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Abstract

Fermentative production of alcohols is a promisattgrnative to petroleum-based fuels
industry. However, the development of a competitbvelogical process implies the
achievement of higher production titer and enhampreductivity. In the case of butanol
production by solventogenic strains, In Situ PradRecovery (ISPR) techniques help
to overcome the inhibition threshold of the micigamism and to reduce the overall cost
of downstream process. In this work, gas stripgi@§) was preliminary studied in an
abiotic system and high flow rates (vwvm - vessélinee minute> 2 mini*) were needed
to achieve higher butanol stripping rate than itedpction rate. Combined liquid
extraction (LE) with pulse Gas Stripping (GS) wexeplied to batch fermentations
resulting in a synergic effect giving a higher glse consumption rate and a lower
aqueous butanol concentration. Moreover, in thibridysystem, biphasic bioreactor

acted as a “liquid-liquid equilibrium step” and bgihases were stripped concomitantly.

Keywords:. IBE; extractive fermentation; gas strippir@pstridium beijerinckii.
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I ntroduction

Production of fuels and chemicals from sugars ltniacéed much attention during the
last decades, becoming a global priority as atmesphCQ levels and oil prices
continue to increase. Alcohols obtained by fermtmtaprocesses are included among
the most promising petroleum substitutes due tar ttvede range of applications:
advanced biofuels, industrial solvents, chemicati&ock bioplastics production, etc.
The development of an economically competitive dmatal process implies the
achievement of higher production titers of alcohol the bioreactor. However,
microorganisms usually have limited tolerance fart@in products and may be
inhibited by excessively high concentrations odagrivhen the threshold concentration
is exceeded. Particularly, ABE (acetone, butanthamol) and IBE (isopropanol,
butanol, ethanol) fermentations are subject tongtriohibition by product$l], which
leads to low final product concentration, high ney costs and large volumes of
wastewater generation. Several options have bgxamteel to produce metabolites from
fermentation beyond their inhibition threshold. Qussible solution would deal with
the improvement of the biocatalyst, in terms ofhleigselectivity and tolerance towards
the main fermentation product. Another alternatifiecuses on the biocatalyst
environment and concerns the decrease of prodhdbition by continuous product
removal and recovery from the fermentation medidiims can be achieved by an In
Situ Product Removal system. The later approadwalthe recovery of butanol as fast
as it is produced during the fermentation, and titusvould keep the butanol
concentration under the inhibition threshold. Thikows the generation of more
concentrated butanol stream which is more easdguered2, 3, 4, 5, 6]Jand results in
several benefits impacting the overall processoperance: smaller reactor volume,
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lower downstream cost, less wastewater generalio@.integrated product recovery of
butanol (and other alcohols) from aqueous broth banbased on the differences
between physical and chemical properties of thepmamds to be separated, or on their
interaction with an auxiliary agent or material.dny case, the total recovery of butanol
is not necessarily achieved in the pre-concentrastep and thus further purification
may be required. Separation techniquesifositu product recovery that have been
explored over the last few decades are adsorgasstripping, liquid-liquid extraction,
pervaporation, etc.

Among different possibilities, gas stripping (G$isas as a relatively simple technique
that can effectively remove AIBE compounds from feementation brotlj7]. Gases
generated during AIBE fermentation -or externalragdike nitrogen - are used in this
technique to separate the solvents. These gasesparged into the bioreactor and
volatile compounds are recovered and subsequeatigensed. Gas stripping can be
used either in situ or in stream configurationsthwer without previous removal of
solids. Several AIBE configurations (batch, fedcbaand continuous mode) have been
tested in laboratory scale, and in all cases Hwhptoduct yield and productivity have
improved. The effects of several operating params&ieh as the gas recycle rate, the
bubble size or the amount of antifoam added tdotioéh have been studigd, 9] for a
gas stripping system coupled or not to fermentatiaejiet al, 2005[10] observed that
C. beijerinckiiwas not affected adversely by GS and products/iied yields were
increased to 200 and 118% respectively, as comparedntrol in batch fermentation.
Xue et al, 2012[11] applied gas stripping in fed-batch mode to a systembining
free and immobilized cells doubling its referenceoductivity, obtaining highly

concentrated condensates and reducing about 90tP& @stimated energy cost for the

4
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overall process. However, even if GS technique awps in all cases fermentation
performances, before its industrial applicatiorvesal aspects will need to be faced up,
such as: excessive foaming during fermentationlézats to operational problems, high
cost of stripped alcohols recovery, huge compresseeded.

In situ butanol recovery technique by liquid extractiorc]Lcoupled to a fermentation
system, an insoluble extracting compound is addethé fermentation broth. Both
phases are then easily separated. The optimalrgolyea compromise between high
alcohol distribution coefficient and no toxicitywards microorganism$s, 12]. In
practice, biocompatible solvents present low butamtraction capacity, therefore high
volumetric ratio of solvents to aqueous phase elad in order to keep butanol below
the inhibition threshold concentration, which irases the operational volume
necessary in the bioreactor.

Combination of bothn situ recovery techniques (GS and LE) and their appdinatfor
batch and fed-batch ABE fermentations were firsppsed by Lu and Li, 201 3]. In
their work, the authors applied nitrogen strippotigectly through the organic phase
(oleyl alcohol) in a biphasic reactor. They obtalim®m ABE productivity of 40 % higher
at vwm = 1.6 miri* in batch mode and increased up to 95-105 % irb&tch modé14]
applying 1.6 and 3.3 min' of gas flow rate, respectively. Moreover, glucose
consumption was boosted consequently.

In this work, a hybrid system combining gas stmgpand liquid extraction was applied
to batch IBE fermentations. Vegetable oil basedtunecsolvent was used in a biphasic
reactor and the integrated technique (GS-LLE) perémce was compared to control
assays (individual ISPR technique). Previously, gfapping was studied in an abiotic

set up (representative synthetic fermentation nmediono cells) in order to evaluate a
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first order striping rate model and to establisb dptimal operating window for this

system.
1. Material and Methods
2.1 Experimental set-up for abiotic | BE gas stripping

A schematic of the experimental apparatus for ¢@speng used in this study is shown
in Fig. 1. End fermentation representative solutions of tabol-isopropanol-ethanol
(11/5/0.5 g/L) (PubChem CID: 2633776, 702, respectively) were prepared in
demineralized water and placed in 1 L bioreact® (L of working volume) with a
Rushton impeller and a sparger placed on the bottothe vessel below the impeller.
Temperature inside the bioreactor, agitation ratéd gas flow rate were controlled
variables in the system. For collecting condensates cold traps were arranged and
cooled at 4 and -15 °C, respectively. Sampling d@se in the reactor and also in both
cold traps, so the performance of total alcohdpging process could be estimated.
Nitrogen (PubChem CID: 947) was sparged throughaitpgeous solution at a fixed
flow rate before it was led to the condenser flamkd then through a flask with water
containing ice before it was released to the atin@sp Temperature set point in the
bioreactor was fixed at 37 °C while agitation rats set at 300 rpm. Gas stripping rate
was evaluated at several vvm (1 vwvm = 1 L efpér 1 L of liquid volume per minute):

0.5, 2 and 3 mift. Each experiment was carried out twice.
2.2 Mathematical development

The system was described by means of a simple s@ap@ model in order to quantify
the stripping process. At gas-liquid interface, 8teady state flux balance can be

expressed as follows according to Whitman doulhie theory:
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P =k (C, -C)=K(C, -C,)=K s (HC, -C},) (molifis) Eq. A1

Wherek,, ks are respectively the individual mass transfer facieht based on liquid
and gas phases (m/®l¢ is the overall mass transfer coefficient basedas phase
(m/s), Ci;, Cig the bulk liquid and gas composition for compoundniol/m?),
respectively.C', C*i,g are the corresponding equilibrium composition wihhlk
composition in each phase (mofjm Moreover, H denotes the Henry coefficient
(dimensionless). Therefore, the gas phase balareqressed as follows:

d(C,)

o= =-Q,(C,) +ViK calHC, -Cly)  (molis) Eq. A2

WhereVy is the gas phase volume in the bioreactol),(Mr the total volume (), Qg
denotes the flow gas rate through the bioreactdthimGas composition is assumed to
be solute free at the bioreactor inlet. Eq.A.2 rhaysimplified with a quasi-steady state
approximation in the gas phase as following:

V.K caH

=T & mol/m® ...Eq. A.3
¢} Qg+VTK|_Ga il ( ) q

In liquid phase, mass balance for solubeing stripped can be expressed as:

d(C, )

dt =)V, + Q(Cm,o B Ci,l )-V:Kg a(HC“ B Ci,g) (moI/m3) Eq.A.4

\7

Where V, is the liquid phase volume in the bioreactor’)(mV; the total volume
(thereforeVr= V|+Vy) (m®), Q denotes the liquid flow rate through the biorea¢tw’/h)
and 1 the reaction rate for compound i inside the bict@a(mol/Lh). The first two
terms are assumed to be equal to zero (closednsystdiquid phase, and no reaction

inside since abiotic system was employed). Consigethese assumptions and
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combining previous equations, the simplified expi@s for the variation of aqueous
phase composition during gas stripping for compdunds obtained:

dC,) _  KaQH

o C,=-B8C, (mol/ms) Eq. A5

\%
ViLQg +VLKLGa

T

B denotes the stripping factor which finally encskermodynamicsH) and transfer
(K ca) effects. If we assume that the system does na Aay mass transfer limitations,
previous equation may be simplified to:

d(C,) _ QH
dt V,

C.,=-BC, (mol/is) Eq. A.6

According to Eq. A.6, in a thermodynamic controllggstem stripping factor can only

be improved by applying higher vessels volume pi@ute to the system.

In parallel, dynamic simulation of a successiveliligvapor flash operations occurring
inside the bioreactor has been developed with SIMBULhermodynamics software.
The aim of this model is the prediction of the systthermodynamics, in other words,
the maximal attainable stripping rate at operatingditions, in case of no gas-liquid
transfer limitations exist. This model also incladéuid-liquid-vapor flash calculus
applied to outlet gas flow, in order to simulatédcwap units and to predict condensates

composition.
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2.3 Microorganism and culture media

C. beijerinckiiDSMZ 6423 spores were stored in 180saline suspension cryotubes at
-60 °C. All experiments started with a heat-shotkhe spores for 1 min at 100 °C to
induce germination and subsequently they were usedinoculate 10 ml of
potato/glucose preculture medium previously stedi (121 °C, 20 min). The
preculture media was incubated anaerobically at°G6 24 h. The abiotic culture
medium was regenerated at 100 °C for 10 min prelowand placed inside an
Anaerocult jar (Oxoid) for 72 h to guarantee anconditions at the beginning of the
fermentation. The potato/glucose preculture mediantained the following
composition: 250 g/L boiled potatoes; 2 g/L (N#$OQ, (PubChem CID:6097028p
g/L CaCQ (PubChem CID10112), 10 g/L glucose (PubChem CID: 53782692)e Th
pre-culture medium was transferred to 100 ml ofurel medium disposed in 250 mL
sealed biphasic bioreactor using Schott bottle,viptsly purged with nitrogen
(PubChem CID: 947) during 20 min. The culture medicomposition for IBE
fermentations was: 6 mg/L Fe$@H,O (PubChem CID62662); 1 g/L MgS® 7H,0O
(PubChem CID: 24083); 1 g/L KO, (PubChem CID: 516951); 0.6 g/L,KPO,
(PubChem CID:24450); 2.4 g/L CHCOONH, (PubChem CID:176); 0.1 g/L p-
aminobenzoic (PubChem CID: 978); 2.5 g/L yeastastt(PubChem CID24973165)
and 60 g/L glucose (PubChem CID: 53782692). Bighbgireactors were incubated at

36 °C and low orbital agitation (50 rpm).

24 Pulse gas dripping, extractive and integrated gas stripping-extractive

fermentations
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Batch IBE fermentations were performed to study empare the effect of pulsed gas
stripping, liquid liquid extraction and integratees stripping-liquid liquid extraction

system. All fermentations were carried out in 500 sohott bottles, filled with 200 mL

of culture media and initial glucose concentratigrd0 g/L. The culture medium was
inoculated with 20 mL of cells in their maximal grh rate (same inoculum for all the
bottles). The system was previously purged withThe temperature was fixed at 36 °C
and gentle agitation was kept at 50 rpm. The wikglktem was autoclaved at 121 °C
during 20 minutes before inoculation, pH value 8at to 6 at the beginning of the
fermentation and then it varied freely through teenentation according to the acids

generation and subsequent consumption.

Gas stripping fermentations were carried out by #pplication of four nitrogen
stripping pulses of 1.5 vwm for 30 min at 25, 44, &nd 118 h of fermentation,
respectively. Schott bottles were adapted with & gfzarger in order to optimize the
droplet distribution inside the bioreactor. A vegjd@e oil base mixture composed of
sunflower oil (90 % v/v) and a;gbased Guerbet alcohol (2-Butyl -1-Octanol, 2B10)
(PubChem CID19800) was tested as extractive agent in biph&siodntations. The
ratio organic: agueous phase was fixed at 1:1.(\Weyv agitation allowed maintaining
a clear separation between phases in all fermentatirhe bioreactor was adapted with
a sampling device for both aqueous and organic gsha¥he integrated system
(GS+LLE) was carried out at the operating condgidescribed above. Two duplicates
of each system were carried out at the same tinmy One of the duplicates was
sampled periodically and the other one was kemetl@and not sampled until the end of

fermentation.

2.5 Analytical methods
10
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Samples were centrifuged at 4000 rpm for 20 mierefore in the supernatant were
measured: pH (Toledo mettle; Columbus OH-USA), gagc consumption (YSI 2700
Select; Yellow Springs OH -USA). IBE products iretaqueous phase were quantified
by Gas Chromatography (Agilent Technologies 7890B &ystem; Santa Clara CA-
USA), equipped with an Agilent VF-624ms column gside (PubChem CID: 23987)
as the carrier gas and a flame ionization detd€id), temperature of the oven was 35
°C and it was increased at a gradient of 2 °C/mitil 60 °C and subsequently increased
up 15 °C/min to 200 °C for 10 min. Alcohols wereagtified in the organic phase with
a back flush (reversal flow) system consisting of 20 m HP-PONA precolumn
(Agilent Technologies) with a pressure ramp of 3@sl for 30, 40, 45 and 50 min
followed by 5 psi/min until 10 psi, and 0 psi dgir0-10 min. The HP-PONA
precolumn was connected to a 45 m HP-PONA colunmil¢At Technologies) with a
pressure of 34.5 psi and a temperature ramp of23®r 10 min, 1.1 °C/min until 130
°C, then 15 °C/min until 280 °C and finally to 28C for 0-15 min. The flame
ionization detector temperature was at 300-310B%h columns used He as the carrier
gas. In aqueous samples, free growing cell evalulvas estimated measuring optical

density at 600 nm (Spectrophotometer Shimadzu UAQ1Kyoto, Japan).

2. Resultsand Discussion
3.1 Butanal stripping rate

The butanol stripping rate was investigated ateltiferent gas flow rates: 0.25, 1 and
1.5 L/min (corresponding to 0.5, 2 and 3 vvm, resipely). The bioreactor was filled
with synthetic aqueous solution representing timalfIBE fermentation composition

(11, 5 and 2 g/L for butanol, isopropanol and ettharespectively) at the beginning of
11
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each experiment. Temperature was first raised \BY ttC inside the reactor and stirring
rate was fixed at 300 rpm. Aqueous solution waspdatheach 2 h for calculating
alcohol striping rate. At the same time intervalsndensates were collected in the cold
traps for further analyses and quantification. Ekpental obtained data were first
compared with SIMULIS thermodynamic modeling resutir alcohols stripping rate
inside the bioreactor (butanol aqueous concentraimlution inFig. 2). It can be seen
that thermodynamic prediction for aqueous butamgpletion rate is in good agreement
with experimental data for 0.5 and 2 vvm. Theseltexonfirmed the absence of mass
transfer limitation in the bioreactor under expesirtal conditions. In other words,
thermodynamic controlled the process and therefacquired data will give the
maximal attainable butanol stripping rate or tha@imial vvm that should be applied for
a given extraction rate. Data obtained with 3 vvmovged that butanol was stripped
slightly faster than thermodynamic prediction. Thaén be attributed to non-negligible

physical entrainment of water droplets in outleé when high flowrates were applied.

Based on these experimental results and previ@esission, Eq. A.7 was regressed for

estimation of stripping rate constapi ti') at different conditionsTable 1) as follows:

C.
In( ",OJ
Ci
="/ ..Eq. A7

Butanol and isopropanol have similar stripping ratmstants (slightly higher for

butanol), and they are systematically two timeshéigthan ethanol stripping rate
constant. These results are in agreement with étijal, 2013[9], which studied the
gas stripping with IBE model solutions at fixed vwml min ™. Stripping rate from

aqueous medium will depend not only on strippingeficient (which encloses

12
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thermodynamics — Henry coefficient- and mass temstKLG-) but also on
concentration ratio of alcohols in aqueous sysi@ni 1]. Stripping rate order has been
kept constant in our experiments: butanol was @&dphigher than isopropanol, while
stripping rate of ethanol was lower. Relative gty rate of alcohols is difficult to
predict as Henry coefficients from literature prasenigh variability for these

compounds in such diluted solutions.

Alcohols stripping rates generally diminished widbkcreasing IBE concentrations in
aqueous solutionT(@ble 2). In batch process fermentations, butanol setsnihigition
threshold because it is the main inhibitory metaband its removal rate should be at
least equal or higher than the specific produgtieit butanol in the bioreactor, in order
to avoid its accumulation. A macroscopic mode iregpiin ABE literature was
developed (data not shown) in order to estimat@imianeous butanol productivity in a
batch fermentation. Maximal butanol productivitysmelose to 0.5 g/Lh after 30 h of
fermentation. These data were compared able 2 and it was observed for each gas
flow rate applied (or vvm) a minimal butanol contration in the aqueous phase inside
the bioreactor that it was needed in order to egedlutanol productivity and butanol
stripping rate. According to these results, a vvrB=fin® would never be enough to
follow biological production in studied conditioi37 °C). Minimal concentration of 5
g/L of butanol inside the bioreactor must be reddbefore applying a gas stripping of
vwm=2 min' in order to strip butanol as fast as its maxintaldpctivity rate. Butanol
inhibition threshold imposes the maximal concemdratthat would be suggested in

order to maximize productivity during operation.

13



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

3.2 Selectivity

Selectivity is defined here as mass unity of segblcohol per mass unity of stripped
water in the gas outlet of the bioreactor. In abaiperation system, selectivity varies
as a function of water and inlet gas stripping cosifion, since the ratio water/alcohol
in the gas stream is governed by system thermodgsanm this experimental work,
only end point selectivity is obtained, as a reetikin overall mass balance of water and
alcohol in the system; it would be therefore a mealne corresponding to the whole
batch assay. InFig. 3 selectivity was calculated by thermodynamic sirtiata
(SIMULIS software, using specific in-house thermodgic model) and was plotted as
a function of butanol concentration in the aguephiase inside the bioreactor at fixed
operating conditions (37 °C and 2 vvm). Experimedtda corresponding to the end of
the batch assay at 2 vwm (at minimal butanol commagan) were higher than the
estimated ones, since these data correspondee@ tmehn total selectivity considering
higher concentration of butanol in the aqueous @hfasm the beginning of the
experimental test, as it was stated previously.

Butanol selectivity by nitrogen stripping techniqweas low: which means that outlet
gas left the bioreactor with non-negligible wateiaqtity (even if physical entrainment
was not considered here). This behavior will diseghpact the operational cost of the
process and will determine the recovery systenaofls in gas loop.

Stripping rate of water scarcely varied in functiohbutanol aqueous concentration
while stripping rate of butanol increased propardilly to its stripping coefficient and
the local agueous butanol compositif8]. Then, the asymptotic diminution of the

process selectivity when the medium was increagidijited could be explained. These

14
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results showed that gas stripping process becatagesting only with a fixed butanol
concentration in the aqueous phgkH.

3.3 Condensation rate and condensates composition

In a gas stripping-fermentation coupled industpiacess, not only stripping rate of the
inhibitory metabolite should be kept at least equaalits production rate inside the
bioreactor but also stripped alcohols should bky fdcovered from the gas loop before
being recycled, in order to renew and maintainrtisgiipping capacity through the
operation.

The experimental unit used in these experimédfits ) had two condensers in cascade
working at 4 and -15 °C, respectively. Almost thaality of condensates were
recovered from the first cold step at 4 °C. Onlytlet end of each batch assay (when
alcohol concentration was lower in the aqueous ghasnass of condensates could be
quantified from cold step at -15 °C. Strong lingarexisted between butanol
concentration in the condensates and butanol ctracem in the aqueous phaded.

4). Experimental data corresponding to GC analyoadensates were obtained from
the batch assays carried out at vwm= 2 hirepresented ifFig. 4) experimental data
showed good agreement with the simulated onesreatddy SIMULIS model. Besides,
if the aqueous butanol concentration was higher ttsalimit solubility (7.7 % wt. at 20
°C) a phase demixing zone could force an additisephration of the condensate liquid
phase (simulated dakag. 4). Moreover, this behavior has been already pronesBE
fermentation-GS coupled techniq[iel]. Additionally, it would be possible to recover
one or two liquid phase alcohols in the condensaddisctor (cold trap at 4 °C) which
were highly concentrated (> 10-100 times the ih@@ncentration in the bioreactor) but
the collected volume could represent only the 5%iofeactor initial volume.

15
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3.4 Suggested operation

The first objective of the gas stripping recovezghnique is the end product inhibition
alleviation by partial stripping of main inhibitorpetabolites in a process. By means of
combined abiotic experimentation with synthetic nfentation broth and
thermodynamic simulation work, it has been provédt tthis technique becomes
interesting at higher alcohol concentration in amsephase (remained under inhibition
threshold). Indeed, not only butanol stripping rat&s maximized when its
concentration was the highest in aqueous phasealbotselectivity of the process (g
alcohol stripped/ g water stripped) decreased atyioplly when the medium was
diluted. In this work, alcohol concentration in demsates from the outlet gas was
linearly dependent on the stripped aqueous phaseeotration and above solubility
limit of butanol in water (~7.7 % wt. at 20 °C) whkeadditional separation by demixtion
zone appeared. From previous statements, it wagestgf the application of gas
stripping technique for IBE fermentation in a puieede (or intermittent mode): gas
stripping would be activated only when butanol iataa predefined concentration in

order to boost extraction performances.

3.5 Pulse gas stripping, extractive and integrated gas stripping-extractive coupling

fermentations

IBE fermentations coupled to different separatiechhiques were carried out in batch
conditions. GS, LLE and hybrid GS-LLE system arenpared to control fermentation

(no separation technique). For GS and GS-LLE sysfeiise-mode operation for gas

16



345 injection (nitrogen) was applied at three predefitime intervals since aqueous butanol
346  was not known on real time.

347 For extractive fermentations, a vegetable oil basédure composed of sunflower oil
348 (90% v/v) and a C12 based Guerbet alcohol (2 hldgkanol, 2B10) was used as the
349 extractive agent-ig. 5 represents two discriminatory parameters in théopaance of
350 IBE fermentation with GS and LLE coupling technigu¢he first one represents the
351 glucose consumption and the second one the butamaentration in aqueous phase.
352 Synergic effect was reached with GS-LLE couplinghteque based on higher glucose
353  consumption rate and lower aqueous butanol coret@mrduring the operation because
354  butanol extraction rate from agqueous phase was inoreased than individual ISPR
355 techniques and control assays. Overconsumptior3% glucose was observed when
356 GS or LLE performed individually; while hybrid irgeated technique showed 45% of
357 overconsumption of glucose related to control feragon. Total solvent
358 concentrations were not quantified during theseeagpces because gas phase was not
359 analyzed in these experiments. Nevertheless, smilent IBE production could be
360 estimated and ranked from sugar consumption andtaonIBE yield of fermentation
361 (0.35 g/g). These data are synthetizedl able 3. On the other hand, iRig. 5 it is
362 observed that bioactivity was stopped approximataty 60 h for fermentations
363 containing the extracting phase inside the biomaatven if non-inhibitory butanol
364 concentration (<4 g/L) was measured in the aqueuhase and remaining glucose
365 concentration could be quantified. This could beikaited to midterm toxicity of the
366  solvent used in LLE-fermentations towards the dpeniicroorganism employed. This
367 needs to be further investigated. This solvent stbbiocompatibility at the beginning

368 of the fermentation in previous screening work &dadt shown). Glucose consumption
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392

rate and biomass formation were enhanced durindirgte50 h Fig. 5), which means
that biocompatibility of this solvent is not an uss during the first part of the
fermentation. Kollerup and Daugulis (1983p] classified the modes of cell inhibition
in extractive fermentations into different mechamssdepending on the initial effect of
the solvent into the metabolic and enzymes actilitying the fermentation. In our case,
middle term toxicity was observed with vegetablenoixture and 2B10O, respectively.
These results should be confirmed in future expenis

Respective theoretical equilibrium concentratiohbuianol and isopropanol in organic
and aqueous phase are estimated from experimeatdtiqgn coefficient of the
extracting solvent previously determined and cosr&id organic and aqueous volumes
at each sampling time. These data were plottedrign 6 with experimental data
corresponding to the evolution and distribution bfitanol and isopropanol
concentrations in aqueous and organic phases ititsédeiphasic bioreactor. Both series
data (experimental -lines- and theoretical equiior distribution -dots-) were in
agreement so it could be concluded that GS-LLEesysbehaved as an equilibrium
stage in the experimental conditions studied fos garticular set up configuration. In
other words, the mass liquid-liquid transfer rataswhigher than the main metabolite
production rate. This behavior has already beerrobd for ABE fermentatiofil2].

On the other hand, butanol in organic phase inidyBiS-LLE system seemed to be
partially stripped when compared to LLE single t@ghe, since its concentration
slightly decreased from 50 h of fermentation. T¢as be explained by a phase transfer
phenomena from organic phase to aqueous phase wafieous phase has been
stripped. Butanol in aqueous phase forms butant#fwazeotrope which is more

volatile than butanol and water alone. When gagstrg technique was applied, the
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azeotrope was stripped because of its lower boifomt than water. Interestingly,
organic phase acted in this case as a butanolgstéoaboth limit and control butanol in
aqueous phase, while gas stripping technique redhtive extra water concentration.
The concomitant gas stripping with this configurathas already been mentiorjéd].
The authors applied in their system oleyl alcolwha extracting agent, which has four
times higher partition coefficient for butanol thtére vegetable oil based mixture used
in this work. As a result, it had a positive efféat liquid extraction but made it more
difficult for solvent regeneration (more alcohofimity in organic phase). Continuous
gas stripping technique was applied directly in dhganic phase system from 48 h of
fermentation in order to boost final glucose congtiom, while pulse-fedbatch gas
stripping was applied in this work from the earkgps of fermentation in order to

increase glucose consumption and production rates.

3. Conclusions

Gas stripping was studied in abiotic representatsyestem for (A)IBE batch
fermentation. High flow rates (vwm > 2 min) were needed in order to achieve
stripping rate of butanol higher than biologicabguction rate. A pulse-GS mode was
suggested, allowing to maximize selectivity (g Imalég water stripped) and alcohol
concentration in condensates. Combined separatdmigues (pulse —GS-LLE) were
then applied to batch fermentations. A synergicectffappeared when using the
integrated technique, resulting in the highest meit@xtraction rate and productivity.
Moreover, biphasic bioreactor acted as an equilibristep and both phases were

stripped concomitantly.
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480 Legends
481

482  Table 1. Stripping rate constan) at 0.5, 2 and 3 vvm for synthetic IBE aqueous
483  solutions.

484

485 Table 2. Butanol removal rate from model.

486

487 Table 3. Estimated IBE concentration (g/L) in aqueous phaader ISPRI situ
488  product recoverytechnique): gas stripping (GS), liquid-liquid edtion (LLE) and
489  coupling GS-LLE fermentations.

490

22



491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511
512

Fig.1. Experimental system for abiotic IBE gas strippirsgd in this study.

Fig.2. Butanol aqueous concentration evolution (experialentata: dots,
thermodynamic simulation: lines) vvm=0.5 rli(@ ); vwwm=2 mifi- (A ); vwm=3 min™

(@).

Fig.3. Selectivity variation of the batch abiotic gasgting process, experimental data

(m), thermodynamic simulation (line).

Fig.4. Condensates composition at 4 °C versus aqueotsndiuconcentration,
experimental data &), total condensate simulation (line), demixed corghtes

simulation (o).

Fig.5. Glucose, butanol concentration and absorbancaqureous phase with ISPR

techniques. 4GS, 4 LLE, ¢ GS+LLE, x control).

Fig.6. Total butanol and isopropanol (g/L) concentrafioaqueous and organic phases
with LLE and GSLLE coupling fermentations. Calculated butanol);(calculated

isopropanol 4); experimental butanol (e); experimental isopropanol().
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513 Tables
514
515 Table 1. Stripping rate constanB) at 0.5, 2 and 3 vvm for synthetic IBE aqueous
516  solutions.
Stripping rate constant, p (h™)
Alcohols vwmO05min™ | vwwm2min™ | vwm3min™
Butanol 0.042+0.009 0.107+0.009 | 0.184+0.010
Isopropanol 0.040+0.01 0.098+0.009 | 0.170+0.002
Ethanol 0.021+0.005 0.053+0.006 | 0.108+0.010
517
518
519 Table 2. Butanol removal rate from model.
Butanol concentration in aqueuse phase Butanol stripping rate (g/L h)
(g/L) vwm=0,5min™* | vvm=2min* | vwm=3 min™
0 0 0 0
2 0.08 0.21 0.37
4 0.17 0.43 0.74
6 0.25 0.64 1.10
8 0.34 0.86 1.47
10 0.42 1.07 1.84
520
521 Table 3. Estimated IBE concentration (g/L) in aqueous phaader ISPRI§ Situ
522  Product Recoveryechnique): gas stripping (GS), liquid-liquid eadtion (LLE) and
523  coupling GS-LLE fermentations.
524
Estimated | BE concentration
(gL)
Control 12.41 + 0.38
GS 13.01 +1.61
LLE 13.82 + 0.65
GS+LLE 16.46 £ 0.24
525
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Fig. 1. Experimental system for abiotic IBE gas strippirsgdi in this study.
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560 Fig. 6. Total butanol and isopropanol (g/L) concentraiimagueous and organic phases
561 with LLE and GS-LLE coupling fermentations. Caldeld butanol ¢); calculated
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