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ACETATE IS A PRODUCT OR BY-PRODUCT OF DIFFERENT
BIOTECHNOLOGICAL PROCESSES

FERMENTATION TWO STEP

THERMOCHEMICAL CONVERSION OF BIOMASS
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GAS FERMENTATION WITH ACETOGENS - CHALLANGES AND LIMITS
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Limits in using acetogens as biocatalysts:

1. PRODUCTS VARIETY;

Two-stage co-cultivation
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Acetate from C1 gases has
been utilized by
Saccharomyces cerevisiae,
Yarrovia lipolytica, Ralstonia
eutropha etc.

Two fermenters in series *
(different culture
conditions)

Valorization of C1 gases to value-added chemicals using acetogenic biocatalysts
Jiyun Bae, Yoseb Song, Hyeonsik Lee, Jongoh Shin, Sangrak Jin, Seulgi Kang, Byung-Kwan Cho

2. LOW ECONOMIC VALUE OF ACETATE.

Yeast
fermentation

Acetogens
fermentation

Current Opinion in Biotechnology

Recycling carbon for sustainable protein production
using gas fermentation - Esteban Marcellin, Largus T
Angenent, Lars K Nielsen and Bastian Molitor




MIXOTROPHIC AND HETEROTROPHIC MICROALGAL GROWTH USING ACETATE AS
CARBON SOURCE

Lipids
Light ° » Advantage compared to
COz COz Coz . . . ]
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= T o i\] ‘:/ blom?ss p.r.oductlwty and economic
- . sustainability!
1 low cell densities ~medium cell densities  high cell densities
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ACETATE bb - complete independence of light;
- easy sterilization of fermenters (hard

t—; L \ using tubular photobioreactor in

mixotrophy);
- valorization of waste and effluent as

Mﬁo carbon feedstock;
o - high productivities




VALORIZATION OF GAS FERMENTATION ACETATE-RICH OUTFLOW
INTO VALUABLE MICROALGAL BIOMASS

Air =100 mL/min\

Surnatant rich in

ACETATE + M-8 PROTEINS
Centrifugation medium salts , L IPIDS
Bacterial Starch
Piomass Pigments
T=35CpH=75-8 4
POTENTIAL 150 rpm ]

VALORISATION
FOR ANIMALS
FEED

Pror=2bar CO,:Hy=1:1 Tubular blorea250L each
Thermoanaerobacter kivui\ Chlorella sorokiniana SAG 211-8k /




CHLORELLA HETEROTROPHIC GROWTH ON GAS FERMENTATION

RICH EFFLUENT

ACETATE

To evaluate microalgal growth, 4 acetate concentrations were tested, diluting the gas fermentation effluent in the M-8 medium.
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CHLORELLA HETEROTROPHIC GROWTH ON GAS FERMENTATION
ACETATE-RICH EFFLUENT

Test using gas fermentation effluent without any dilution (13.3 g L'! of acetate), adding M-8 medium salts directly in the effluent.
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PROCESS PARAMETERS AND BIOMASS CHARACTERIZATION

* Process parameters : .
Biomass productivity:

| rw @l ey ) Jrum el day )

Heterotrophy (1.1 gL’ /70.227 +0.023 \ (0.417 + 0.009 )

Specific growth rate and duplication time

( )
=L tq (h

OO EION . ..oooony 020 | 042920009 | | 0662%0013
Heterotrophy 0.1153£0.0187 [ 6124086 ]  oterotrophy (3.3 gL") | 0.607 £0.029 0.750 + 0.001
Photoautotrophy ~ 0.0558£0.005 124409 Heterotrophy (5.5 gL') | 0.684 £ 0.023 0.882 £ 0.052

Heterotrophy (no

dilution-133gL) N\ 22011 ) A\ [1e1#0.12 )

Photoautotrophy 0.101 £ 0.005 0.189 + 0.008

« Biomass characterization: no differences between the different heterotrophic conditions.

| Proteins(%) | Lipids(%) | Carbohydrates (%)

Heterotrophy 53.1+1.1 21.8+3.2 14+2.1
Photoautotrophy 45.4+ 2.8 21.1+1.9 13+ 3.5




PROTEINS CHARACTERIZATION: AMINO ACIDS PROFILE

T (mgAA mgProt1)(%)

Heterotrophy Photoautotrophy Soy? Beefa

Histidine* [ 1.54+0.34 \ (/ 1.63+020 Y /1.05 06

el ueine 3.47 £0.38 3.67 £ 0.45 189 085 | * Nosignificative differences between the

R 822 +1.65 8034191 323 144 microalgal biomass obtained in heterotrophy

Lysine* 415 0.83 272:14 ||260 157 and photoautotrophy;

Methionine* 1.28£0.29 1.73+£0.41 0.53 0.48

Cysteine 0.2+0.03 0.1+£0.03 0.55 0.23

Phenylalanine*| ~ 4.01+0.58 530+1.0 |[2.06 0.78

Tirosin 3.32+0.21 365044 |[131 0.4

Valine* 545+ 132 601+1.11 201 089 | * The contentof essential amino acids is higher

Theennes | 4282031 162 081 ) co_mpared to the content of the es.sentlal amino
acids of common vegetable proteins (soy) and

Aspartic acid 7.67 £0.25 7.77 £0.31 4.86 1.59 animals oroteins (beef).

Glutamic acid 9.55+0.61 9.54+1.12 7.77 2.71

Arginine 5.25+0.56 5.56+0.77 3.02 1.12

Glycine 4.68 +0.32 5.38+0.69 1.74  0.86

Alanine 7.11+£0.23 7.18+£0.27 1.77 1.03  *Essential amino acids

Serie \_ 4.19+024 J \_ 484033 / 213 071 aFAO 1970




PROTEINS CHARACTERIZATION: ESSENTIAL AMINO ACIDS PROFILE

I mgAA gProt.”!

Heterotrqphic Chlorella  FAO requiremenfs Soiulline Commercial

(this study) for human food Chlorella?
Histizline " 154:34 \ ([ 15 ) 10424 ( 104%21 )
Isolecuine 34.9+3.8 30 57.3+5.1 35+54
Leucine 82.21+15.8 59 92.2+9.1 83.4+8.3
Lysine 45.5+ 8.3 45 53.3+6 451+ 7.4
Valine 54.51+13.1 39 56.7+5.3 50.4+5
Threonine 42.4 + 3.2 23 34.1+3.8 29528
oulturic containing 15.4£2.9 22 169453 122443
Aromatic amino acids \ 53.3+4.4 J < 38 y 59.3+13.6 \_ 56.9 +3.7 )

* Joint WHO/FAO/UNU Expert Consultation, Protein and amino acid requirements in human nutrition, World Health Organ. Tech. Rep. Ser.

Sulfuric containing amino acids: methionine + cysteine  35(2007) 1-265.

2 M. Muys, Y. Sui, B. Schwaiger, C. Lesueur, D. Vandenheuvel, P. Vermeir, S. E. Vlaeminck, High variability in nutritional value and safety of
commercially available Chlorella and Spirulina biomass indicates the need for smart production strategies, Bioresour. Technol. 275 (2019)
247-257

Aromatic amino acids: phenilalanine + tyrosine




LIPIDS CHARACTERIZATION: FATTY ACIDS PROFILE

Fatty acids profile
45

40 Heterotrophy Photoautotrophy
35
@ 30 Total lipid (%) 21.8+3.2 21.1+1.9
o L y
g Saturated fatt
© aturated fatty
& 20 acids (%) 40.9+2.5 452+ 1.8
s -
c Unsaturate
i Ii i o ‘
Polyunsaturate
0 i fatty acids (%) 495+1.2 451+ 1.1
16 :0 16 :1 18:0 18:1(w-9)18:2 (w-6)[18: 3 (w-3) A ]
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CONCLUSIONS

Chlorella sorokiniana can grow heterotrophically on real gas
fermentation effluent using acetate as carbon source also at high
concentrations, observing the complete conversion of acetate into

valuable microalgal biomass;

The heterotrophic specific growth rate and the biomass
productivity are high and satisfactory, especially when compared
to the photoautotrophic ones;

The heterotrophic biomass is rich in proteins and essential amino
acids: the amount of them overcome the FAO requirments;

The heterotrophic biomass is rich in polyinsaturated fatty acids,
including good percentage of alpha-linolenic acid omega-3;

The high heterotrophic biomass quality is confirmed by the absence
of significative differences with the photoautotrophic biomass;
this results indicates also an absence of contamination.




NEXT STEPS »-

Mixotrophy using acetic acid B —

/ Continuing the acetic acid ' Wy
valorisation for mixotrophic

cultivation of Galdieria sulphuraria

152'CH,0

Doubling of Microalgae Productivity by Oxygen Balanced Mixotrophy
Fabian Abiusi, Rene H. Wijffels, and Marcel Janssen

Mixotrophy guarantees higher biomass yields: all (or almost)
the carbon in the organic acids is converted into microalgal
biomass, without CO, losses.

G. Sulphuraria is the perfect strain to grow mixotrophically:
* It grows at very acid pH (1-2) = avoiding the contamination
from competitive or predatory bacteria...

ETHzurich
...the sterilization of the photobioreactor is not necessary.

ETH:zurich
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THANKYOU FOR YOUR KIND ATTENTION  Giacomo Proietti Tocca
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BIOTECHNOLOGICAL PROCESSES EXPLOIT MICROORGANISMS AS BIOCATALYSTS

Yeasts
AUTOTOTROPHY HETEROTROPHY > MIXOTROPHY
Carbon and energy from Carbon and energy from
inorganic (and different) organic substances
substances: l
CcO, 1 cO Light Sugars or volatile fatty acids Waste or wastewaters v

o

NP -
O- o+ br

Carbon Energy

Both inorganic and organic
susbtances as sources of

= carbon and energy: a sum of

autotrophy and mixotrophy

STITUTO
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Process

Methanol carbonylation

Aerobic fermentation

Pirolysis

Hidrotermal treatments (HTC and
HTL)

Acidogenic fermentation (AF)

Dark fermentation (DF)

Anaerobic digestion (AD)

Gas fermentation (for acetate
production)

Bio-electrosynthesis

Artificial photosyntesis

Acetate - product type Chemical composition Production cost (€/kG)
Main Product Pure acetic acid 0.32
Acetic acid 66 - 106 g L™ Other potential compounds: propanoic acid,
Main Product butyric acid, butanone, ethyl acetate, formic acid, microbial biomass, 0.85-1.45

inorganic salts, colloids, CO2, organic noneloctrolytes

Acetic acid: 5 - 157 g L' Other potential compounds: glycoaldheyde 10-
137 g L-1, acetol 26-86 g L-1, levoglucosan 30 - 65 g L-1, other minor //
organic compounds (propanoic acid, nonaromatic aldehydes, furans, formic
acid, acetone, formaldhheide)

By-product (acqueous phase of
bio-oil)

Acetic acid: 0.7 - 33 g L' Other potential compounds: formic acid 0.13-2.45
gL-1,1-4.5gL" lactic acid, propionic acid 0.14 - 0.42 g L-1, glycolic acid /!
1.57-6.82 gL, levulinic acid 0.37 - 1.44 g L'!, phenols 1.5 g- 4.5 g L-1,

By-product: residual process
water

Acetic acid: 0.3-29 g L' Other potential compunds: butyric acid: 0.33 - 32
gL"; propionicacid: 0.2-11.7 gL"; valeric acid: 0.26 - 5.66 g L'" iso- /!

By - product: AF effluents
valeric acid: 0.16-21.8 g L

Acetic acid: 0.06 - 12.2 g L Other potential compunds: butyric acid 0.05 -
14.8 g L-1; propionici acid 0 - 2.8 g L'V lactic acid' 0.1 - 0.9, ethanol 0- 0.9 g //
L-1 Other potential nutrients: TN (mainly ammonium) 0.1 - 3.46 g L-1; TP
(mainly ortophosphate) 0.02 - 0.38 g L-1

By - product: DF effluent

VFAs: 0.1-1.0 g L' Other potential nutrients: NH4 - N (ammonia

nitrogen) up to 12 g L'"; P (phosphorus) up to 5.8 g L !

By - product of Liquid Digestate

Acetic acid: 1.9 -59.2 gL' Other potential compunds: formic acid 1.12 -
4.8 gL"'; ethanol 0.03 - 0-17 g L-1; butyrate 0.05 - 0.14 g L-1; lons that can
be present: Mgz+, Cu2+,

Ca2+, Mn2+, Zn2+, Ni2+, Co2+, Fe2+

Main Product 4.68 (starting from CO)

Acetic acid: 0.002 - 11 g L-1. Other potential compounds: 2-oxobutyrate

Main Product 0.001 -0.0051 g L-1 ; formic acid 0.00023 - 0.59 g L-1; butyrate 0.046 - 1.76
0.74; propionate 0.007 - 0.16; ethanol in traces
Acetic acid: 0.05 - 45 g L' Other by-products in minor concentrations: =

Main Product . .
propionate, n-propanol, ethanol, ehtyilene

ACETATE-RICH STREAMS FROM DIFFERENT PROCESSES
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ADVANTAGES AND LIMITS OF HETEROTROPHIC CULTIVATION
OF MICROALGAE

Commonly cultivated in:
« Open pounds

« Photobioreactor

low cell densities  medium cell densities  high cell densities

= Hmax [
K1+I

Hmax Hmax1

sufficient light regions with dark volume elements
in whole volume light limitation without growth
° Heterotrophic fermenters:
SLee ™ Advantages: Limit:

Indipendent of light; N r,“ carbon
Costs of feedstock exploiting agro-industrial waste; Q-, ock

Control;
Major growth, yields and productivity
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ACETATE AND pH
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Heterotrophic vs autotrophic production of microalgae: Bringing some light
into the everlasting cost controversy

b:" Rene H. Wijffels “, Manuel Dominguez “*°, Maria J. Barbosa ©

Jestas Ruiz ™
2 Algades — Alga Development, Engineering and Services, S.L., c. Margarita, Costa Oeste, 11500 El Puerto de Santa Maria, Spain

b Departrnent of Environmental Technologies, INMAR-Marine Research Institute, Faculty of Marine and Environmental Sciences, University of Cadiz, Poligono Rio San
Pedro s/n, Puerto Real, Cadiz, Spain

© Wageningen University, Bioprocess Engineering, AlgaePARC, P.O. Box 16, 6700, AA, Wageningen, the Netherlands

4 Nord University, Faculty of Biosciences and Aquaculture, N-8049 Bodyp, Norway

| Total investment costs (6094 Biomass production costs
/@ tons/years): « Het:4.00 €/Kg
‘ ' * Het: 76M € --> Fermenters  « Auto: 3.50 - 5 €/Kg
HETEROTROPHIC AUTOTROPHIC ~ * Auto: 90.6M € SFlat panels
PRODUCTION PRODUCTION - Tubular photobioreactor
= 5 ‘ x
e | a0 55 | GHEEX |opex In Heterotrophy, the operational costs are very higher
: = compared to autotrophy (especially for the carbon
£ feedstock costs)
BUT
5 = Higher productivities and the integration with
e pwiiy ey e o it | A Ao waste or wastewaters treatment (zero or negative
I I~ Al (= e cost feedstock) can strongly decrease the biomass

production costs: in a potential scenario, 1.08 €/Kg

g TUTO
IANO DI
TECNOLOGIA



PROCESS PARAMETERS

« Specific growth rate and duplication time:

3 ln(Xf) — In(Xo,gxp) A In2
Hmax = tr — to - HUmax

- Biomass productivity:

_ X() = Xo)
t

Tx

- Biomass yield:

LM X -X)
¥STAS T (S —S(D)

g ITUTO
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PROTEIN CONVERSION FACTOR

Proteins = 16% nitrogen > 100g of proteins = 16g of nitrogen > 100/16 = 6.25

E;= sum of the amino acids residues;
K, = ) E,;)/(ZD ) D; = sum of %N found in these amino acids (including N lost during hydrolosys)
i

Ka is an upper bound

Kp = z:Ei/N N = Total nitrogen, including non-protein nitrogen (NPN)

Kp is a lower bounds

Ideal K for real samples: Average between K, and K,

i ITUTO
IANO DI
TECNOLOGIA



aceticacia acente ACETATE METABOLISM IN ALGAE

R RURNRMRER

S‘\\\d RAIR

v
Acetic acid <> Acetate™=%  Acet

FER  Phospholipids <€—— \

R

9= Triglycerides <— Diacylglycero
) DGAT P A?
0=

K

Lysophosphatidic acid > Phosphatid
LPA ic acid

]

GPAT

A

RURMRMRARMRARAL AR R R RN R MR AR ?I;V//\, s
Y
o Glyoxysome _, .
/ cs l -\
Oxalacetate

t 2 Acetyl- Coj/
— v \_5/
atate Glyoxylate

FH  FUMarate om———— Succinate —

Isocitrate

i)

RY

R

K

SCDH

RY

Acyl-CoA <4——— Fatty acids
ACSL f
I

CO Fatt‘ { acids

RY

coO,
|

N

!

R

3-phosphoglycerate®

Al
.

» Phosphoenolpy

if

RY

Co,

N

R

biosynthes

Al

I

KM

R

o

Malonyl-CoA
Qalvl y
— Starch and
cellulose
Glucose®— biosynthesis

/ l v
Fatty acids

Acetyl-CoA

& By FAS Ais PF¢

Pyruvate

MM

uvate

\

/ IPyruvate

Pyruvate—»

ﬂ .
Citrate
NADH - . Oxalacetate \
ACO
NAPSE MbH

Malate €

Plastid /

Amino acids biosynthesis

R RARARAR)

Ry

|

v Mithocondri

Acetyl-CoA
1 CS

i)

R

Isd citrate

TCA 1 NAD!
» Malate C cyc ¢ NA
IID
DH
FH a - Ketoglutarate ™ ;«ié
Fumarate :
SCDH
FADI

Succinate Succinyl-CoA

T GTP GDP

1N
=
Q
Aq%r
‘ £ s
» ¥
RA




