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Abstract. Sesquiterpenes are a group of versatile, 15-carbon molecules with applications ranging from
fuels to fine chemicals and pharmaceuticals. When produced by microbial fermentation at laboratory scale,
solvents are often employed for reducing product evaporation and enhancing recovery. However, it is not
clear whether this approach constitutes a favorable techno-economic alternative at production scale. In
this study empirical correlations, mass transfer and process flow sheeting models were used to perform

a techno-economic assessment of solvent-based processes at scales typical for flavors and fragrances
(25 MT year™") and the fuel market (25 000 MT year™"). Different solvent-based process options were com-
pared to the current state of the art, which employs surfactants for product recovery. The use of solvents
did reduce the sesquiterpene evaporation rate during fermentation and improved product recovery but it
resulted in costs that were higher than, or similar to, the base case due to the additional equipment cost
for solvent-product separation. However, when selecting solvents compatible with the final product for-
mulation (e.g. in a kerosene enrichment process), unit costs as low as $0.7 kg™' can be achieved while
decreasing environmental impact. © 2018 The Authors. Biofuels, Bioproducts, and Biorefining published by
Society of Chemical Industry and John Wiley & Sons, Ltd.
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Supporting information may be found in the online version of this article.
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Introduction and biofuels."* Normally sesquiterpenes are extracted
from plants in which they naturally occur. However, this
esquiterpenes are 15-carbon isoprenoids with appli- method is costly, presents low yields, and raw materials
S cations in different markets like flavors, fragrances, are usually scarce, resulting in high product prices rang-
cosmetics, pharmaceuticals, foams, lubricants, ing from ~100 to ~1000 EUR kg The use of genetically
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modified microorganisms to produce sesquiterpenes via
fermentation is a promising alternative to overcome these
problems. Recently developed strains can secrete ses-
quiterpenes to the extracellular medium, reaching titers
in the order of grams per liter.* Sesquiterpene forms a
separate oil phase with lower density than water, which is
very attractive from the point of view of product recovery.
Several companies like Amyris, Isobionics, Allylix, and
Evolva are currently developing processes at commercial
scale. For example, Amyris already produces farnesene (a
precursor for farnesane, commercialized under the name
of Biofene®). Moreover, they have successfully developed a
microorganism for the production of amorpha-1,4-diene,
a precursor for the malaria medicine artemisinin, while
Sanofi Aventis is currently working on scaling up and
commercializing the process.

Despite these industrial developments, the literature on
process technology and quantitative data is limited to a few
patents.®™'? Scientific publications are mainly focused on
metabolic improvements and fermentation yields.»>!!~1¢
Those laboratory-scale studies briefly describe the process-
ing of sesquiterpenes for analytic purposes (Fig. 1(A)), and
typically employ solvents during fermentation and sample
handling.®!* However, the reason for applying this method,

odeling and Analysis: Scale-up of microbial sesquiterpene production

the impact of the solvent in the process, or its applicability
at industrial scale, are not explicitly stated. In the following
section the mechanisms in which solvents play a role in the
laboratory scale protocols, and their potential application
at large scale, are discussed.

Roles of solvent in the production of
sesquiterpenes

Lowering evaporation rate of sesquiterpene

Sesquiterpenes are relatively volatile molecules (Table 1),
and thus part of the product can be transferred to the

gas phase during fermentation. Evaporation rates in the
order of mg h™ have been reported to occur at laboratory
scale fermentations reaching product titers in the order
of mg L' Three percent of product loss has also been
reported in a 2 L scale bioreactor having a product titer in
the order of g/L.° A typical solution is to add an overlay
of 10%-20% v/v of a relatively low volatile organic solvent
(e.g. decane or dodecane) to the fermentation medium
(Fig. 1(A)), capturing the hydrophobic sesquiterpene mol-
ecules in the organic phase.®'"*1%2* Although this is a
common practice at laboratory scale, the actual impact of
the solvent on the product evaporation rate is unknown,
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Figure 1. Process options for the production of sesquiterpenes.
process evaluated in this work.

(A) Lab scale protocol;® (B) Base case;® (C) Solvent-based
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Table 1. Predicted physical properties sesquiterpenes and solvents typically used in sesquiterpene

production. Unless indicated otherwise, source: ChemSpider database (data generated using the US
Environmental Protection Agency’s EPISuite™) at 25 °C.

Example P Ty peP ky LogP,,, c" Ova Oow
@mL™") (C) (Pa) (atm m®mol™) = (mg L™ MNm™  (mMNm)

Santalene 0.89" 238 7.6 0.39 6.4 0.039 36° -
Caryophyllene 0.89" 257 42 0.69 6.3 0.050 31f 519
Farnesene 0.86" 261 3:3 0.10 71 0.011 262 -
Amorphadiene 0.90% 258 4.0 0.69 6.3 0.054 262 -
Dodecane 13 0.75" 206 18 9.35 6.1 0.110 25 509
Decane 8 0.74" 165 191 5.30 5.0 1.252 24P 52°
Ethyl acetate 8 0.90" 78 1243 2.3x 107 0.7 2.99 x 104 24° 7
MTBE 17 0.74" 47 33331 2.0x 1078 0.9 1.98 x 10* 194 11°
Triton x-114 9 1.06' - - - - Soluble 31 -

3ACD/Labs Percepta Platform - PhysChem Module; b Dataphysics'® @20 °C; PDemond and Lindner'® (Temperature not reported);
°CAMEOdatabase®’@20 °C; “Montafio et al.*! @20 °C; ®Hickel et al.?? (Temperature not reported); ‘Experimentally determined in this work
at room temperature; %estimated from experimental results using®®; "Chem Src Safety Data sheets; '‘Dow Safety Data Sheets

and studies on sesquiterpene evaporation, and VLE physi-
cal properties of sesquiterpenes are scarce; see for example
Schuhfried et al.®

Solvent selection criteria for sesquiterpene fermenta-
tions are, among others, low volatility, low tendency to
form emulsions, and an octanol/water partition coeflicient
higher than 10° (log P, >5), which, in principle, excludes
toxicity problems in microorganisms like Saccharomyces
cerevisiae.*® When using solvents at production scale,
additional solvent selection criteria like high relative
volatility should be considered for a cost-effective solvent-
product separation. Alternatively, this separation step
could be bypassed by choosing solvents compatible with
the final product formulation. Examples include the use
of methyl oleate or isopropyl myristate in the production
of amorphadiene,’ canola oil in the production of the ses-
quiterpene alcohol bisabolol,?”
the production of the monoterpene limonene.

and farnesene as solvent in
28

Enhancing oxygen transfer during
fermentation

In aerobic fermentation, oxygen is generally supplied by
sparging air bubbles into the bioreactor. The oxygen is
transferred from the bubbles into the aqueous phase, and,
once there, it is available to be consumed by the microor-
ganisms. The oxygen transfer rate (OTR) depends on the
overall mass transfer coefficient (k, ), and the difference
in oxygen concentration between the gas/liquid interface
and the bulk liquid phase (ACOZ) (Eqn (1)):

OTR=k,a-AC,, -V (1)

The k; a depends on physical properties of the system, biore-
actor geometry, and hydrodynamic conditions.?” The OTR is
typically one of the limiting factors in the scale-up of aerobic
fermentations.” Due to the low solubility of oxygen in water,
oxygen limitation may occur, affecting the fermentation
performance. Oxygen limitation can be avoided by increas-
ing the power input of the system but this is highly energy
demanding (e.g., due to aeration and agitation), especially at
large scale. As oxygen presents ten times higher solubility in
hydrocarbons than in water,* a possible alternative is using
solvents as oxygen vector to enhance OTR. This concept has
been claimed in a patent application by Isobionics for the
production of the sesquiterpene valencene.*! However, the
net effect of the solvent on the OTR is controversial because it
depends on the oil fraction used, among other factors.>®

Product recovery: enhancing coalescence
and creaming of the oil phase

Sesquiterpenes are hydrophobic liquids, with a lower den-
sity than water (Table 1). During fermentation, microor-
ganisms synthesize and secrete sesquiterpene to the extra-
cellular medium, where it forms a separated phase (the

oil phase) dispersed as droplets due to the mixing in the
reactor. Dispersed oil droplets can and coalesce into larger
ones. These large droplets can rise due to their lower den-
sity than the aqueous medium. This mechanism is called
creaming, and its velocity (v;) depends on the size (d,;)
and the density of the oil droplets (p,;) (Eqn (2)):

Vd:\/4'g'(pl_poil)'doil/(3'CD‘Paq) )
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Coalescence and creaming contribute to the production
of phase separation and are therefore desirable mecha-
nisms for reducing product recovery costs. When fermen-
tation is performed in the presence of solvent there is a
larger total oil fraction in the bioreactor. For example, a
15% v/v oil phase was described in amorphadiene fermen-
tation, of which 10% v/v accounted for solvent.” Higher
oil fractions increase droplet collision, leading to a larger
average droplet size.’>**> Moreover, depending on the den-
sity of the selected solvent (Table 1), the overall density of
the oil phase can be reduced, contributing to its creaming.
Implementing solvents for reducing product evapora-
tion could therefore also contribute to improving product
recovery.

Demulsification of the oil phase by phase
inversion

Several components of the fermentation broth (e.g., salts,
glycolipids, proteins, cells and cells debris) can hinder
coalescence by lowering the oil/water (o/w) interfacial
tension and/or stabilizing the o/w interface.’* As a result,
the product is not a homogeneous continuous phase but
a stable emulsion. Although the formation of sesquiter-
pene emulsions is usually not mentioned in laboratory-
scale studies,””* this problem has been reported at larger
scales.” Reported recovery methods include inducing
phase inversion and obtaining an emulsion of water in a
continuous oil phase (w/0), which is separated afterwards
by centrifugation. Phase inversion can be (i) transitional
(TPI), (ii) catastrophic (CPI), or (iii) induced by partial
crystallization of the solvent.

Transitional phase inversion involves adding a nonionic
surfactant and increasing the emulsion temperature until
the surfactant becomes more soluble in the oil phase.*®
Tabur and Dorin® report the use of Triton-X114 and tem-
peratures of 60 °C for TPI of sesquiterpene emulsions in
a large-scale (300 L) fermentation. Catastrophic phase
inversion is induced by adding oil phase until a critical
concentration is reached.’*® The applicability of CPI as
arecovery step in a production process involving micro-
bial emulsions has been reported by Glonke et al.* There
is no experimental data on critical o/w ratios for inver-
sion of sesquiterpene emulsions; however, laboratory-
scale protocols report the addition of two volumes of
solvent per volume of broth®!® (Fig. 1(A)). Finally, phase
inversion by partial crystallization of the solvent can
be induced by first lowering the temperature to form a
crystal network of solvent across the droplets’ walls, and
then heating the emulsion above the solvent’s melting

Modeling and Analysis: Scale-up of microbial sesquiterpene production

temperature. To the best of our knowledge there are no
data regarding the applicability of this method to sesquit-
erpene emulsions.

Using CPI instead of TPI has the advantage of avoiding
the use of costly surfactants and changes of temperature.
The main disadvantage of CPI is that it requires an extra
step for solvent-product separation. However, TPI might
also require additional purification steps like distillation'
to meet the purity specifications of some applications
(e.g., 92-94% purity for cosmetics).” Furthermore, solvent-
product separation costs can be reduced by selecting sol-
vents with high vapor pressure; for example methyl-tert-
butylether (MTBE), ethyl-acetate, or heptane are typically
used at laboratory scale.®'? On the other hand, these sol-
vents can be toxic for cells due to their higher solubility
in water, compromising the possibility of cell recycling.
Hence, interesting alternatives for reducing solvent-prod-
uct separation steps include using the same solvent as in
the bioreactor to reduce evaporation, using a solvent com-
patible with the final product formulation (e.g., diesel for
sesquiterpene-based biofuels), or increasing the oil frac-
tion by recycling sesquiterpene.

Aim of this work

This work studies the effect of solvent on the evaporation
rate, droplet size, and oil-phase recovery in sesquiterpene
fermentations by using empirical correlations and transfer
models based on predicted VLE properties. It also evalu-
ates the techno-economic impact of using solvents in a
microbial sesquiterpene production process by means of
flow sheeting at two scales, namely 25 MT year ™ (flavors
and fragrances market) and 25 000 MT year ™" (aviation
fuel market).

Materials and methods

Experiments
Preparation of o/w dispersions

Oil in water dispersions was prepared in a 2 L jacketed
vessel (Applikon, The Netherlands) containing 1.275 L of
demineralized water, and 0-10% v/v of sesquiterpene and
dodecane (Sigma Aldrich, > 99% purity). Experiments
were performed using the sesquiterpene caryophyllene
(kindly provided by Firmenich, > 95% purity), as it pro-
vided higher stability than commercially available syn-
thetic farnesene, and their physical properties are expected
to be similar (Table 1). The vessel was aerated using pres-
surized air at a flow rate of 1.5 nL min", controlled by a

© 2018 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd. |
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mass flow controller (Brooks Instrument, Hatfield, United
States); the temperature was maintained at 35 °C; and the
stirring speed of a six-blade Rushton impeller of 45 mm
diameter was kept at 1000 rpm. Aeration, temperature,
and stirring speed were chosen to mimic typical fermenta-
tion conditions. To eliminate effects of any residual sur-
factants the vessel was cleaned with a regular dish soap,
rinsed two times with demi-water, cleaned twice with 70%
ethanol and rinsed again with demi-water.

Droplet size analysis

Droplet images were recorded in situ by a SOPAT probe
(SOPAT Gmbh), and analyzed using the image analysis
software provided by SOPAT Gmbh*’ as described by
Heeres et al.*! A set of 100 pictures was taken 30 min after
every oil addition, ensuring a stable droplet size and more
than 1000 droplets per data point.

Surface tension

Surface tension of water (o,,,), caryophyllene (o,,), and
dodecane (o,,) (Table 1) were measured using a Kriiss ring
tensiometer (model 01260).

Modeling
Droplet size and required separation area

In this work, the model proposed by Alopaeus et al.,*?

which applies to turbulent conditions, was chosen to
estimate the droplet size (d,;) in the bioreactor, using the
volume fraction of the dispersed phase (¢,;), the power
input per unit mass (eg), the o/w interfacial tension (o ,,,),
the viscosity of the continuous phase (,,), the densities of
the dispersed (p,;) and continuous phases (p;), and a set of
universal constants, which are independent of the operat-
ing conditions and design parameters (C, = 4.87 x 107%;
C,=5.52x107%Cy=2.17 x 1074 C, = 2.28 x 10° m? ¥%)
(Eqn (3)):

4
ln(10.8038-¢ﬁj =C, M(ﬂ]
G o, (1+¢) 2

2/3 doﬂsm

©)

_CZ
Poil *€c

The required separation area for recovering the dispersed
oil droplets of size (d,;) and density (p,;) in a disk-stack
centrifuge was estimated based on the sigma factor (Z).
This factor is the equivalent cross sectional area of a grav-
ity settler and depends on the efficiency of the centrifuge

© 2018 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd. |
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(&), the viscosity of the aqueous phase (7,,), and the maxi-
mum capacity throughput (Q) (Eqn (4)):

_Q 18-7m,,
S doilz'(pl_poil)'g
Evaporation rate: L-V and L-L-V transfer
models

(4)

The evaporation rate of sesquiterpene (R,,,,) can be esti-
mated from its molar fraction in the gas phase (y) and the
total flow of gas leaving the bioreactor (F;) (Eqn (5)):

Revap:y'FG (5)

In this study, the maximum evaporation rate of sesquit-
erpenes at different aeration rates, fermenter volumes,
and solvent volumetric fractions was evaluated by phase
equilibrium models based on predicted physical properties
(Table 1), and experimental data from Schuhfried et al.”®
Two possible transfer routes were considered:

o Transfer from oil droplets to gas bubbles via aqueous
phase (L-L-V): This model determines the molar frac-
tion of the sesquiterpene in the gas phase (y) in equi-
librium with the aqueous phase as a function of the
Henry’s constant (kp), the total pressure (P,,,), and the
concentration of sesquiterpene in the aqueous phase
(Eqn (6)):

k

:—HCW 6
V=7 (6)

tot

Assuming equilibrium conditions between the oil and
the aqueous phase, the concentration of sesquiterpene
in the aqueous phase (C") was estimated as the ratio
between the concentration of sesquiterpene in the oil
(C°"), and the predicted values of the sesquiterpene
distribution coefficient between 1-octanol and water
(B,,) (Eqn (7))

c¢
P

ow

CW

(7)

Direct transfer from oil to gas phase (L-V): This model
assumes that oil droplets collide with gas bubbles
allowing direct transfer of sesquiterpene from oil to
the gas phase. Assuming ideal behavior, the gas phase
composition (y) in equilibrium with an oil phase of
composition (x) can be estimated by Raoult’s law

(Eqn (8)):

y=x-(p""/P,) (8)

Using the properties of farnesene as reference, the maxi-
mum evaporation rate of sesquiterpene in a bioreactor
working at 35 °C, 1 atm and aerated at 1 vvm were esti-
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Figure 2. Maximum estimated evaporation rate at 1 vvm gas flow and 35 °C, as
function of the fermenter working volume for two different routes: L-V modelled
by Raout’s law, and L-L-V modelled by Henry’s law. x = 1 is the composition of
an oil phase purely composed of sesquiterpene and x = 0.5 represents a situation
where 10% v/v of sesquiterpene is produced in a bioreactor containing 10% v/v
of solvent. Distribution of oil phase on gas-water interface depends on the con-
tact angle p: (i) When p = 0° oil phase is fully spread onto gas surface (i) $<90° oil
beads with large contact area oil-gas are formed, and (i) if >90° oil beads with
low oil-gas contact area are formed.

mated for both routes at different working scales (Fig. 2). A Process simulation: Basic assumptions

preliminary analysis considering interfacial tensions was )
The techno-economic performance of a reference case

(Fig. 1(B)) based on Tabur and Dorin® has been compared
to a solvent-based process (Fig. 1(C)) by using the flowsheet
simulation software SuperPro Designer™ (v. 9.5, build 3).
Farnesene has been selected as a reference sesquiterpene
due to its wide range of applications at different produc-
tion scales (e.g., flavors, fragrances, and fuels), and due

to the availability of some experimental data for prod-

uct recovery. Several cases have been considered for the
solvent-based process to account for the different roles

that solvents can play (Table 2). In addition, a scenario in

performed to elucidate which route is more probable. The
prevalence of one over the other depends on the interfacial
properties of the three phases. Upon droplet-bubble colli-
sion, oil can remain on the bubble surface as beads, or can
spread forming a layer (Fig. 2). The first situation would
favor L-L-V transfer of sesquiterpene via the aqueous
phase, whereas the formation of an oil layer on the bub-
ble would promote direct L-V transfer of sesquiterpene.
The values of interfacial tension (Cow) for caryophyllene
and dodecane (Table 1) were estimated following the
method developed by Girifalco and Good* (Eqn (9)) using

® = 0.5595 as indicated by Demond and Lindner'® for ali- which sesquiterpene is used to enrich kerosene has been

considered to represent an alternative in which solvents are

phatic hydrocarbons: compatible with the final product formulation. All cases
Cpy =0py +0,,—2:®-(0,,-0,, )2 9) included fermentation, primary recovery by centrifugation,
demulsification and, when indicated, product/solvent sepa-
The spreading coefficient (S), indicating the wetting of ration. The basic assumptions per step are described below.
a gas bubble by the oil phase in presence of water, and the
contact angle () between the three phases, were calcu- o Fermentation. Stoichiometric model based on meta-
lated from the interfacial tension values as described by bolic pathway

Rowli d Widom (Egns (10) and (11)):**
owlinson and Widom (Eqns (10) and (11) In this work, 100 g L™" of sesquiterpene is produced in a

§=0,,—(0,,+0,,) (10) continuous bioreactor by a recombinant strain of S. cerevi-

B ) ) N siae via glycolysis and mevalonate pathways according to
cos(p) = ((O-W“) ~(00,)" = (05,) )/(2 "OowCo) (1D the process reaction in Eqn (12):

© 2018 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd. |
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Table 2. Overview of process simulation parameters. Base case: TPl demulsification, Case 1: Dodecane

in bioreactor and CPI demulsification, Case 2: condenser in bioreactor and CPI emulsification, Case 3:
Dodecane in bioreactor and dodecane for CPI, Case 4: Farnesene for CPIl, Case 5: Kerosene for CPI.

Scale: 25 MT year™" (Flavors and fragrances, pharma, fine chemicals)

Base case Case 1 Case 2 Case2B Case 3 Case 4 Case 5
Fermentation V(md) 1.16 1.27 1.16 1.17 1.21 1.17 0.06
Evaporation 24 15 24 24 15 24 1
Farnesene (g h™")
Evaporation Na 75 Na Na 72 Na Na
dodecane (g h™)
Condenser T(°C) Na Na 15 Na Na Na Na
Centrifugation 1  o/w separation area 0.02 0.01 0.02 0.02 0.01 0.02 0.001
(m?)
Demulsification  Demulsifier Triton 0.5% MTBE 2:1 MTBE 2:1 MTBE 2:1 Dodecane 2:1 Farnesene 2:1 Kerosene 2:1
w/w (v/v) (v/v) (v/v) (v/v) (v/v) (v/v)
Distillation 1 V (md) Na 2.20 1.97 1.97 2.11 Na Na
Distillation 2 V (m?) Na 0.19 Na Na Na Na Na
Scale: 25 000 MT year™' (Biofuels and bulk chemicals)
Fermentation Vreactor(m®) 579(x2) 604(x2) 581(x2) 584(x2) 601(x2) 985(x2) 64
Evaporation 12 7 12 12 7 12 1
Farnesene (kg h™")
Evaporation Na 36 Na Na 36 Na Na
dodecane (kg h™")
Condenser T(°C) Na Na 15 Na Na Na Na
Centrifugation 1 o/w separation 21 12 21 21 12 21 1
area (m?)
Demulsification ~Demulsifier Triton 0.5% MTBE 2:1 MTBE 2:1 MTBE 2:1 Dodecane 2:1 Farnesene 2:1 Kerosene 2:1
w/w (v/v) (v/v) (v/v) (v/v) (v/v) (v/v)
Distillation 1 Number of distillation Na 25 20 20 47 Na Na
stages
Distillation 2 Number of distillation Na 34 Na Na Na Na Na

~5.3C¢H,,0, —6.00, —0.9NH,OH +1.0C,;H,,

stages

+4.4CH, (O, sN,, +12.2C0O, +17.8H,0

(12)

The previous equation assumes a production of 12 mol
ATP per mol of sesquiterpene (based on metabolic path-
way), a yield of 16.5 g cells per mol of generated ATP,** a

maintenance coefficient of 0.05 mol ATP C-molX ™! h™,*¢
and a specific growth rate of 0.04 h™".

The evaporation rate of sesquiterpene in the bioreactor
was estimated by the L-V model presented in Eqn (5), con-
sidering fermenters without off-gas condensers. To evalu-
ate the use of solvent for reducing product evaporation,
case 1, using 10% v/v of dodecane in the fermentation, is
compared to case 2 and case 2B. Case 2 implements an off-
gas condenser at 15 °C to recover the evaporated sesquit-
erpene, followed by a settler to separate the sesquiterpene

from condensation water. Case 2B does not incorporate
product recovery from the off gas.
No effects in fermentation performance have been
reported in the sesquiterpene literature for oil fractions
of 0.1-0.2 v/v. At these oil fractions it is expected that it
only affects the stirring and aeration requirements for

maintaining enough dissolved oxygen in the fermenta-
tion broth. In consequence, the current work does not
consider any impact of the solvent in the fermentation
model. Potential improvements in oxygen transfer would
be reflected in utilities requirements (i.e. power consump-
tion for stirring and aeration). However, our results show
that, in all cases, the utilities contribution to the operat-
ing costs are less than 8% (see Table 3 and supplemen-
tary material). Hence, no significant economic impact is
expected.
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o Recovery of dispersed oil phase from aqueous broth:
Disk-stack centrifuge

The dispersed organic phase is separated from the aqueous
phase and the cells using a disk-stack centrifuge. Based on
data reported by Tabur and Dorin,” it is assumed that 90%
w/w of the oil phase is recovered in the form of an emulsion
containing 75% w/w oil, 5% w/w cells, and 20% w/w water.
The droplet size of the dispersion entering the centrifuge
was calculated using the model presented in Eqn (3).

To evaluate the impact of solvent in oil recovery by
promoting coalescence and creaming in the reactor, case
1, using 10% v/v of dodecane in the fermentation, is com-
pared to case 2, which does not incorporate any solvent in
the fermentation.

o Demulsification and recovery of clear oil phase: Disk-
stack centrifuge

In the base case, the o/w emulsion is inverted by TPI
by adding 0.5% w/w of Triton x-114 as reported by Tabur
and Dorin.” In cases 1 and 2 the o/w emulsion is inverted
by CPI by adding to the emulsion 2 volumes of MTBE
per volume of fermentation broth leaving the reactor as
reported in laboratory-scale protocols.®

For evaluating alternative solvents to MTBE for CIP,
cases 3-5 were developed using 2:1 v/v of dodecane,
recycled farnesene and kerosene respectively.

In all cases, the continuous oil phase is separated from
the water phase by centrifugation in a disk-stack centrifuge
assuming 98% of clear oil recovery, a cell diameter of 5 pm *
and a cell density of 1050 g L ™! (SuperPro Designer™ database).

o Solvent-product separation: Distillation

Solvent-product separation is simulated in SuperPro
Designer™ using a distillation column. An additional
column was considered when using more than one type
of solvent. Due to the large number of separation stages
required, the use of a continuous distillation column at a
small scale would lead to an unfeasible high aspect ratio,
and therefore distillation is simulated in a batch column.

The vapor pressure of the light key (p,”¥) and heavy key
(p jmp ) components was evaluated at the molar averaged
temperature of the bottoms (Eqn (13)) and used to calcu-
late their relative volatility (Oc,-j) (Eqn (14)). The Antoine
coefficients for the components mentioned in this work
are obtained from the SuperPro Designer™ database and
Tochigi et al.*®

log,,(p"#)=A-B/(T+C) (13)

o =p" "1 p? (14)

Modeling and Analysis: Scale-up of microbial sesquiterpene production

Economic model and environmental impact

Cases were compared on economic performance and envi-
ronmental impact. Economic performance was assessed
on the basis of the unit cost ($ kg’l), calculated accord-
ing to the SuperPro Designer™ built-in model for a new
plant, considering materials cost (e.g., glucose, nutrients,
and solvents), utilities cost (e.g., heating, cooling, and
power), and facility-dependent cost (e.g., depreciation and
maintenance), and excluding labor-dependent and waste-
treatment costs. These economic estimates are expected to
have an accuracy of 25%-40%, as usual in the conceptual
design stages. To evaluate the environmental impact of the
process, the E factor (kg waste kg ™' product) has been esti-
mated.*’ This E factor accounts for the fermentation off-
gas emissions, and the bottom streams of the centrifuges
containing cells, residual sesquiterpene, and residual sol-
vent. As indicated by Sheldon,* water was excluded from
the calculations of the aqueous waste streams.

More details on the economic model can be found in the
supplementary material.

Results and discussion

The base cases, corresponding to the current state of the
art, resulted in unit costs of $49.0 kg' and $3.2 kg at

25 MT year ' and 25 000 MT year™', respectively (Table 3).
The unit cost obtained at 25 000 MT year " is within the
range publicly reported (www.amyris.com) in 2012 and
2015 ($9.6 kg™ and $2.15 kg ™', respectively). Note that, at
both scales, unit cost is dominated by the fermentation
section. At 25 MT year ' fermentation costs represent 74%
of the unit cost, already accounting for $36.3 kg™".

At 25000 MT year" this increases to 99%, or $3.17 kg™
(see supplementary material).

Lowering evaporation rate of sesquiterpene

The sesquiterpene caryophyllene has a negative spread
coeflicient S < 0, and an oil-gas-water contact angle of

B =56°. In this situation, both L-L-V and L-V transfer
routes seem feasible (Fig. 2). Similar results are expected
for other sesquiterpenes based on their comparable prop-
erties (Table 1). The lower contact angle for dodecane

B =34° suggests that some solvents could promote the
spreading of the oil phase onto the gas bubble and con-
sequently direct transfer of sesquiterpene from the oil to
the gas phase. Evaporation rates estimated at 35 °C, 1 atm,
and 1 vvm were similar for both routes (Fig. 2), ranging
from ~g h™ in 1 m® reactors to ~kg h™" in 1000 m? reac-
tors. In the simulation of a continuous fermentation these
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Table 3. Overview of techno-economic performance. Base case: TPl demulsification, Case 1: Dodecane

in bioreactor and CPI demulsification, Case 2: condenser in bioreactor and CPI emulsification, Case 3:
Dodecane in bioreactor and dodecane for CPI, Case 4: Farnesene for CPI, Case 5: Kerosene for CPI.

Scale: 25 MT year™' (Flavors and fragrances, pharma, fine chemicals)

Base case Case 1 Case 2 Case 2B Case 3 Case 4 Case 5
E factor (kg waste kg~' product) 5 5 4 5 5 5 0,3
purity % w/w 99 96 100 100 95 100 5
Unit cost ($ kg™') total stream 49.0 106.0 82.4 80.3 84.0 79.7 37.7
Glucose (%) 5 2 g 3 3 3 0
Other raw materials (%) 0 1 1 1 3 40 1
Utilities (%) 0 0 0 1 0 0 0
Depreciation and facility costs (%) 94 97 96 96 94 57 98
Scale: 25 000 MT year™ (Biofuels and bulk chemicals)
E factor 5 5 4 5 5 5 0,3
purity % w/w 99 95 100 100 96 100 5)
Unit cost ($ kg™") total stream 3.2 41 3.8 3.7 5.6 553 0.7
Glucose (%) 78 59 67 68 43 48 19
Other raw materials (%) 5 24 15 15 42 42 69
Utilities (%) 4 5 7 6 8 2 1
Depreciation and facility costs (%) 13 11 12 12 8 8 11

rates represented about 1% of the total product (Table 2).
However, the current state of the art in microbial sesquit-
erpene fermentations is fed-batch operation. In this case
lower productivities are achieved (e.g., 0.2-0.4 g L' h™ *?)
and evaporation could result in 5% to 10% of product loss.
This estimation agrees with reported loss of 3% farnesene
in a 2 L scale bioreactor operating in fed-batch at 30 °C
and 1 vvm.°

The addition of 10% v/v of solvent in the bioreactor can
reduce the evaporation rate by 50% (Fig. 2; Table 2) but
it increases process complexity by requiring more unit
operations (Fig. 1(C)). The need for an additional distilla-
tion column led to higher unit costs (Case 1, $106.0 kg™ at
25 MT year " or $4.1 kg™ at 25 000 MT year ') than recov-
ering the sesquiterpene from the off-gas using a condenser
(Case 2, $82.4 kg™ /$3.8 kg™"), or even higher than not
recovering the sesquiterpene from the off-gas at all (Case
2B, $80.3 kg /$3.7 kg™!) (Table 3).

Enhancing coalescence and creaming of the
oil phase

Sesquiterpenes and dodecane have similar interfacial ten-
sion (Table 1) and thus estimated droplet sizes for disper-
sions of sesquiterpene in water and dodecane in water
were comparable (Fig. 3). Despite this, adding solvent

in the bioreactor results in higher oil fraction and lower
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oil-phase density, leading to larger droplet size and lower
required centrifugation area (Fig. 3) for a given recovery
percentage. Experimental droplet size values were ~50 pm
lower than predicted values and Eqn (3) could only predict
experimental data when interfacial tension was lowered
to about 15 mN m™. These interfacial tension values are
similar to data reported for biosurfactants,”® which sug-
gests that residual surfactants were present despite the
thorough cleaning procedure of the mixing vessel (Fig. 3).
Although the required o/w separation area has probably
been underestimated, the required o/w separation areas
are very small (Table 2). Using the cost-model available in
SuperPro Designer™ the economic results are not affected
unless areas above 10 000 m” are needed, which would
correspond to droplet sizes smaller than 10 um. The disk
stack centrifuge also accounts for less than 15% of the
total equipment cost and therefore this underestimation
does not have a remarkable effect on the overall techno-
economic performance.

Demulsification of the oil phase by phase
inversion

At 25 MT year ! commercial demulsifiers like Triton-X114
yielded significant lower unit cost ($49.0 kg™ ) than using
low-boiling point solvents, like MTBE, as demulsifiers
($82.4 kg‘l) (Table 3). At large scale both alternatives
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Figure 3. Theoretical values of droplet size (A) and required
sigma factor (B) for recovering oil droplets in a disk stack
centrifuge of 30% efficiency and 11 L s~ capacity as func-
tion of oil fraction estimated at a constant power input

of 2.4 W kg™ (corresponding to 1.5 kg fermenter, stirring
rate of 1000 rpm, and 1 vvm of gas flow) compared to
experimental droplet size values (indicated as markers) at
power input ranging from 2.2 to 2.7 W kg~' (corresponding
to 1.275 L of water and different amounts of caryophyl-
lene and dodecane). Potential effect of lowering interfacial
tension to 15 mN m~' by surface active components in a
caryophyllene/water dispersion is also shown.

presented similar costs ($3.2 kg ™! in the base case and
$3.8 kg™! in case 2), and similar environmental impact in
terms of E factor (5 kg waste kg™' product in both cases).
The E-factors of all the analyzed cases are in the order of
values expected for bulk chemicals.*’

Some alternatives to MTBE were proposed. Using
dodecane to reduce evaporation and for demulsifica-
tion (Case 3, $84.0 kg™'/$5.6 kg™") could not compete
with the base case ($49.0 kg '/$3.2 kg™). Although recy-

Modeling and Analysis: Scale-up of microbial sesquiterpene production

cling farnesene as solvent in CPI presented lower cost
(Case 4, $79.7 kg '/$5.3 kg™') than MTBE or dodecane,

it was still less competitive than the base case. The main
reason is the partial loss of farnesene in the second cen-
trifugation step, which requires a considerable amount

of farnesene as make-up of the recycle stream. On the
other hand, enrichment of kerosene with 5% of farnesene
($37.7 kg '/$0.7 kg™") is a promising option with lower unit
costs than the base case at any scale.

Finally, this work employed 2 volumes of solvent per vol-
ume of generated broth, as reported in literature. However,
in the studied processes aqueous broth and cells were
partially removed prior to the CPI. The actual volume
ratios of solvent:emulsion are about 10:1, and a possible
reduction in solvent cost seems feasible. As an example,
reducing the amount of solvent by 50% in case 2, leads to
7% of unit cost savings at 25 MT year ' and 3% savings at
25000 MT year .

Impact of scale in techno-economic
performance

The main advantages of using solvent at process scale are:
(a) reducing product evaporation and consequently glu-
cose consumption; (b) avoiding the presence of surfactants
in the final product; (c) enhancing product recovery by
reducing o/w separation area in the disk stack centrifuge;
and eventually (d) reducing the power input requirements
in the fermentation. On the other hand, extra investment
in solvent-product separation is needed.

When a new plant is considered, as in this work, at the
small scale typical of the flavors and fragrances market,
equipment costs dominate over operating costs (see Table
3 and supplementary material). As a result, savings in raw
material when reducing product evaporation cannot over-
come the extra investment in equipment required for solvent-
product separation (case 1). A solvent-based process can only
compete with the current state of the art when considering
options that do not require extra separation units, like prod-
uct recycling (case 4) or using solvents compatible with final
product formulation (case 5). These options did not bring any
remarkable economic advantage compared to the base case;
however, they yielded higher product purity and resulted in
lower environmental impact, respectively (Table 3).

At larger scales, typical of bulk chemicals and fuels,
however, unit operating costs are significantly reduced.
Furthermore, raw materials have a much higher contribu-
tion to the costs than the equipment (e.g., about 80% in
the base case), and consequently the advantages of using
solvents in the fermentation become more relevant. In
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addition, some equipment, like distillation columns, can
be operated in continuous mode allowing for a more effi-
cient solvent-product separation. As a result, unit costs
of solvent-based processes ($3.7-5.6 kg™') are compara-
ble with the current state of the art ($3.2 kg™!), or even
lower in the context of a kerosene enrichment process
($0.7 kg ™). Larger savings in solvent-based sesquiterpene
process would require improving the CPI demulsification
efficiency by reducing the required amount of solvent and
reducing the loss of solvent and product in the aqueous
streams of the centrifuges.

Conclusions

In this work a solvent-based process for microbial ses-
quiterpene production was evaluated at different scales.
Although several simplifications were made and absolute
values should be considered with care, trends and com-
parisons among cases are expected to be correct. Solvents
reduce sesquiterpene evaporation in fermentation and
enhance product recovery. However, solvent selection
should consider compatibility with final product formula-
tions to avoid extra separation costs. Further reduction
in product recovery costs and environmental impact can
be achieved in sesquiterpene production by lowering the
amount of demulsifiers (e.g., solvent, surfactants) or by
implementing alternative recovery methods with higher
yields and less unit operations.
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Nomenclature

A Antoine coefficient

loge relative volatility

B Antoine coefficient

B L-L-V contact angle

Cp drag coefficient

C Antoine coefficient

cot concentration of sesquiterpene in the oil
d,; droplet size

ACy, difference in oxygen concentration
e power input per unit mass
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Fg Gas flow leaving the bioreactor
¢ volume fraction of oil

molecular interaction parameter

g gravitational constant

M, viscosity of the continuous phase
kg Henry’s constant

kia overall mass transfer coefficient
L liquid phase

OTR oxygen transfer rate

P’ vapor pressure

p"r vapor pressure of the light key
p jvap vapor pressure of the heavy key
Py total pressure

P, distribution coefficient between 1-octanol and

water

Q maximum capacity throughput
oy aqueous phase density

Jo oil density

Rivap evaporation rate

Ca surface tension of water

o surface tension of oil

O, oil/water interfacial tension

O, oil/air interfacial tension

N spreading coefficient

)y sigma factor

T temperature

vy creaming velocity

Vv volume

\% vapor phase

X molar composition of oil phase
¢ efficiency of the centrifuge

y molar fraction in the gas phase
References

1. Maury J, Asadollahi MA, Moller K, Clark A and Nielsen J,
Microbial isoprenoid production: an example of green chem-
istry through metabolic engineering. Adv Biochem Eng
Biotechnol 100:19-51 (2005).

2. McPhee DJ, Deriving renewable squalane from sugarcane.
Cosmet Toiletries 129(6):20-26 (2014).

3. Devi MP, Ghosh SK, Bhowmick N and Chakrabarty S, Essential
oil: Its economic aspect, extraction, importance, uses, haz-
ards and quality, in Value Addition of Horticultural Crops:
Recent Trends and Future Directions, ed. by Sharangi A and
Datta S. Springer, New Delhi, pp. 269-278 (2015).

1



S Pedraza-de la Cuesta et al.

12

10.

11.

ury

1

N

13.

14.

15.

16.

17.

18.

19.

. Tsuruta H, Paddon CJ, Eng D, Lenihan JR, Horning T, Anthony

LC et al., High-level production of amorpha-4,11-diene, a pre-
cursor of the antimalarial agent artemisinin, in Escherichia coli.
PL0oS One 4(2):e4489 (2009).

. Westfall PJ, Pitera DJ, Lenihan JR, Eng D, Woolard FX,

Regentin R et al., Production of amorphadiene in yeast,
and its conversion to dihydroartemisinic acid, precursor to
the antimalarial agent artemisinin. Proc Nat/ Acad Sci USA
109(3):E111-E118 (2012).

. Renninger NS and McPhee DJ, inventors, Fuel compositions

comprising farnesane and farnesene and method of making
the same. US patent 7846222 B2 (2010).

. Renninger NS, Newman J, Reiling KK, Regentin R and

Paddon CJ inventors, Production of isoprenoids. US Patent
2011/0287476 A1 (2011).

. Schalk M, inventor and Firmenich SA, assignee, Method for

producting beta-santalene US Patent 0281257 A1, US Patent
20110281257 A1 (2011).

. Tabur P and Dorin G, inventors; Amyris Inc., assignee, Method

for purifying bio-organic compounds from fermentation broth
containing surfactants by temperature-induced phase inver-
sion patent. US Patent 20120040396 (2012).

Ohler NL and Vazquez R, inventors; Amyris, INC., assignee.
Stabilization and hydrogenation methods for microbial-derived
olefins. US patent 0310615 A1 (2013).

Scalcinati G, Partow S, Siewers V, Schalk M, Daviet L and
Nielsen J, Combined metabolic engineering of precursor and
co-factor supply to increase alpha-santalene production by
Saccharomyces cerevisiae. Microb Cell Fact 11:117 (2012).

. Tippmann S, Scalcinati G, Siewers V and Nielsen J,

Production of farnesene and santalene by Saccharomyces
cerevisiae using fed-batch cultivations with RQ-controlled
feed. Biotechnol Bioeng 113(1):72-81 (2016).

Scalcinati G, Knuf C, Partow S, Chen Y, Maury J, Schalk M
et al., Dynamic control of gene expression in Saccharomyces
cerevisiae engineered for the production of plant sesquitepene
alpha-santalene in a fed-batch mode. Metab Eng 14(2):91-103
(2012).

Wang C, Yoon S-H, Jang H-J, Chung Y-R, Kim J-Y,

Choi E-S et al., Metabolic engineering of Escherichia coli

for a-farnesene production. Metab Eng 13(6):648-655

(2011).

Lindahl A-L, Olsson M, Mercke P, Tollbom O, Schelin J,
Brodelius M et al., Production of the Artemisinin Precursor
Amorpha-4,11-diene by engineered Saccharomyces cerevi-
siae. Biotechnol Lett 28(8):571-580 (2006).

Newman JD, Marshall J, Chang M, Nowroozi F, Paradise E,
Pitera D et al., High-level production of amorpha-4,11-diene

in a two-phase partitioning bioreactor of metabolically engi-
neered Escherichia coli. Biotechnol Bioeng 95(4):684-691
2006.

Gonzales-Vigil E, Hufnagel DE, Kim J, Last RL and Barry
CS, Evolution of TPS20-related terpene synthases influences
chemical diversity in the glandular trichomes of the wild
tomato relative Solanum habrochaites. Plant J Cell Mol Biol
71(6):921-935 (2012).

Dataphysics, Surface Tension Datasheet. Dataphysics
Instruments GmbH (2015). Filderstadt, Germany. [Online].
Available: http://www.surface-tension.de/ [January 2017].
Demond AH and Lindner AS, Estimation of interfacial ten-
sion between organic liquids and water. Environ Sci Technol
27(12):2318-2331 (1993).

Modeling and Analysis: Scale-up of microbial sesquiterpene production

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

CAMEOdatabase, Ethyl-acetate Datasheet. CAMEO database
of hazardous materials National Oceanic and Atmospheric
Administration USAgov (2015).

Montafo D, Bandrés |, Ballesteros L, Lafuente C and Royo F,
Study of the surface tensions of binary mixtures of isomeric
chlorobutanes with methyl tert-butyl ether. J Solution Chem.
40(7):1173-1186 (2011).

Hickel A, Radke CJ and Blanch HW, Role of organic solvents
on Pa-hydroxynitrile lyase interfacial activity and stability.
Biotechnol Bioengin 74(1):18-28 (2001).

Girifalco LA and Good RJ, A theory for the estimation of sur-
face and interfacial energies. |. Derivation and application to
interfacial tension. J Phys Chem 61(7):904-909 (1957).
Asadollahi MA, Maury J, Moller K, Nielsen KF, Schalk M, Clark
A et al., Production of plant sesquiterpenes in Saccharomyces
cerevisiae: effect of ERG9 repression on sesquiterpene bio-
synthesis. Biotechnol Bioeng 99(3):666-677 (2008).

Schuhfried E, Aprea E, Mark TD and Biasioli F, Refined meas-
urements of Henry’s law constant of terpenes with inert gas
stripping coupled with PTR-MS. Water Air Soil Pollut 226(4):1-
13 (2015).

Bruce LJ and Daugulis AJ, Solvent selection strategies for
extractive biocatalysis. Biotechnol Prog 7(2):116-124 (1991).
Han GH, Kim SK, Yoon PK-S, Kang Y, Kim BS, FuY
et al., Fermentative production and direct extraction of
(-)-a-bisabolol in metabolically engineered Escherichia coli.
Microbial Cell Fact 15(1):185 (2016).

Brennan TCR, Turner CD, Kromer JO and Nielsen LK,
Alleviating monoterpene toxicity using a two-phase extrac-
tive fermentation for the bioproduction of jet fuel mixtures in
Saccharomyces cerevisiae. Biotechnol Bioeng 109(10):2513—
2522 (2012).

Garcia-Ochoa F and Gomez E, Bioreactor scale-up and oxy-
gen transfer rate in microbial processes: An overview. Biotech
Adv 27(2):153-176 (2009).

Clarke KG and Correia LDC, Oxygen transfer in hydrocar-
bon-aqueous dispersions and its applicability to alkane bio-
processes: A review. Biochem Eng J 39(3):405-429 (2008).
Janssen ACJM, Kierkels JGT, Lentzen GF, inventors and
Isobionics BV, assignee, Two-phase fermentation process
for the production of an organic compound. WO Patent
2015002528 A1 (2015).

Coulaloglou CA and Tavlarides LL, Description of interaction
processes in agitated liquid-liquid dispersions. Chem Eng Sci
32(11):1289-1297 (1977).

Walstra P, Principles of emulsion formation. Chem Eng Sci
48(2):333-349 (1993).

Heeres AS, Picone CSF, van der Wielen LAM, Cunha RL and
Cuellar MC, Microbial advanced biofuels production: over-
coming emulsification challenges for large-scale operation.
Trends Biotechnol 32(4):221-229 (2014).

Tippmann S, Nielsen J and Khoomrung S, Improved quan-
tification of farnesene during microbial production from
Saccharomyces cerevisiae in two-liquid-phase fermentations.
Talanta 146:100-106 (2016).

Perazzo A, Preziosi V and Guido S, Phase inversion emulsi-
fication: Current understanding and applications. Adv Colloid
Interface Sci 222:581-599 (2015).

Salager JL, Morgan JC, Schechter RS, Wade WH and
Vasquez E, Optimum formulation of surfactant/water/oil sys-
tems for minimum interfacial tension or phase behavior. Soc
Petrol Eng J 17(2):107-115 (1979).

© 2018 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd. |

Biofuels, Bioprod. Bioref. (2018); DOI: 10.1002/bbb



Modeling and Analysis: Scale-up of microbial sesquiterpene production

38. Yeo LY, Matar OK, de Ortiz ESP and Hewitt GF, Phase inver-
sion and associated phenomena. Multiphase Sci Technol
12(1):66 (2000).

39. Glonke S, Sadowski G and Brandenbusch C, Applied cata-
strophic phase inversion: a continuous non-centrifugal phase
separation step in biphasic whole-cell biocatalysis. J Ind
Microbiol Biotechnol 43(11):1527-1535 (2016).

40. MaaB S, Rojahn J, Hansch R and Kraume M, Automated drop
detection using image analysis for online particle size moni-
toring in multiphase systems. Comput Chem Eng 45:27-37
(2012).

41. Heeres AS, Schroen K, Heijnen JJ, van der Wielen LAM and
Cuellar MC, Fermentation broth components influence droplet
coalescence and hinder advanced biofuel recovery during
fermentation. Biotechnol J 10(8):1206-1215 (2015).

42. Alopaeus V, Koskinen J and Keskinen K, Simulation of the
population balances for liquid-liquid systems in a nonideal
stirred tank. Part 1 Description and qualitative validation of the
model. Chem Eng Sci 54(24):5887-5899 (1999).

43. Coulaloglou CA, Dispersed phase interactions in an agi-
tated flow vessel. PhD thesis, lllinois Institute of Technology,
Chicago (1975).

44. Rowlinson JS and Widom B, Three-phase equilibrium, in
Molecular Theory of Capillarity. Dover Publications, Mineola,
NY, pp. 207-248 (2002).

45. Verduyn C, Stouthamer A, Scheffers WA and van Dijken J, A
theoretical evaluation of growth yields of yeasts. Antonie Van
Leeuwenhoek J Microb 59(1):49-63 (1991).

46. Gustafsson L, Olz R, Larsson K, Larssson C and Adler L,
Energy balance calculations as a tool to determine mainte-
nance energy requirements under stress conditions. Pure
Appl Chem 65(9):1893-1898 (1993).

47. Ahmad MR, Nakajima M, Kojima S, Homma M and Fukuda T,
The effects of cell sizes, environmental conditions, and growth
phases on the strength of individual W303 yeast cells inside
ESEM. IEEE Trans Nanobiosci 7(3):185-193 (2008).

48. Tochigi K, Yamagishi M, Ando S, Matsuda H and Kurihara K,
Prediction of Antoine constants using a group contribution
method. Fluid Phase Equilib 297(2):200-204 (2010).

49. Sheldon RA, The E Factor: Fifteen years on. Green Chem
9(12):1273-1283 (2007).

50. Rodrigues LR, Banat IM, van der Mei HC, Teixeira JA and
Oliveira R, Interference in adhesion of bacteria and yeasts
isolated from explanted voice prostheses to silicone rubber by
rhamnolipid biosurfactants. J App/ Microbiol 100(3):470-480
(2006).

Susana Pedraza-de la Cuesta

Susana Pedraza-de la Cuesta has
combined her background in chemi-
cal engineering and biotechnology to
pursue her PhD on the integration of
fermentation and recovery of sesquiter-
penes at Delft University of Technology.
Currently, she researches bioprocess
and membrane separation as R&l process technologist
for Danone-Nutricia.

S Pedraza-de la Cuesta et al.

Loes Knopper

Loes Knopper obtained a master’s
degree in biochemical engineering from
Delft University of Technology. During
her master’s thesis project she studied
technical and economic feasibility of
microbial sesquiterpene production.
Currently, she is working as a process
engineer in the petrochemical industry.

Luuk A.M. van der Wielen

Luuk A.M. van der Wielen is Distin-
guished Professor for Biobased Econ-
omy at Delft University of Technology,
and Director of the Bernal Institute for
Biosystems Engineering and Design of
the University of Limerick. Since 2004
he has been director of BE-Basic, a
globally operating private-public research organization
for biobased sustainable industrial chemistry and energy.

| Maria C. Cuellar

Maria C. Cuellar worked for about

10 years as assistant professor in bio-
process engineering at Delft University
of Technology, focusing on developing
novel process concepts and equip-

» ment for integrated fermentation

and separation, and, in particular, for
multiphase fermentation processes. She currently works
as group lead integrated bioprocessing at the DSM Bio-
technology Center.

© 2018 The Authors. Biofuels, Bioproducts and Biorefining published by Society of Chemical Industry and John Wiley & Sons, Ltd. |

Biofuels, Bioprod. Bioref. (2018); DOI: 10.1002/bbb

13





