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Table 11. Results from pure PHB and PHB Cells to study H,O /PHB ratio.

Sample Entry  Viaer (ML)  MC(%) water/PHB m PHB (g)
Pure PHB 1 2 39 1.1 1.8
Pure PHB 2 4 23 2.2 1.8
Pure PHB 3 2 50 3.3 0.6
Pure PHB 4 7 17 3.9 1.8
Pure PHB 5 4 24 6.7 0.6
Pure PHB 6 5 14 8.3 0.6
Pure PHB 7 10 8 16.7 0.6
Pure PHB 8 7 9 23.3 0.6

PHBC C 9 2 41 3.3 0.6

PHBC C 10 4 13 6.7 0.6

PHBCC 11 6 14 10.0 0.6

PHBC C 12 8 16 13.3 0.6

PHBCC 13 10 12 16.7 0.6

The entries 3, 4 in Table 11 have a water/PHB raiilar and a MC conversion very
different. As explained before, the amount of PHi8 avater is very different and then water
seems to be a more important factor than the anufupitiB.
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Figure 12, Effect of water/PHB with pure PHB and PHB Cells in MC (%).

As we can see in Figure 12, comparing results fpome PHB and also PHB Cells, the effect
of water/PHB is very similar so we can assume tier® difference between pure PHB and
PHB Cells.

Reaction development of PHB Cells versus pure PHB

Once it has been seen that the presence of wétetsaMC conversion the next variable that
will be studied is the residence time, which untiw it has been settled at 6h (the same as
optimal conditions for pure PHB samples). Next expents will focus on the study of the
reaction at different times to see if there is difference.

The main objective will be to see if the reacti@aches the optimal conditions as with pure
PHB at the same time or if because of the presehe®me compounds in the samples of
PHB Cells the reaction goes faster or slower. lta$o be important to see the conversion of
the rest of the products. The results obtainedras@ence time of 6h were similar between
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samples from PHB Cells and pure PHB, but it iskmaiwn if the conversion is reached faster
with pure PHB or with PHB Cells.

As it can be seen in previous experiments doneiffgreht temperatures, the presence of
residues from the fermentation were proved to nakenthe degradation run under lower
temperatures. The presence of these residuesa@ise from the nutrient stock and according
to [25] there are some metallic compounds thatdoodke the degradation of PHB faster
than with just purified PHB.

The variable time was studied to see the effeht# on the conversion of PHB to MC and
also in the rest of the components. The experimest done with different residence times
from 1 to 8h. The results obtained are shown ind aB.

Table 12. Results of PHB Cells using different residence times from JHO06, JHO12.

Entry | t(h) MC(%) CA(%) 3HBMe (%) Losses(%) P (bar)
1 1 30 23 23 22 14
2 2 40 10 13 36 16
3 3 46 3 6 46 15
4 4 48 4 13 36 19
5 5 46 6 6 38 21
6 6 48 2 16 49 21
7 7 48 1 4 43 23
8 8 47 1 3 49 20

Reaction conditions: T=200°C, 10 mL methanol, PHB Cells (0.600g PHB), no 3HB(%)
was observed. Average of duplicate experiments JHO06 (PHBC D) ,JHO12 (PHBC B).

The results obtained in Table 12 are represent&dyure 13.
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Figure 13. Evolution of MC (%) versus residence time in PHB Cells.

As it can be seen in Table 12 and Figure 13, MGremsion reaches a maximum from 46% to
48% when the residence time reaches 3 hours, tltan be seen that all PHB has reacted and
there is no more PHB in the reactor because theM®ersion stays constant.
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The rest of the components conversion like CA aH8Me go down as the reaction takes
place showing a high decrease of the components WieMC reaches the three hours and
then stay constant. The differences that can be ise@able 12 and Figure 13 for 3HBMe
and losses from 4h to 6h can be because of theddponse of 3HBMe is small, which
induces the error.

The same experiments has also been done usingPpiB€results from my supervisor Jurjen
Spekreijse). The result are as follows:

Table 13. Results pure PHB different residence times. Results provided by Jurjen

Spekreijse.
Entry | t(h) MC(%) CA(%) 3HBMe (%) Losses (%)
1 1 22 38 2 60
2 2 32 31 1 62
3 3 37 24 1 61
4 4 41 21 1 62
5 5 43 19 1 62
6 6 48 15 0 63
7 8 44 11 1 56

Reaction conditions: T=200 °C, 10 mL methanol, 0.600g pure PHB, no 3HB (%) was
observed, P=9 bar. Average of duplicate experiments

The results obtained in the experiments done witie ?’HB and PHB Cells in Tables 12, 13
are collected in the Figure 14:

100 -

80 -
=——PHB Cells

60 - == pure PHB

MC (%)

40 -

20

0 T T T T T T 1
1 2 3 4 5 6 7 8
Time (h)

Figure 14. MC (%) vs time (h) in PHB Cells and pure PHB.

As it can be seen in Figure 14, the behaviour PHBsGnd pure PHB is similar, although
there is a difference in the residence time reguioeget a maximum conversion.

The reaction with PHB Cells works faster than wptire PHB, optimal MC conversion for
PHB Cells is reached at 3h with 46% while for p&dB is reached at 6h with 48%. A
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possible explanation can be that maybe there are smmponents in the samples of PHB
Cells that act like a catalyst.

* Study of catalvytic effect of Mg(OH), on M C conversion

As the samples come directly from the fermentapoocess to obtain the PHB, there are
some substances that are present in the samplesrdiogy to the data given by Delft
University, during the fermentation process theient stock solution is shown in Table 14.

Table 14. Components of nutrient stock solution for fermentation process of PHB.

Components Concentration (M)
NH,CI 0.19
KH,PO, 0.09
MgS0, . 7H,0 0.02
KCl 0.03
Trace elements ®

Total volume =1.35L. The samples used for PHB Cells were taken after depletion of the
ammonium. There is no NH;* in the samples. ® Trace elements shown in Table 15.

Table 15. Components of trace elements present in the nutrient stock.

Components Concentration (M)
EDTA Titriplex IlI 9.51E-03
ZnS0,7H,0 4.25E-03
CoCl,-6H,0 3.74E-04
MnCl,-4H,0 1.43E-03
CuS0,-5H,0 3.34E-04
FeS0O,-7H,0 6.00E-04
(NH4)sMo0,024-4H,0 4.95E-05
CaCl,-H,0 3.14E-03

As it can be seen in Table 15, the main compongritse nutrient stock solution are Rigk*
(NH4'is not present in the samples because samples takem after depletion of the
ammonium with ATU(Allylthiourea)) and also anionssulphate. As it has been reported by
Gizela Malkova from Eindhoven University, for thegitadation reaction of pure PHB with
biomass, it has been used p-Toluene sulfonic asidcaalyst, which is a common
transesterification catalyst. Unlike the reactiamel in by Gizela Malkova, the reaction in our
study is done in presence of methanol and the Gmdreact with it, so instead using an acid
another catalyst will be used based in the comptsrerown in the stock solution in Table 14.

The presence of metallic components [20], causeédceease in the degradation temperature
in the experiments done with samples of PHBV (19&teXate) in the presence of Mg(QH)
and also facilitated the formation of a double bdndelimination of B-hydrogen which
means an enhancement in the conversion of the lgiopo. Previous experiments [26] have
shown that with the use of Mg(Okihere is a nearly complete selectivity (~100%)r&ms-
crotonic acid. It is also suggested that Mg catatysmote the totality of th@-elimination
reactions by acting throughout the beginning anthmpeaocesses, resulting in a lowering in
the degradation temperature and the completelgtsaderansformation of PHB.

The results can be seen in Figure 15:
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Figure 15. TGA for samples with and without Mg (OH)..

As it can be seen in Figure 15, the degradatiorpéeature is clearly lower in samples with
presence of Mg(OH) The difference between samples of pure PHB anB\RI9 could be
seen before in figure 9 where it could be seenttieae was not too much difference

Magnesium catalyst in form of Mg(OHis a heterogeneous catalyst, which can improve the
synthesis methods by eliminating the additionaltis@ssociated with conventionally used
homogeneous catalysts. Heterogeneous catalysesan@mically and ecologically important
when compared with homogenous catalysts becaugeatieeenvironmentally benign, much
easier to separate from liquid products, they itatd the purification stages, can be reused,
are non-corrosive, have high thermal stability present fewer disposal problems]27

It is believed that conversion of PHB into crotoaitid can be increased considerably if the
thermal degradation proceeded with the aid of gatalof magnesium hydroxide, which are
also not harmful and do not cause any side readtibin the polymer, which is also an
important factor for the chemical recycling proceSbe use of magnesium salt as catalyst
was able to reduce the activation energy of de@i@darocess and consequently reduce the
formation of dimer and trimer [20].

It has been seen [28hat the presence of metallic Lewis acid siteshe silicate layers
enhances the thermal degradation of PHB by catadythie hydrolysis of ester linkages.

According to the theory of Lewis acidity, hydroxygeups can act like Lewis bases, because
they can donate a lone pair of electrons and catiee Md*, which are invariably
complexed with additional ligands, are often sosirok coordinatively unsatured derivatives
that form Lewis adducts upon reaction with a Lebase. The stability of the intermediate
increase due to the effect of the hydroxide gralmsvn in the first part of Figure 16 and also
it can be because of the cation ¥ the following part.
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Figure 16. Potential mechanism (E1cB-mechanism) with Mg (OH),.

The following experiment will focus on the use ofg(@H), with pure PHB to see if its
presence makes the reaction goes faster than #heslmwn in previous Figure 10 for the
same samples and see if the results look similéhe@®nes obtained with PHB Cells during
the experiment with different residence times igure 16.

The results are shown in Table 16:

Table 16. Results of MC conversion pure PHB with catalyst.

Entry | t(h)  MC(%) CA(%) 3HBMe (%) Losses(%) P (bar)
1 1 42 28 4 26 17
2 2 53 16 5 28 17
3 3 60 5 2 34 18
4 6 58 6 2 34 17

Reaction conditions: T=200°C, 40 mg Mg(OH), as catalyst (10%mol), 10 mL methanol,
0.600g pure PHB, no 3HB(%) was observed. Average of duplicate experiments.

The results obtained from Table 16, compared toettpgeriments done with pure PHB and
PHB Cells are shown in the following Figure 17:
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Figure 17. MC (%) vs time in pure PHB with and without catalyst and PHB Cells. T=200°C,
10 mL methanol.

As it can be seen in Figure 17, the results obtbwigh pure PHB with Mg(OH)as catalyst
show a higher conversion than experiments withaittlgst. Similar to PHB Cells, the
reaction seems to reach optimal conversion of M@ @gsidence time of 3h in a range from
58% to 60% instead of 6h that take for the reactwth only pure PHB, so we conclude that
the presence of Mg acts like a catalyst. The result higher than the results with PHB Cells
that have already salts in their composition imfaf MgSQ..7H,O, which can be due to the
fact that the PHB Cells used for the experimenteha.2% molar ratio of Mg(S7H,O
compared to PHB, while in the samples of pure PHia Mg(OH), the concentration is of 10%
molar ratio compared to pure PHB.

These experiments have shown that the reaction RiB Cells is faster than the reaction
with pure PHB due to the presence of some nutrithds were used in the nutrient stock
solution to obtain the PHB, in this case testedhwie presence of the cation of filg

Use of different amounts of solvent

For now all the experiments have been done withstttee amount of solvent (methanol) as
previous experiments done with pure PHB [12]. Adang to the studies shown in [29], the
formation of methyl esters from vegetable oils ines the use of methanol to do the
transesterification step. These experiments shotvatl the methyl ester contents can be
achieved rapidly in one pass, while in those cadasre extra methanol and cosolvent are
used, there are costs associated with extra distifl. It can also be seen for the production of
methyl esters from soybean oil [30], that with thereasing of methanol-soybean molar ratio,
since transesterification is reversible in natutesre can be a reverse reaction between
glycerol and methyl esters making the glycerolaligs in methanol and leading to a difficult
separation between the methyl ester and glycerol.

In these experiments the methanol present in thetiom turns to gas increasing the pressure
inside the reactor. Depending on the pressure digedg the reaction, the methanol will react
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either with the CA or the PHB present in the botiarthe reactor, so the amount of methanol
used during the reaction can be an important fattang the reaction.

The following experiment tests different amountsrathanol in samples from PHB Cells and
from PHBV20.

Table 17. Results of experiment JHOO07.

Entry Sample VMeOH(mL) MC(%) CA(%) 3HBMe (%) Losses(%) P (bar)
1 PHBCD 20 36 5 20 39 30
2 PHBCD 15 42 4 6 48 17
3 PHBCD 5 47 1 1 51 16
4 0.6 g PHBV20 10 60 5 14 21 23
5 0.6 g PHBV20 15 32 19 15 34 27
6 1.2 g PHBV20 10 64 5 6 25 20
7 2.4 g PHBV20 10 59 22 6 13 17

Reaction conditions: T=200 °C, t= 6h, PHBC (0.600g PHB), no 3HB (%) was observed.

As it can be seen in Table 17, the results in esitti, 2 show that the conversion of MC goes
clearly down when the amount of methanol is higitam 10 mL from 36% to 42%. The
amount of methanol also affects the average pressuthe reaction because under these
reaction conditions the methanol is in gaseous fowhich increases the pressure. The
conversion of 3HBMe increases to reach the equilbr Entry 3 is the same experiments as
entries 1, 2 but this time with just 5 mL of metbhand the MC conversion (47%) has a
similar value as experiments shown in Table 4 ipegxnents with PHBC that reaches from
44% to 49% done with PHB Cells and 10 mL of mettano

The experiments done with PHBV20 show in Table &veha conversion of MC also is
significantly lower compared with PHBV20 in standl@onditions (entry 4) when the amount
of methanol used is higher than 10 mL (entry 5).

Due to technical issues the amount of methanoldroiube decreased from 10 mL because
the reaction cannot take place as it does not getagh height in the reactor to reach the
temperature probe, so the amount of PHB was inetekseping constant the methanol at 10
mL, entries 6,7 show that a MC conversion simitathie one obtained in entry 5, although the
pressure is quite different, it shows a similartgrat as with PHB Cells when the MC
conversion is higher when the amount of methankvigr than 10 mL

The following experiment tests different amountgthanol in PHB Cells from 4 to 9 mL of
methanol. The results are as follows in Table 18:
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Table 18. Results from experiment JHO13. PHB Cells. Different amounts of methanol.

Entry | VMeOH (mL) MC(%) CA(%) 3HBMe (%) Losses(%) P (bar)
1 4 42 4 4 50 12
2 5 45 3 3 50 15
3 6 43 1 - 56 17
4 7 50 1 - 48 16
5 8 59 2 4 35 18
6 9 53 1 5 41 19

Reaction conditions: T=200 °C, t= 6h, PHBC B (0.600g PHB), no 3HB (%) was observed.

As it can be seen in Table 18, MC conversion wghdr when the amount of methanol used
was only 5mL than with amounts higher than 10mk, tbsults obtained from Table 18 also
show higher MC conversions.
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Figure 18. Results from JHO07 and JHO13 to study effect of methanol vs MC(%).
T=200°C, t=6h, PHB Cells and PHBV20 (0.600g PHB).

As it can be seen in Figure 18, when the samplesecivtom PHB Cells, MC conversion
keeps constant at 40% when the amount of methacatases to 10 mL and then it goes
slightly down, getting a small peak when the amaifrdolvent used goes from 7mL to 9mL
of methanol.

The same experiment as in Table 18 was done witB\V28 with amounts of solvent from
5mL to 9mL, to see if the higher presence of vadehaad any effect in MC conversion. The
result are as follows:

Table 19. Results from experiments JHO17. PHBV20. Different amounts of methanol.
Entry | VMeOH (MI)  MC(%) CA(%) 3HBMe (%) Losses(%) P (bar)

1 5 45 11 2 42 12
2 7 59 10 4 27 14
3 9 65 7 2 26 14

Reaction conditions: T=200 °C, t= 6h, PHBV20 (0.600g PHB), no 3HB (%) was observed.
Average of duplicate experiments.

The difference between PHBC B (Table 18) and PHBY&0 be seen in the following Figure:
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Figure 19. Difference between PHBC B and PHBV20

The results shown in Figure 19 show similar coneersf MC when the amount of methanol
is below 10 mL. When the amount of methanol is 5 timd results are the same with 45%
conversion and when is 9mL the results are alsdlaiwith PHBV20 65% and PHBC B
53%.

Behaviour of PHB Cells versus pure PHB and catalytic effect of Mg(OH), at different
pressures
The pressure used until now has been settled beth&®20 bar according to the experiments

done by my supervisor Jurjen Spekreijse where tineearsion was the optimal one, reaching
a MC conversion of 54% [13].

The behaviour of the reaction with pure PHB and PEBIs at different pressures can be
different because methanol can maybe react infareift way because of the presence of
valerate, previously mentioned in the experimentsedwith water.

When the reaction starts, the PHB turns to CA bseaxf the high temperatures and then
reacts with methanol forming MC. According to thatal obtained from [31] the vapor
pressure of methanol is 40 bar when the tempera2@0°C.

At the beginning of the reaction the bottom of teactor where there is PHB with methanol

is heated by the cooling system, making the methano from liquid to gas phase. When the

methanol turns to gas, it goes to the top of tlecta where the temperature is lower, it
condenses again into liquid and then goes badketbdttom of the reactor. Depending on the
pressure used during the reaction, the condensattimethanol takes place near the bottom of
the reactor of near the top of the reactor, regotiith PHB or CA respectively as it can be

seen in figure 20:
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Figure 20. Behaviour of methanol when pressure increases inside the reactors.
P(A)<P(B)<P(C)

Picture A shows the behaviour of the reaction witenpressure used is below 10 bar where
the methanol turns from liquid to gas before reaghihe CA and goes to the top of the
reactor before reaching the bottom, MC conversimesglown and losses increase because of
the degradation of PHB, picture B for pressuremifi5 bar to 20 bar where the methanol is
in contact with CA it reaches optimal conversioh$/& and picture C for pressures above
30 bar the methanol reacts with the PHB that isgarein the bottom of the reactor doing the
transesterification and increasing the conversiddHBMe.

Keeping constant the amount of methanol used aadgihg the pressure can also affect the
reaction as it has been tested in previous expatsneith pure PHB [12]. When the pressure
used for the experiment overpassed 27 bar, methastelad of reacting with CA reacts with
either the PHB present in the bottom of the reaoctat just degrades forming CO and £0
which are products from the decarboxylation of PHBe results obtained for pure PHB at
different pressures can be seen in Table 20 asafsil
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Table 20. Results from pure PHB with 10 mL methanol at different pressures. Results
provided by my supervisor Jurjen Spekreijse.

Entry | MC(%) CA(%) 3HBMe (%) Losses (%) P bar)
1 16 36 0 48 3
2 40 12 1 47 8
3 45 15 0 40 9
4 48 14 2 36 10
5 37 16 3 44 10
6 56 9 8 27 15
7 56 11 4 29 15
8 61 6 8 25 17
9 60 9 2.1 29 19
10 53 7 12 28 21
11 45 5 16 34 25
12 42 8 17 33 28
13 41 5 20 34 29
14 38 9 26 27 32
15 17 10 17 56 36
16 18 10 17 55 39
17 17 9 18 56 42
18 13 8 17 62 42

Reaction conditions: T=200°C, t=6h, 0.600g pure PHB, 10 mL methanol, no 3HB (%) was
observed.

In the next experiment the amount of solvent usedngd the reaction was changed from
10mL to 8mL. The aim of this experiment will bedompare the results obtained at different
pressures with the previous experiments at 10 mL.

Table 21. Results from with 8mL methanol at different pressures with PHB Cells.

Entry | MC(%) CA(%) 3HBMe (%) Losses (%) P bar)
1 42 11 5 42 6
2 46 6 5 43 10
3 52 2 6 39 14
4 47 1 - 52 15
5 42 2 - 56 17
6 50 1 6 43 19
7 54 3 - 44 20
8 57 3 10 30 22
9 39 5 44 13 28
10 37 9 50 3 37
11 36 10 58 - 37

Reaction conditions: T=200°C, t=6h, PHB Cells (0.600g PHB), 8 mL MeOH, no 3HB (%)
was observed. Results from JHO16 (PHBC B) and JHO19 (PHBC C).

The results obtained from Table 21 are represantte following figure:
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Figure 21. Results obtained from PHB Cells with 8 mL methanol.

As it can be seen in Figure 21, the results obthstew that MC conversion keeps almost
constant (from 47% to 57%) at different pressumned @7 bar when the conversion starts to
go down because of the same reason as before wighRHB, but now the MC conversion

doesn’t seem to decrease dramatically as with PHi®.

The same experiment was done with 10 mL methantl RHB Cells at different pressures.
The results are as follows:

Table 22. Results from PHB Cells with 10mL methanol at different pressures.

Entry | MC(%) CA(%) 3HBMe (%) Losses(%) P bar)
1 43 13 5 39 8
2 47 3 2 48 11
3 47 4 - 49 11
4 43 4 5 48 12
5 51 2 3 45 16
6 48 3 - 49 16
7 49 2 5 44 19
8 50 2 - 47 21
9 37 5 33 25 25
10 45 4 32 19 26
11 47 3 22 28 29
12 38 5 49 9 33

Reaction conditions: T=200°C, t=6h, PHB Cells (0.600g PHB), 10 mL methanol, no 3HB

(%) was observed. Results from JHO14 (PHBC B) and JHO20 (PHBC C).

The results obtained in Tables 20, 21 and 22 aye/sltin Figure 16:
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Figure 22. MC conversion in pure PHB and PHB Cells at different pressures.

As it can be seen in Figure 22, there isn't a bffpience between the results obtained with
PHB Cells at 8mL and 10 mL of methanol, conversians from 40% to 50% until high
pressure of 36 bar, when the conversions go down.

Comparing now PHB Cells with pure PHB, the mairaiénces are that with PHB Cells, MC
conversion is more constant until pressures oféking around 50%, while with pure PHB
there is clearly a peak at pressures from 15 ba&Otdar and then a big decrease as the
pressure goes up when the methanol does no loegetrrwith the CA. At high pressures PHB
Cells show less conversion than before, from 50888 but not so significantly as with pure
PHB where there is a big decrease from 50% to 1IS@me of the components that are in the
samples of PHB Cells give the reaction the chancake place at high pressures without
showing a very different conversion and then lgttime methanol react with CA place longer
than samples of pure PHB, although we expect thatllialso go down at higher pressures
but not so drastically as with pure PHB.

The same experiment has been done at differerdymess but this time using a catalyst of Mg
(OH),. The results are as follows in Table 23:

Table 23. Results obtained from JHO21 and JHO22. Pure PHB with Mg(OH), as a catalyst.
Different pressures

Entry | MC(%) CA(%) 3HBMe (%) Losses(%) P (bar)
1 40 37 2 21 7
2 55 18 11 17 8
3 58 5 3 34 16
4 57 6 - 38 16
5 47 1 5 47 36
6 48 2 1 48 33
7 43 1 7 48 34

Reaction conditions: T=200 °C, T=6h, 40 mg catalyst (10%mol), 10 mL methanol,
0.600g pure PHB, no 3HB (%) was observed.

The results obtained compared to previous expetsneith PHB Cells and pure PHB are
presented in the following figure:
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Figure 23. MC conversion in pure PHB and PHB Cells at different pressures. All
experiments with 10 mL methanol.

As it has been explained previously in the expenimone with pure PHB with catalyst at

different residence times, the Lewis acidity matkessconversion of MC get higher faster than
with pure PHB and as it can be seen in figure &%) gives the chance to work under higher
pressures without losing to much conversion as puitte PHB.

As it can be seen in Table 23 and Figure 23, MCremions with the catalyst are slightly
higher than with just pure PHB and doesn’t showck pt pressures between 15 bar and 20
bar.

The biggest difference can be seen when the peessaches high values from 30 bar to 35
bar where it has a MC conversion from 40% to 50%lemvith just pure PHB it reaches
conversions of 17% and 18%. It's sure to say thext the presence of nutrients like Mg
makes the reaction be able to take place also underpressures and get higher conversions
than just using purified PHB.

100
80 -
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o
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Q40 -
I
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Figure 24. 3HBMe conversion in pure PHB and PHB Cells at different pressures.
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Figure 25. Losses production in pure PHB and PHB Cells at different pressures.

In Figure 24, it is shown the 3HBMe conversion #itedent pressures in the same reactions
shown before in Tables 20, 21 and 22.

In the first part of the graph, until 20 bar, thdBMVe conversion and losses are similar in
both PHB Cells and pure PHB, but when the pressises from 20 bar there is a clear
different behaviour in the reaction. When workinghwpure PHB at pressures higher than 20
bar, MC conversion goes down and 3HBMe stays catstdile the losses in form of gases
increase (Figure 24). In PHB Cells, at high pressuinstead of increasing losses as MC goes
down there is an increase in 3HBMe. At 36 bar, 3HB&bnversion for pure PHB is 17%
while with PHB Cells is 58%.

The results show that when the samples are used R6IB Cells and PHBV20, with
percentages of valerate of 16% and 20%, the 3HBdwearsion goes up at high pressures
while with pure PHB (2% valerate) goes down. Thespnce of valerate, according to [16],
makes the sample less crystalline and then have @rmorphous regions than the purified
PHB, methanol reacts with the components thatratkda bottom of the reactor instead of the
CA forming more 3HBMe while with samples of pure Pkhe decarboxylation of PHB is
faster forming CO and COnstead of 3HBMe.

To see if this hypothesis was true, the resultaiobt from pure PHB + catalyst were
compared to the ones obtained from Tables 21, 22¢af the formation at high pressures of
3HBMe was due to the presence of valerate or thsgnce of some nutrients in the samples
from PHB Cells. The results are presented in Figére
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Figure 26. 3HBMe conversion in pure PHB with and without catalyst and PHB Cells.
All with 10 mL methanol.

In Figure 26, it is shown that the conversion o8Bl has similar values in pure PHB with

and without catalyst, so the hypothesis shown lkefertrue and the high conversion of
3HBMe at higher pressures than 30 bar is due toptesence of valerate which makes
reaction of PHB with the methanol faster becausevidlerate makes the samples of PHB
Cells less crystalline than samples of pure PHB.
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5. Conclusions

The aim of this master thesis was to see if thetimato obtain methyl crotonate could be
done taking as raw material PHB directly from tleenfentation process instead of purified
PHB. The reaction involving PHB with biomass atatean conditions of T=200°C, 10 mL
methanol, P=15-20bar, t=6h showed similar convass{@9%) to the ones obtained with pure
PHB (53%).

In both samples it is observed a decrease in M@arsion under aqueous conditions, rising
the conversion of 3HBMe in the case of PHB Celld #re losses in the case of pure PHB.
The higher presence of valerate (16%) in PHB Celisipared to pure PHB (2%) is the

responsible of this behaviour, making the same trystalline and then easier to react with
the methanol and obtain 3HBMe as by-product instéadrning into gases like CO,GO

The presence of nutrients from the fermentatiooksio the samples of PHB Cells show that
the reaction takes place faster than with pure R¥¢B)g 3h and 6h respectively the required
time to reach the optimal conversion (48% to 538d)ath cases.

The results done with Mg(Oklas catalyst, support this theory making the coneergo
higher to 60% at a residence time of 3h in sampi#s pure PHB. More research should be
done to see which one of the nutrients from thenémtation stock has more effect on MC
conversion but it has been demonstrated that wgnkith PHB Cells is a viable alternative to
purified PHB
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6. Recommendations

The difference in the behaviour of PHB Cells andep@HB can be due to the residues from
the fermentation stock and also because the margih&tHB present in the samples.

| would recommend the use of cells without PHB preg and then adding purified PHB to
see if the difference of both reactions at higrspuees is because of the presence of residues
from fermentation and biomass or because of the@hwogy of PHB, which can be different

in the purified product and in the PHB presentia tells from Mars company.

The presence of residues from the fermentatiorrlgledfects the conversion of MC as we
have seen in the experiments done with Mg(OHRhere was only enough time to do some
experiments with pure PHB with this substance, seould recommend to study also the
presence of Mg(S£); to see which has more repercussion in the reaafidthe presence of
ion OH or the presence of cation Kg The fermentation stock also contained RB and
KCI, so it would be also interesting to study iétaffect of K raises MC conversion higher
than with the use of Mg(ORpr Mg(SQ)..

The presence of valerate in the samples of PHBsGell PHBV20 have demonstrated a
higher conversion of 3HBMe at high pressures thath wure PHB. To see if the high

conversion of 3HBMe at high pressures in these &srip due to the presence of valerate, |
would recommend the use of samples of PHBV witker@gntage of valerate more than 20%.
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9. Appendix

* Experiments
JHOO1 (pure PHB)
| MC(%) CA(%) 3HBMe (%) Losses (%)
pure PHB | 54 1 3 45

Reaction conditions: 0.600g pure PHB, T=200°C, t= 6h, 10 mL methanol,

no 3HB (%).

JHOO02 (PHB Cells)

MC (%) CA(%) 3HBMe (%) Losses (%)
Sample A 53 3 3 41
Sample B 46 2 7 45
Sample D 45 3 8 43
Sample C 46 13 16 24
Reaction conditions: 0.600g pure PHB (PHB Cells), T=200°C, t= 6h, 10 mL methanol, no
3HB (%).
JHOO03 (PHB Cells + water)
MC (%) CA(%) 3HBMe (%) Losses (%)
pure PHB +water 8 43 29 17
Sample A + water 5 24 16 13
Sample B + water 22 10 5 34
Sample D + water 30 2 - 60

Reaction conditions: T=200 °C, t= 6h, PHB Cells (0.600g PHB), 10 mL of methanol. Water
experiments with 10 mL, no 3HB (%).

JHOO04 (PHB Cells)

MC (%) CA(%) 3HBMe (%) Losses (%)
Sample A 49 2 18 31
Sample B 57 2 5 36
Sample C 52 1 6 41
Sample C 50 3 9 38
Pure PHB 54 5 13 28

Reaction conditions: T=200 °C, t= 6h, PHB Cells (0.600g PHB), 10 mL of methanol, no

3HB (%).
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JHOO06 (Residence time, PHB Cells and PHBV)

MC (%) CA(%) 3HBMe (%) Losses(%) P (bar)
Sample D 4h 48 4 20 29 24
Sample D 5h 44 9 - 48 11
Sample D 6h 48 2 14 36 27
Sample D 7h 46 1 49 25
Sample D 8h 45 2 1 52 20
SAMPLE PHBV 6h 60 5 14 21 23
Reaction conditions: T=200°C, 10 mL methanol, Sample D PHB Cells (0.600g PHB), no

3HB (%).

JHOOQ7 (Different amount of methanol, PHB Cells &iBV)

MC(%) CA(%) 3HBMe (%) Losses(%) P (bar)
Sample D + 20 mL methanol 36 5 20 39 30
Sample D + 15 mL methanol 42 4 48 17
Sample D + 5 mL methanol 47 1 1 51 16
0.600 g PHBV + 15 mL methanol 32 19 15 34 27
1.200 g PHBV + 10 mL methanol 64 5 6 25 20
2.400 g PHBV + 10 mL methanol 59 22 6 13 17

T=200 °C, t= 6h, Sample D PHB Cells (0.600g PHB), no 3HB (%).

JHOO08 (Water, PHB Cells)

MC (%) CA (%) 3HB (%) 3HBMe (%) Losses (%) P (bar)
Sample C + 2mL Water 41 6 8 32 13 21
Sample C + 4mL Water 13 12 10 31 34 20
Sample C + 6mL Water 14 16 13 38 19 21
Sample C + 8mL Water 16 19 15 43 7 21
Sample C + 10mL Water 12 25 17 39 7 20
Sample PHBV + 10 mL Water 3 30 20 49 - 21

Reaction conditions: T=200 °C, t= 6h, 10 mL of methanol, Sample C PHB Cells (0.600g
PHB) and PHBV20 (0.600g PHB).

JHO10 (Different amount of PHB with different améwh water, pure PHB)

MC (%) CA (%) 3HB (%) 3HBMe (%) Losses (%) P (bar)
1.800g pure PHB + 2mL water 38.6 22.2 9.5 5.8 23.9 20
1.800g pure PHB + 4mL water 22.9 46.2 3 1 26.8 16
1.800g pure PHB + 7mL water 16.5 28.6 10 3 42 22
0.300g pure PHB + 2mL water 17.1 334 - 3 46.5 23
0.300g pure PHB + 4mL water 17 31.6 14.3 - 37.1 22
0.300g pure PHB + 7mL water 8.6 36.5 24.3 4.3 26.3 19

Reaction conditions: T=200 °C, t= 6h, 10 mL of methanol, 0.600g PHB.
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JHO11 (PHB Cells and different amount of methaR&IB Cells and pure PHB)

MC (%) CA(%) 3HBMe (%) Losses(%) P (bar)
Sample A + 10mL methanol 30 2 15 54 20
Sample B + 10mL methanol 49 3 5 43 16
Sample C + 10mL methanol 49 1 7 43 22
Sample D + 10mL methanol 44 2 - 54 19
pure PHB + 15 mL methanol 12 13 13 63 29
pure PHB + 5 mL methanol 57 5 7 32 16

Reaction conditions: T=200 °C, t= 6h, Sample D PHB Cells (0.600g PHB), no 3HB(%).

JHO12 (Residence time, PHB Cells)

MC (%) CA(%) %3HB(%) 3HBMe (%) Losses(%) P (bar)
Sample B 1h 28 26 4 20 22 13
Sample B 2h 37 10 - 16 37 14
Sample B 3h 47 2 - 5 45 13
Sample B 4h 47 5 - 6 43 14
Sample B 5h 43 3 3 19 32 22
Sample A 6h (JHO11) 35 1 - 6 58 21

Reaction conditions: T=200°C, 10 mL methanol, Sample B PHB Cells (0.600g PHB).

JHO13 (Different amounts of methanol, PHB Cells)

MC (%) CA(%) 3HBMe (%) Losses (%) P (bar)
Sample B + 4mL methanol 42 4 4 50 12
Sample B + 5mL methanol 45 3 3 50 15
Sample B + 6mL methanol 43 1 - 56 17
Sample B + 7mL methanol 50 1 - 48 16
Sample B + 8mL methanol 59 2 4 35 18
Sample B + 9mL methanol 53 1 5 41 19

Reaction conditions: T=200°C, t=6h, Sample B PHB Cells (0.600g PHB), no 3HB (%).

JHO14 (Different pressures with 10 mL methanol, RE8Is)

MC (%) CA(%) 3HBMe (%) Losses (%) P (bar)
Sample B 43 4 5 48 12
Sample B 47 4 - 49 11
Sample B 49 2 5 44 19
Sample B 50 2 - 47 21
Sample B 45 4 32 19 26
Sample B 37 5 33 25 25

Reaction conditions: T=200°C, t=6h, 10 mL methanol, Sample B PHB Cells (0.600g PHB),
no 3HB (%).
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JHO15 (Temperatures, PHB Cells)

MC (%) CA(%) 3HBMe (%) Losses (%) P (bar)
Sample B T=180 °C 41 12 20 28 10
Sample B T=180 °C 38 10 21 32 12
Sample B T=200 °C 51 1 3 45 17
Sample B T=200 °C 53 2 - 45 16
Sample B T=220 °C 38 10 2 50 15
Sample B T=220 °C 43 0 - 56 19

Reaction conditions: t=6h, 10 mL methanol, Sample B PHB Cells (0.600g PHB), no 3HB

JHO16 (Different pressures 8 mL methanol, PHB Cells

(%).

MC (%) CA(%) 3HBMe (%) Losses (%) P (bar)
Sample B 46 6 5 43 10
Sample B 52 2 6 39 14
Sample B 50 1 6 43 19
Sample B 54 3 - 44 20
Sample B 51 3 10 36 22
Sample B 39 5 44 13 28

Reaction conditions: T=200°C, t=6h, 8 mL methanol, Sample B PHB Cells (0.600g PHB),

no 3HB (%).

JHO17 (Different amounts of methanol, PHBV)

MC (%) CA(%) 3HBMe (%) Losses (%) P (bar)
PHBV + 5mL methanol 48 18 33 8
PHBV + 7mL methanol 59 11 4 26 15
PHBV + 9mL methanol 66 6 28 15
PHBV + 5mL methanol 43 4 53 15
PHBV + 7mL methanol 59 10 27 13
PHBV + 9mL methanol 64 9 23 14

Reaction conditions: T=200°C, t=6h, PHBV (0.600g PHB), no 3HB (%).

JHO18 (Residence time, PHB Cells)

MC (%) CA(%) 3HBMe (%) Losses (%) P (bar)
Sample C 1h 33 20 26 21 15
Sample C 2h 44 10 10 36 17
Sample C3h 44 3 7 46 18
Sample C 5h 52 4 - 43 19
Sample C 7h 50 1 4 46 20
Sample C 8h 49 0 5 45 20

Reaction conditions: T=200°C, 10 mL methanol, Sample C PHB Cells (0.600g PHB).
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JHO19 (Different pressures 8 mL methanol, PHB Cells

MC (%) CA(%) 3HBMe (%) Losses (%) P (bar)
Sample C 42 11 5 42 6
Sample C 42 2 - 56 17
Sample C 47 1 - 52 15
Sample C 30 9 50 10 37
Sample C 36 10 58 - 37

Reaction conditions: T=200°C, t=6h, 8 mL methanol, Sample C PHB Cells (0.600g PHB),
no 3HB (%).

JHO20 (Different pressures 10 mL methanol, PHB<Jell

MC (%) CA(%) 3HBMe (%) Losses(%) P (bar)
Sample C 14 4 2 81 8
Sample C 21 1 1 77 11
Sample C 20 1 1 78 16
Sample C 31 P - 68 16
Sample C 34 2 16 48 29
Sample C 33 4 42 21 33

Reaction conditions: T=200°C, t=6h, 10 mL methanol, Sample C PHB Cells (0.600g PHB),
no 3HB (%).

JHO?21 (Water and catalyst, PHB Cells and pure PHB)

MC (%) CA(%) 3HBMe (%) Losses (%) P (bar)
Sample C + 2mL water 41 9 30 20 19
Sample C + 4mL water 30 12 30 28 22
Sample C + 6mL water 17 22 39 22 21
Sample C + 8mL water 12 27 - 61 20
Sample C + 10mL water 12 26 45 17 23
pure PHB + Mg(OH)2 48 2 1 48 34

Reaction conditions: T=200°C, t=6h, 10 mL methanol, Sample C PHB Cells (0.600g PHB),
no 3HB (%). Catalyst (40 mg Mg(OH),, 10 %mol).

JHO22 (Different pressures, catalyst pure PHB)

MC (%) CA(%) 3HBMe (%) Losses (%) P (bar)

pure PHB + Mg(OH)2 40 37 2 21 8
pure PHB + Mg(OH)2 55 18 11 17 9
pure PHB + Mg(OH)2 58 5 3 34 17
pure PHB + Mg(OH)2 57 6 - 38 17
pure PHB + Mg(OH)2 47 1 5 47 37
pure PHB + Mg(OH)2 48 2 1 48 34
pure PHB + Mg(OH)2 43 1 7 48 35

Reaction conditions: T=200°C, t=6h, 10 mL methanol, 0.600g pure PHB, no 3HB (%).
Catalyst (40 mg Mg(OH),, 10 % mol).
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JHO23 (Residence time, catalyst pure PHB)

MC (%) CA(%) 3HBMe (%) Losses (%) P (bar)
pure PHB + Mg(OH)2 t= 1h 47 21 4 28 18
pure PHB + Mg(OH)2 t=1h 36 35 4 25 16
pure PHB + Mg(OH)2 t= 2h 49 17 5 29 19
pure PHB + Mg(OH)2 t=2h 58 15 - 28 15
pure PHB + Mg(OH)2 t= 3h 37 35 5 23 11
pure PHB + Mg(OH)2 t=3h 60 5 2 34 18

Reaction conditions: T=200°C, 10 mL methanol, 0.600g pure PHB, no 3HB (%). Catalyst

(40 mg Mg(OH),, 10 %mol).

« PHA content and substrate (cells Delft University)

Total COD  soluble COD Acetate Propionate Butyrate Valerate
Date mgCoD/| mgCoD/| mgCoD/| mgCoD/| mgCoDy/| mgCoD/|
Sample A | 16.10.2013 11242 10658 2072 937 2203 268
Sample B | 22.10.2013 9764 9338 2113 1099 1840 378
Sample C | 26.11.2013 9252 8564 1582 718 2030 479
Sample D | 11.12.2013 5392 1671 550 1561 284
Hexanoate Ethanol  Otheridentified
mgCon/| mgCon/| mgCoDn/| unidentified VFA VFA + EtOH Other sCOD
1273 3153 0 752 6753 9906 752
1330 2041 0 537 e760 8801 537
1376 2302 0 77 6185 8487 77
0 994 169 164 1066 5059 333
« IGA

Up ()
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200
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Figure 1. TGA for Sample C PHB Cells.
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Figure 2. TGA for Sample B PHB Cells.
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