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High value-added chemicals and BloreSins from
alGae biorefineries produced from CO2
provided by industrial emissions = BISIGODOS

= EU 7% Framwork programme, Theme (KBBE.2013.3.2-02) The
CO2 Algae Biorefineries

» 14 partners, Coordinator AIMPLAS, Spain, other partners from
Italy, France, UK, Austria, Finland, Netherlands
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Project overview
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1. Aminoacid separation

2. Hydrothermal liquefaction of
lipid free biomass

Conductive polymers for
anticorrosive paints

Surfactants

Aromatic copolymers for ink
binders



Project consortium

= Microalgae strain optimisation: PHYCOSOURCE, BIO FUEL SYSTEMS (BFS)
= Microalgae production and optimisation: BFS, CASPEO
» Bio-olil fractionation and thermo-chemical processing: BFS, VTT, 3V MABO SPA

= Synthesis and evaluation of diols, diisocyanates, polyurethanes: CUSA, AIMPLAS,
UNIVERSITY OF WARWICK

= Amino acid production: GBR.AT

= Aromatic and heterocycle derivatives processing for surfactants, inks and anticorrosive
coatings: CRODA, SUNCHEM, BECKERS, UNIVERSITY OF BANGOR, AIMPLAS

» Integrated designs for industrial-scale value chains: PDC

B:S:GODOS



Approach for fine chemicals

1) HTL of whole algae biomass
2) HTL of lipid free algae biomass

3) HTL of separated algae based components
1) Aminoacids / proteins
2) Polysaccharides

BFS photobioreactors

Targeted components:
- Nitrogen heterocycles
- Monomers for water soluble resin

Nannochloropsis gaditana
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Hydrothermal liquefaction

Place for a photo

(no lines around photo) of crude algae biomass




Hydrothermal liquefaction 1/L|/1T

Wet algae biomass thermally treated

- 250-400°C

- Pressure 80 — 300 bar or autogeneous
- Water in the feed 70-90%

Bisigodos
-  HTL at VTT lab scale reactors and at partner BFS semi-industrial scale HTL reactor
- Large number of components > 100, Single component amount < 10 %

- Typically used to produce fuel components ("biodiesel”)

Gas 230g

v

400g-14.1 M)
C=73.73%; H=8.90%;
Microalgae feedstock N=6.30%;
Spirulina platensis 1208
C=4.07 %; H=10.18%;
kg N=1.91%;
20.52M
C=46.87 %; H=6.98 %;
N=10.75 %; 0=34.86 %; 50g-0.32M1
r@ C=11.82%; H=2.41%;
N=1.61%;

Fig. 5 — Typical mass and atomic balance (mass fraction, dry basis) for hydrothermal liquefaction (adapted from Jena et al.
[25]).
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Place for & photo Hyc_lr(_)thermal Ilquefactlon
(o lines EYelme! [2ei) of lipid free algae biomass
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Extraction with Centrifuge and Vacuum
solvent filtration evaporation

* 600 liter reactor * Lipid free algae * Solvent and water
biomass separated

» Solvent and oils * Lipids to PU

* Water+solvent * Lipid free algae
(+oils) biomass to HTL

70 kg wet algae biomass was processed in 600 liter batch reactor
producing about 5 kg lipids

Oils transesterification/esterification and to Warwick for PU synthesis

Lipid free algae biomass to HTL and to protein and polysaccharide
separation
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Esterification / transesterification

Ysar

» BFS algae oil consists of polar phospho-, and glycolipids (88%), monoglyceride
(6.3%) and triglyceride (3.4%)
» Testing C16 model compounds in the esterification/transesterification

O

HOJK/\/\/\/\/\/\/\

o) Palmitic acid (C16:0)

o Glyceryl tripalmitin
O)J\/\/\/\/\/\/\/\
O)W\/\AAA/\
Glyceryl dipalmitin

23/10/2017

Methyl palmitate
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Esterification/transesterification algae lipids

with heterogeneous catalyst

100

ES
Yield mol% methyl palmitate

M Palmitic acid 60°C

B Glyceryl tripalmitate 70°C
 Glyceryl dipalmitate 65°C

M Sorbitan monopalmitate 65°C

M Dipalmitoyl phosphocholine 65°C

Reaction conditions:

Substrate (0.025 mmol), methanol (2.5 ml) and catalyst (50 mg) are measured in the reaction vial and shaked at 60°C

and 550 rpm for 24 hours.
Progiseizomethyl palmitate is extracted with heptane and analysed quantitatively with GC-FID.
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Esterification/transesterification algae lipids
with heterogeneous catalyst

= Scaled to kilo scale with real algae oil, 80-90% fatty acid methyl ester yield, free acids
~ 8-10 %

= Reaction time reduced from 24 hours to 12 hours by increasing
the temperature to 150 °C

» Catalyst washed and recycled successfully

23/10/2017 13



Ysar
Separation of aminoacids and polysaccharides

pH shift in addition to

ensiling
Centrifuge
g Lipid free algae A (— g Polysaccharides to)
biomass . levulinic acid
"pH 12 . Sgllglcflsaccharides * Proteins
* 40°C, 2 hours « Proteins in liquid arTeflpltated to

S o RN ..

sy l.
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Ysar

HTL aminoacid & sugar model compounds

» Different aminoacids (commercial) Aspartic acid, Glutamic acid, Valine, Leucine and glucose
Small scale tests at 10 ml reactor

In addition several heterogeneous catalysts, Pd/AI203 gave highest yields for nitrogen
heterocycles from aminoacids

30 min

60 min

120 min

180 min

23/10/2017

Sugar model compound experiments

Formic acid 4.5%
Levulinic acid 4.2 %
SHMF 37.7 %

Furfural 15.5%
Formic acid 3.7%
Acetic acid 8.8%
Levulinic acid 16.1%
EHMF 21.8%

Furfural 6.1%
Formic acid 9.1
Acetic acid 5.8 %
Levulinic acid 50.1%
5HMF 4.8 %

Furfural 2.1%
Formic acid 9.6%
Acetic acid 9.7%
Levulinic acid 61.7%
5HMF 0 %

Furfural 5.4 %
Levulinic acid 1.9 %
5HMF 60.2 %

Furfural 4.5%
Methyldioxin 8.2%
Acetic acid 19.3%
Levulinic acid 33.3%
5HMF 0 %

Hexanedione 5.5%
Acetic acid 16.6%
Levulinic acid 50.5%
5HMF 0 %

Hexanedione 3.5%
Acetic acid 17.9%
Levulinic acid 52.3%
5HMF 0 %

Aminoacid model compound experiments

Temp. / Products 2800C Temp. / 170 oC 2800C
Products

15-45 min

30min—-1h

1h—3h

2h—T7h

No products

No products

Minor amount

Minor amount

Alkyl
piperazinedione

B:S:GODOS

Butanamide

Alkyl butanamine
Alkyl
Propanamine

Alkyl butanamine
Alkyl
Propanamine
Alkyl
pyrrolidinedione

Alkyl piperdine
Alkyl
pyrrolidinedione
Succinimide
(hydroxyethyl)
Alkyl
piperazinedione

15

Alkyl piperidine
Alkyl piperazine
Alkyl butanoic
acid

Succinimide
(hydroxyethyl)
Alkyl piperazine
Piperidine

Alkyl pyrrolidinone

Alkyl amine

Alkyl piperazine
Piperidine

Alkyl pyrrolidinone
Etc..

Alkyl pyrrole
Alkyl acetamide
Alkyl piperidine
Succinimide
(hydroxyethyl)
Etc...

15



Crude algae biomass

HTL,

T = 250 °C, Pd/AI203
catalyst

Oil and aquaeous phase

HTL
T =250°C, 1 hour
Pd/AI203 catalyst

Pyrrolidinone < 5% One phase

Piperidinone <5% o
Pyrrolidinone 15%

Piperidinone 9.2%

B:S:GODOS

HTL of lipid free algae biomass

Lipid free algae biomass

Algae protein fraction

Nitrogen heterocycles

(/ \5 produced but not

N pyrrole

23/10/2017 H

HTL
T =250°C, 1 hour
Pd/AI203 catalyst
One phase

Pyrrolidinone 10%
Piperidinone 30%

16
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Conversion of

Place for a photo

(no lines around photo) polysaccharide fraction




Products
- B I o

0
Hexoses OH OH o
Cellulose, starch, ’ Levulinic acid

Pyrrole and levulinic acid

algae O™ > 40-70% molar
sugar side streams OH OH O yield
- Glucose, etc. Chemical or catalytic
oxidation,
ields 60-95%. -
S ) g Aldaric
‘ acids
/ \ OH OH
OH
H OH
0 oo y OH OH O Products
HO™ ™ Catalytic or Glucaric acid = . .
Uronic acids OH OH O Biotechnical oxidation,  saccharic acid Aldaric _aC|d
Pectin (sugar beet, yields 80-90%. ammonium
citrus peels), salt
alginates OH OH O _
- Galacturonic acid OH Ammoniumsalt 35-40% yield
60 OH OH , 95- 98% yield '

\ / Galact.arlc ?.Cld

= mucic acid
Journal of Labelled Compounds and Radiopharmaceuticals (/ \5
J. Labelled Cpd. Radiopharm. 42, 927-936 (1999) N
H
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https://en.wikipedia.org/wiki/File:Mucic_acid_structure.png
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BIOMASS COMPONENTS

CELLULOSE HEMICELLULOSE TRIGLYCERIDES

is sis Processes
H ADPH

Glucoss — ™ Sorbitol] — Liquid alkanes Xylose

Furfural acetals
ﬂ isomerization / Hydrotreating Transesterification Hydrolysis

Fructose

Dimethylfuran

MeOH
CHO 1) aldol
-co o
r o Tetrahydrofuran <H_2 Furan <— \ / condensation 2
- ; 2) Hy -H,0

L|qu|d alkanes Biodiesel

\5-Bi ft
2,5-Bishydroxymethylfuran ) «‘ ERiE acttals \ Glycerol Fatty acids
2
\ Q— 2-Methylfuran 0 &

(sylvan) % e
0 Glyceryl acetal Q Horzaton

HoHe e ;Zw:gl)':saﬁon CHZOH S

T -

5-Ethoxymethylfurfural <EtHﬂ \ / W Isobutylethers O

(EMF) 2 Polygl I Higher ketones
S-hydroxymethylfurfural urfury| alcohol C‘/, el Di- and
H, A cand
‘ (e \20/7 % |Liquid alkanes Tracstin 1) H,
ROH 2)-Hy0
5-Ethoxymethylfurfuryl alcohol Furfuryl acetate
H Levulinlc acid Furfuryl ethers
. / l
H,
2,5-Bis(ethoxymethyl)furan Aromatics
O o H H, .~ ROHMH*
30‘(_74 _ " s Pentencicacid — > Pentanoicacid ——» Vvaleric biofuels
y-Valerolactone l = 1 Ketonization
(GVL)
Butenes 2-Nonanone
Ha, - H,0 .
i 1) H,
oligomeriz. 2)-H,0
2-Methyltetrahydrofuran 3) oligomerization

Higher alkenes Higher alkenes
\22 :y
Liquid alkanes

Chart 1 Processing options to convert biomass into valuable fuels and fuel additives. Climent et al. Green Chemistry 16 (2014) 516
' 20



iy .
Levulinic acid synthesis partner 3V Mabo

* Protein and « T=200 oC e Thin film
lipid free algae e 4-9% H2S0O4 extraction at
biomass . Time 1 hour vacuum

» 15% algae

» 2 liter batch
reactor

Proteins produced various sulfonated aminoacids
Sugar fraction produced levulinic acid, HMF5, and various acids

Highest levulinic acid yield 30% based on polysaccharides
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Conclusions

* PRO’s and CON’s: Algae as a source for fine chemicals

PRO’s CON's

* N-based fine chemicals Economy

= HTL for side streams and rejects Separations

= (Bio) refinery approach Food and feed
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