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Real-time monitoring of continuous fermentation byRaman spectroscopy
Therese Krieg

Popularvetenskaplig sammanfattning

Sedan Al Gore lamnade Vita Huset och blev miljokémped dokumentérein Inconvenient
Truth, har vi blivit 6verosta med rapporter om hur vi p&ee var planet. Allt fran bilder pa
isbjornar som desperat greppar tag om smaltanidd isArktis, till reportage om
klimatflyktingar. Klimat och miljofragor varit ettaxande samtalsamne varden over.
Oljeberoendet som idag existerar ar varken halkdbet forsvarbart infor framtida
generationer — det ar helt klart en obekvam sanning

Under en langre tid har flera alternativa bran$teskats fram. Bio-etanol fran lignocellulosa
ar ett intressant alternativ att ta i beaktandgnacellulosa som biomassa innefattar t.ex.
restprodukter fran skogs och jordbruksindustrirmBterialet ar billigt, fornybart och finns i
rikliga méngder. Fortsatt utveckling av processeumiag tillverkningen kravs dock
fortfarande. Detta projekt har fokuserat pa atbédira processkontrollen vid fermentation.
Det behovs ett effektivt satt att snabbt analysgckelprodukter i real-tid utan att paverka
processen. Raman spektroskopi &r en metod somrfépgéarakteristiska vibrationer i
molekylerna och resulterar i ett spektra dar ck&@eponenter representeras kvantitativt.
Enskilda koncentrationer for komponenter av iniegss fram genom att analysera data med
kinetiska modeller. Férdelen med real-tids Overvagirar resultaten och indikationer pa hur
processen gar ar tillhanda direkt, vilket undesiétbr processkontroll.

Examensarbete 30hp
Civilingenjorsprogrammet i Molekylar Bioteknik
Uppsala Universitet

Juli 2014






Table of Contents

F Y o] o] £V = 11 o] o TR 7
LISE Of T@DIES ... e e e e e e e e e e e e e e e e e e e eeeeenaeees 7
LIST OF FIQUIES ..ttt e e e e e e e e e e e e e e e e e e e e eeeeeeeenees 7
I [ 01 (o To [ T £ o TSR RRPPPPRT 9
2. ODJECtIVE OF PrOJECT ....coiiiiiiiiiiiiitii ettt e e e e e 10
T = - Tt (o | (o 18] o SRS 10
3.1 RAMAN SPECIIOSCOPY -.eevvunneeeiertnns s e e e e e eeta e e e aeeessnaaeeeeesssmnnaaaaeeeeesnnnnns 10
3.2 Saccharomyces cerevisiae ATCCOB58L ... 11
3.3 The fermentation process: glucose to ethanol.............ccccvviiiiii e, 12

|V =1 T T £ PRSP PPPPUPPRPRPRTR 12
4.1 Cell culturing and MEIA..........uueumiiaieieeiii s 12
4.2 Continuous fermentation SYSIEM .........uceecciiiiiiie e 14
4.3 OVerview Of @XPEIMENTS........uuuuiiiiieie e eeee e e e e e e e e e eeaaaaeeeeees 14
4.3.1 Continuous fermentation 1: testing differgihition rates.............cccceevvvvvvnnnnns 14.
4.3.2 Continuous fermentation 2: using raman inaitkg outside the fermenter............. 14
4.3.3 Continuous fermentation 3: using a highecgbe concentration.......................... 14
4.3.4 Continuous fermentation 4: using hydrolysate...........ccccccceeeeeiiiiiiiieieiiiiiieeesd 15
4.4 Data acquisition and @nalYSIS.........uuucceereeeeeiieiiieeeiiirrr e e e e e e e rnaee e e e e e e e 15

5. RESUIS @Nd DISCUSSION.....ccciiiiiiiiii ettt ettt e e e e e e e e e e e e e s s s nnnnne e e e e e e e e e s 15
5.1 Continuous fermentation 1: testing differehatidpn rates.............ccceeeevvviivveviininn 16
5.2 Continuous fermentation 2: using raman insittt @utside the fermenter................ 17
5.3 Continuous fermentation 3: using a higher ghectoncentration...............cccc.......... 19
5.4 Continuous fermentation 4: using hydrolySate..............cceeiiiiienieeieiiiiiiieiiiiieees 21

(ST 0] [od (1] o o [P TP 24
7. ACKNOWIEAGEMENLTS ... e 27

. R I BNCES ... e e 28






Abbreviations

ATCC: American type culture collection
APC: Advanced process control

HPLC: High pressure liquid chromatography
MCRB: Membrane cell-recycle bioreactor
PCA: Principal component analysis

PLS: Partial least squares

RMSE: Root-mean-square-error

List of Tables

Table 1: Components in poplar hydrolysate ........ccccoieiiiiiiiiiiiie e
Table 2: RMSE for glucose and ethanol ...........cccccooooiiiii e,

Table 3: SUMMAIY ... e r e e e e e e e e

List of Figures

Figure 1: Major peaks for Ethanol and Glucose Raanan spectra..............cccooeeveeennes
Figure 2: Schematic of the continuous fermentasigstem set up .............ccccovvvnnnnnn.
Figure 3: Continuous Fermentation 1: Processed Rala@.........................cccevnne.
Figure 4: Continuous Fermentation 1: Ethanol andage concentration...........
Figure 5: Continuous Fermentation 2: Processed Ralat (permeate)............
Figure 6: Continuous Fermentation 2: Processed Ralat (fermenter).......................
Figure 7: Continuous Fermentation 2: Ethanol anetGde concentration......................
Figure 8: Continuous Fermentation 3: Processed Rala@......................c.coeevvenne.
Figure 9: Continuous Fermentation 3: Ethanol andage concentration...........
Figure 10: Continuous Fermentation 4: ProcessedaRatata (fermenter).....................

Figure 11: Continuous Fermentation 4: ProcessedaRalata (permeate)......................

Figure 12: Continuous Fermentation 4: Ethanol dodage concentration

Figure 13: Utilization of additional sugars in hgtfsate..............cccoovii s






1. Introduction

In a world dependent on fossil fuels, with a pateristry industry that is exploiting oil
reserves, there is an immediate need for an atteen®a fossil fuels. The vast global use of
petrochemicals has created an increase of greealgaises in the atmosphere (van Moris et.
al., 2006). Due to the environmental impacts o$ildsiels, eco-consciousness has increased
and incentives towards developing alternative faetsgrowing stronger (Favaro et. al.,
2013). An attractive alternative to fossil fueldusl derived from lignocellulosic materials
such as wheat straw or poplar. The carbon cydeebfderived from plant biomass has a
balance between feedstock production and carboadgidixation, thus not impacting the
environment in the way fossil fuels do. One of thest promising of alternative fuels is bio-
ethanol. In addition to the environmental beneditalternative fuels they also address the
concerns about energy security in the world (vami$/et. al., 2006).

Worldwide the interest in biomass-derived fuel imseased along with the gasoline price
spikes. To cope with both the increased cost idyoets from fossil fuel and the climate
changes many countries are investing in alternatingtainably derived fuels, such as bio-
ethanol (Limayem et. al., 2012). The primary feedstfor first generation bio-ethanol
production is corn, wheat, or sugarcane. This saasguestion with concerns addressing
impacts on society, whether or not we should begi&od crops for fuel (Favaro et. al.,
2013). Lignocellulosic derived biofuels is theref@ promising technology. Lignocellulosic
materials can be provided in large quantities fpsularge-scale production. It is a low-cost
and abundant raw material. Even though the matiés&lf is accessible at low costs, it
requires high cost and labor intensive procesdimggyem et. al., 2012).

New technologies that are emerging should imprg@nicurrent production processes by
increasing efficiency and cost effectiveness, whetucing environmental impacts (Limayem
et. al., 2012). Lignocellulosic biomass is suitaddean energy source since it is abundant and
renewable. As mentioned above it is also inexpensiich reduces the final cost of the fuel
derived from it. The major components of lignoclelse are cellulose, hemicellulose, and
lignin. The biomass is converted to sugars thrdugltrolysis and the hydrolysate can then be
fermented by a microorganism. However, a rangatubitory compounds are formed during
the process of hydrolysis, which makes the prooégsrmentation more complex (Larsson

et. al., 2001).

Fermentation can be performed as a batch, fed-pata@dontinuous process. The advantage of
a continuous fermentation system is that inhibifmmgducts are continuously removed from
the bioreactor, leading to less inhibition and éretbnversion. To increase productivity
further it is necessary to obtain and maintaingd ltell concentration, this is done through
cell recycling. It is not possible to reach celhcentrations at required level by the
conventional fermentation processes, mentionedeglexen though fed-batch system are
frequently used to attain high cell density. Howefeel-batch is usually more often used
when there are no inhibitory products present. @e§cling can effectively be used to
maintain high levels of cell concentration in bac#ors. For a continuous fermentation
system immobilization and cell recycle methodssariéable since they can function with high
dilution rates, which would otherwise lead to waslt- To achieve complete cell recycling,
membrane based-techniques are preferable. Eveghlthnmambrane based cell recycling can
cause shear damage on the cells and affect theatfisxadvantageous due to the fact that it
allows for high cell density and is easily replaesen during operation. (Chang et. al., 1994)



Several analytical methods, such as, ultraviolsiblé spectrophotometry, gas
chromatography/mass spectroscopy, capillary elelbtesis, and electrochemical methods
can be used to analyse monosaccharides in hydrelydawever unlike these methods,
vibrational spectroscopy methods, like Raman oaned (IR) spectroscopy, can present
information on chemical content of multiple anatytd the same time. In comparison to IR
spectroscopy, Raman is advantageous when workithgagueous solutions. This is because
water does not produce high amounts of scatteimilie region of interest and thus it is a
better technique for quantitative analysis in tidase (Shin et. al., 2011).

Providing fast and reliable information about reattand product concentrations during
fermentation processes is necessary to facilitetegss control. Quantitative measurements
of bioconversion processes today mainly rely odio# technologies, such as high
performance liquid chromatography (HPLC). Perforgramalysis on an off-line instrument
delays critical system evaluation, making procesgrol more difficult. Better knowledge of
the parameters involved in the process of fermemaombined with a suitable online
technology would provide a better understandinthefchemical and physical properties of
the systems used for fermentation of bio-ethanoli@e spectroscopic methods such as
Raman, enables fast analysis of the progress aygtem. As Raman is able to provide high-
resolution information, it has been useful as &alon method in the petrochemical industry
(Roberto et. al., 2012).

2. Objective of project

With the aim to make alternative fuel productionl gmocess control more efficient, there is a
need to rapidly and non-destructively be able terteine the key analytes during
bioconversion. Using HPLC as an assessment meduuires aliquot samples taken during
fermentation and thus the results will be at haraltane much later than when the sample
was taken. Raman spectroscopy could be used tmaoosly monitor the process and data
would be accessible immediately.

The objective of this project was to set up a cardus fermentation with a cell-recycle
system and evaluate the possibility of using RaByctroscopy as real-time online
monitoring for continuous fermentations. Continufersnentations in a membrane cell-
recycle bioreactor (MCRB) were performed using ksyththetic glucose media and diluted
poplar hydrolysate. Experiments were designeddibdéferent conditions for the continuous
system to function at as well as the best way liecioRaman data. Raman data was collected
throughout the fermentations and HPLC was usedtasral validation.

3. Background

3.1 Raman spectroscopy

Raman spectroscopy is a vibrational spectroscopitiod that can be used for quantitative
modelling. A Raman spectrum provides chemical angigal data that is used for online
monitoring. To process the data is more diffictiierefore chemometric tools, such as,
principal component analysis (PCA) and partialisgsiare (PLS) are used to analyse the
Raman spectral data (Roberto et. al., 2012).
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Raman spectroscopy is a technique based on ligttesang, or Raman scattering. The laser
diode sends out a laser beam, exciting the mole@uld causing shifts in energy. The light is
scattered and returned, to be detected by the Rarstaament. The characteristic vibrations
of the different molecules will be detected andvehh@as peaks at different Raman shifts.
There are certain peaks that are characterisaat¢h molecule. The intensity and wavelength
of these peaks correspond to the quantity of eaotpound present. The spectra is used to
monitor the fermentation process and predictingcthcentration of each compound of
interest. The main compounds in this project anarmel and glucose. For ethanol there is a
major peak at 883cthrepresenting C-C stretching as well as two smalhess around 1047
and 1084cr. For glucose a major peak is located around 1123&igure 1).

HPLC is the most regularly utilized off-line instnent. Like most off-line techniques it
creates time delays and also limits the numbeabdlation samples that can be taken for a
particular time interval (Roberto et. al., 2012h i#nportant aspect of Raman spectroscopy is
that it analyses the sample in a non-destructive Waoes not affect the quality or condition
of the fermentation process. In addition it camlewithout the costly and time-consuming
sample preparation and analysis time of HPLC (Eckaet. al., 2012).
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Figure 1: Major peaks for ethanol and glucose Raanan spectra.

3.2 Saccharomyces cerevisiae ATCC96581

Saccharomyces cerevisiae is a well known yeast and widely used in indugBgoek and
Steensma, 2007). It is commonly used for sugathtan®l| fermentation. Wild typ8.

cerevisiae can ferment hexose sugars such as glucose and searhmwvever it is not capable
of fermenting pentose sugars such as xylose. Int pilamass hydrolysate, xylose is one of
the major compounds, along with glucose (van Metrial.,2006). There are many different
strains ofS cerevisiae, during this project the non-modified strainSterevisiae
ATCC96581 has been used.
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This yeast is more tolerant than other microorganige.g. bacteria) to inhibitory products
such as ethanol or glycerol. (Almeida et. 2007) It is very robust and can resist high
osmotic pressure and is tolerant to low pH levetsH 4.0).S cerevisiae ATCC96581 has an
optimal growth at a temperature around@@Limayemet. al.,2012) and has in geneal
high thermotolerance (Favaro et. aD13).

3.3 The fermentation process: glucose to ethanol

Glucose is one of the dominant sugars in plantdlydate and can be fermented by wild type
Saccharomyces cerevisiae via the Embden-Meyerhof pathway of glycolysis,qarang
ethanol.S. cerevisiae only requires a concentration gradient acrospkiagma membrane to
take up glucose. After the uptake of glucose it el dissimilated via the Embden-Meyerhof
pathway that oxidizes glucose to two pyruvate maks; resulting in 2 ATP molecules (van
Moris et. al., 2006). The fermentation is alwaysampanied by the formation of carbon
dioxide as a byproduct (Limayem et. al., 2012).

The reaction is a follows:

CeH1206 + 2R + 2ADP > 2CH,CH,OH + 2CQ + 2ATP

4. Methods

4.1 Cell culturing and media

S cerevisiae ATCC96851 was obtained from agar plate culturés dells were grown in a
glucose media (10g/l each of peptone, yeast extmadtglucose) for a total of 48 hours
before fermentation. Media was inoculated with celbnies and then grown for 24 hours at
30°C and 175rpm orbital shaking in a MaxQ4000 iatab(Thermo Fisher Scientific). Cells
were then spun down at 4000rpm for 5 minutes usmgllegra 25R Centrifuge (Beckman
Coulter) and transferred to fresh media. After kap®4 hours cells were harvested by
centrifugation, as before, and resuspended in d solame of 0,9% NaCl. The concentration
of cells was determined using absorbance measutsrae600 nm (UV-1700 Pharma Spec,
Shimadzu). The cell concentration used for inocoiadf fermentation was 5g/I.

Synthetic fermentation media contained 10g/l peptd@g/l yeast extract, 2g/l ammonium
sulphate, 2g/l sodium nitrate, and 0,2g/l sodiutplsate. Glucose was added to the media to
the desired concentration. The poplar hydrolysate evluted 1:3 with water. The diluted
poplar hydrolysate for fermentation was spiked witicose to a 60g/lI concentration. Added
to the hydrolysate was also nutrients (2 g/l ammonsulphate, 2g/l sodium nitrate, and 0,2
g/l sodium sulphate). All media was filtered throug0,2 um sterile filter before
fermentation.

Prior to fermentation the concentration of sugdegradation components such as furfural, 5-
hydroxymethyl-furfural, and acetic acid, as welllas concentration of total phenolics were
measured in the hydrolysate. Table 1 shows theeobof these components in the original
hydrolysate and the diluted one used for fermeortati
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Table 1: Components in poplar hydrolysate. Totanaltics, Acetic Acid, 5-hydroxymethyl-furfural,

furfural, and sugars.

S Sugars
Components| 8 | & — . o
i S < LL E n n (0] Q
in Poplar o S = 5 g 3 @ ® @
Hyd Eo%sate é '@ T E ._c% g S ° %
= @© ) X
9 < 18] 0 s
Diluted 245| 460, 03| 221 018 03 466 6.%53 Q.8
Non-diluted | 5 45| 140 118 608 057 091 14p1 1921 2.77
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RAMAN Out SLEED oo
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PERMEATE | g | FRETENTATE > a Agit: 200rpm
MaoH
Collect RAME FEED
Permeste -
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Figure 2: Schematic of the continuous fermeateasystem set up.
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4.2 Continuous fermentation system

The continuous fermentation system consisted obitw@actor (New Brunswick Scientific
BioFlo 115 bioreactor) and a cell recycling memileré®1n? Pellicon 2 Filter, 0,2 micron) as
the main parts. As shown in the schematic of thtisoous system in Figure 1 the bioreactor
had a feed for recycled cells from the membrangedksas a feed for fresh media, thus
continuously adding sugar and nutrient as wellwalling up the cell concentration. Media
and cells are pumped from the fermenter to the éé¢lde membrane, the components are
then separated and cells retained and pumped btacthie fermenter. Ethanol and glucose is
pumped out and collected through the permeate side.

The continuous fermentations were performed eithard or a 1 bioreactor. The fermenter
was also equipped with a pH probe, temperatureepielel probe, exhaust condenser, and
acid/base ports. The constant conditions for fetatem were 30C, pH 6.0, and 200 rpm
continuous agitation. The pH was maintained au8ifig 2M NaOH and 2M HCI. A Raman
probe was used to collect data of the permeatefthowall the fermentations, as well as in the
fermenter for specific experiments.

4.3 Overview of experiments

Four different continuous fermentations were penked using different conditions. Prior to
continuous fermentations, batch fermentation uiegsame glucose concentrations were
performed in order to locate the time it takesdach ethanol peak production. All continuous
fermentations were started as a batch processatigihol peak production was reached.
Samples were continuously taken every 2 hours frenfermentation broth and the
permeate, for analysis by HPLC for Raman validati®&aman was set to collect data every 15
minutes with a 7 second exposure time, unless wiberspecified below for the specific
experiment.

4.3.1 Continuous fermentation 1: testing differentilution rates

Continuous fermentation 1 tested different dilutrates. The fermentation was performed to
determine an optimal dilution rate for continuop&@tion. A total volume ofl synthetic
media with 60g/I glucose in d Bioreactor was used. The continuous system waforumn

total of 46 hours. Four different dilution ratesO®; 0,1; 0,15; and 0,3 were tested.

4.3.2 Continuous fermentation 2: using raman insidand outside the fermenter
Continuous fermentation 2 studied the differendg/ben collecting Raman data inside the
fermenter, in the presence of cells or at the patenstream, after cell separation. With the
hypotheses that collecting Raman data at the peenflea will give a better prediction. A
working volume of 0,bsynthetic media with 60g/l glucose in labloreactor was used to
determine if there were any changes based on gcdwo different dilution rates; 0,2 and
0,1 h*, were utilized, and running for around 24 hourshea

4.3.3 Continuous fermentation 3: using a higher gleose concentration

The difference in Raman prediction using a highecase concentration was tested in
continuous fermentation 3. Glucose concentratios wereased in the synthetic media to
120g/l in a total volume ofl synthetic media in a dioreactor for this fermentation. The
continuous fermentation was run at dilution ratind for a total of 12 hours. The permeate
flow was controlled by a pump to match the dilutiate.
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4.3.4 Continuous fermentation 4: using hydrolysate

This fermentation was run using diluted poplar loygkate media. It was run with a total
volume of 1in a 1 bioreactor at a dilution rate of 0,1 for 18 hours. Raman was set to
monitor both the permeate stream as well as irtbieléermenter. Raman was set to collect
data at 7 seconds exposure time initially, but letéhe process changed to collect every 3
seconds at the permeate and every 20 seconds theifermenter.

4.4 Data acquisition and analysis

HPLC was used to assess the glucose, ethanol yeta concentrations. For hydrolysate
HPLC was also used to detect additional sugareptégalactose, arabinose, xylose, glucose
and mannose) as well as acetic acid, 5-hydroxyrmyéahfyiral, and furfural. Total phenolics
concentration present in the hydrolysate was medsusing Folin Ciocalteau reagent.
Analysis of sugars was run on a ICS-3000 lon Chtography System (Dionex

Corporation), and the remaining components on em&ttu Prominence LC. Standards were
used to quantify the unknown samples in both cases.

Raman data was collected through the RamanRXN2rsyd{aiser Optical Systems, Ann
Arbor, MI) with a probe immersed in the media. Lrasavelength of 785 nm was used with a
power around 230mW. Raman spectroscopy was alsbtaseake standard calibration
samples using known concentrations of both glueoskeethanol ranging from 1-60g/l. These
were used to build a Partial Least Square (PLS)atmddhe 609/l PLS model was used for all
predictions, and in addition a 120g/I PLS model aig® used to predict Raman for
Continuous Fermentation 3. The model is used tdigréhe concentrations of compounds
from the Raman data. The processed Raman datanstimpared to the HPLC validation set
to assess the accuracy of the Raman reading. falfoam HPLC was analysed using Excel
(Microsoft Works). The data from Raman spectrosospyg analysed using Matlab
(MathWorks). Absorbance was measured for the dedesamples at 600 nm. The
absorbance was then used to calculate the contientcd yeast cells, using a calibration
curve determined b$ cerevisiae cell dry weight.

5. Results and Discussion

Each continuous fermentation generated validataia tom HPLC and the raw Raman data.
The raw data was processed with a polynomial §ttmreduce the elevated baseline that is
present in the spectra between 300 and 1800 ime data was normalized based on an
internal standard peak at 418&mepresenting a signature peak from the blue sepplobe
tip. In the processed Raman data (Figure 3, 5, 8)0.8and 11) the major specific peaks of
ethanol (883cm) and glucose (1123ch) can be seen. Only a few specific data points from
the collected data are plotted in these figurewder to clearly see the increase and decrease
of ethanol and glucose concentrations, respectiVélg estimated concentration of
components from Raman and HPLC can be seen plagidst each other in the graphs in
Figure 4, 7, 9, and 12. Raman data was collected/éhb minutes but is plotted as average
over two hours to match the HPLC sampling pointsufmary of data including substrate
and product concentrations as well as conversi@s izan be seen in Table 3. Root-mean-
square-errors (RMSE) of predictions are shown inl§ &.

In addition to ethanol, the by-product glycerol vedso formed in the fermentation process.

However, it was an insignificant amount in compamiso the concentration of ethanol
produced. The cell concentration for each fermematontinuously increased throughout the
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fermentation. Separating out the ethanol decraakéstion and cells can continue to grow
and ferment. Spikes present in ethanol productmhghucose consumption are due to extra
media being added to the fermenter in order to taeivolume, thus increasing glucose
concentration and reducing ethanol production mdaniy

5.1 Continuous fermentation 1: testing different dution rates

For the continuous fermentation 1, it is clear thatRaman is able to predict the process of
glucose consumption and ethanol production atisfaetory level. The RMSE for ethanol

was 5,5 and 6,6 for glucose (Table 2). As can ba seFigure 4, the concentrations assessed
from fermenter, permeate, and Raman follow a simtiénd.

This fermentation was run to test out the differdihition rates. The lower dilution rates (i.e.
0,05; 0,1; and 0,150 appear to work well, showing a steady level baebl being produced
as well a low level of residual glucose preserthanpermeate stream, indicating high sugar
conversion. On the contrary, for the higher dilntiate of 0,3Hthe cells started to die off
and sugar conversion was greatly reduced, whidteffl ethanol yield.
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Figure 3: Continuous Fermentation 1: Processed Ratata showing main peaks for ethanol (883cand
glucose (1123ciy.
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5.2 Continuous fermentation 2: using raman inside rad outside the fermenter

Continuous fermentation 2 also showed a clean Rapeactra when collecting data at the
permeate (Figure 5). Whereas when data was call@ws@le the fermenter (Figure 6), there

is a lot of noise present in the spectra. The audit noise can be correlated to the increasing
cell concentration, which reduces the Raman sitprabise ratio. The concentration assessed
from Raman data inside the fermenter did not gisaaessful prediction of glucose or
ethanol concentrations, as seen (Figure 7) whemared to the results from the HPLC and
the Raman collected at the permeate. The concemsaassessed from samples taken at the
fermenter, permeate and Raman at the permeat&/falkimilar trend. Comparing the error in
prediction, RMSE, much higher values are obtainedmusing Raman data collected inside
the fermenter than at the permeate (Table 2).

Using a smaller fermentation vessel size with aelowolume than in continuous fermentation
1 proved more difficult to maintain at a constaolinne for this system. With the first

dilution rate of 0,2H it was more difficult to maintain the volume comgtéhan with the
dilution rate of 0,1H. The later one gives a better functioning contirafermentation system
where ethanol production is kept at a constant lewe sugars completely utilized.
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Figure 5: Continuous fermentation 2: Processed Radwta (permeate) showing main peaks for ethanol
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Figure 6: Continuous fermentation 2: Processed Radwa (fermenter) showing main peaks for ethanol
(883cm") and glucose (1123ch
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Figure 7: Continuous fermentation 2: Ethanol anttgse concentration. A) Ethanol concentration caispa
between measurements inside the fermenter , ipghmeate, and predicted by Raman inside the feenanid
in the permeate flow. B) Glucose concentration carigpn between measurements inside the fermentéhngi
permeate, and predicted by Raman inside the feenamid at the permeate. Vertical dashed lines atglithe
time point when the dilution rate (D) was changed.

5.3 Continuous fermentation 3: using a higher glucge concentration

When testing a higher glucose concentration irstfiieetic media with Continuous
Fermentation 3 the prediction from the collectedn@a data was not as good as for the
previous fermentations. However, the Raman speeagaclear and peaks easy to distinguish
(Figure 8). During the fermentation issues with m&ining the volume were met and,
combined with the shorter time it was run, it wdgéalllt to get a steady glucose reading.

When using the 60g/l PLS model, Raman for the glaquediction compared to HPLC
results is in a better range than the predicteanetihconcentrations. Where as when using the
120g/I PLS model the ethanol prediction is in clem®ge to the HPLC data and the glucose is
not. As can be seen in Figure 9, the concentrabefgeen Raman and HPLC can vary to a
difference up to as much as 20-25g/l, where aprevious fermentations the difference was
only at a maximum of 5-10g/l. Seen in Table 2,RMSE values indicate that the 60g/| PLS
model was sufficient for predicting the glucose @amtration but not the ethanol. On the
contrary the 120g/l model could predict the ethamwicentration with a RMSE value of 9,8
compared to the glucose RMSE of 57,4.
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Table 2: RMSE for Glucose and ethanol

RMSE Ethanol | Glucose

Continuous

Fermentation 1 > 6,6

. 5,3 8,4
Continuous

Fermentation 2

14,17 | 3347

. 25,17 | 13,07
Continuous

Fermentation 3

9,8 57,4

. 38,8 | 102,9™
Continuous

Fermentation 4

16,4 81,07

RMSE=Root mean square error.

"I Raman data collected at permeatBaman
data collected in fermentérRaman predicted
with 60g/l PLS model! Raman predicted with
120g/l PLS model.
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Figure 9: Continuous fermentation 3: Ethanol andtgée concentration. A) Ethanol concentration caispa
between measurements inside the fermenter, ingivagate, and predicted by Raman. B) Glucose caratiemt
comparison between measurements inside the ferméntbe permeate, and predicted by Raman. Raratn d
has been predicted using both a PLS model with laHRlidation set with a maximum concentration 20g/|
(120g/I set) and 60g/I (60g/I set).

5.4 Continuous fermentation 4: using hydrolysate

Using hydrolysate for fermentation worked well asds the fermentation process is
concerned. Cells were growing and all glucose aadnose sugars were utilized. Ethanol
production was at a constant level throughout ¢énemé&ntation. Raman data collected inside
the fermenter, shown in Figure 10, contained heylells of noise. The permeate Raman data
also contained some noise but peaks are detectaldeen in Figure 11. Glucose
concentration levels were not successfully prediébe either of the collected Raman data
sets, as seen in Figure 12.

The ethanol concentrations can be seen in FiguréHeethanol prediction for the fermenter
was close to the HPLC validation set. Varying withisimilar range as for the predictions
made for 60g/I synthetic glucose media. As forgbaneate data, that ethanol prediction was
way above the actual levels of concentrations nredsoy HPLC. Which contradicts the
results from continuous fermentation 2, and theokiygses, where it was shown that the
readings at the permeate gave much better preasstoboser to that of the HPLC result, than
did the prediction from the Raman collected insltefermenter. The values for RMSE are
all generally high (Table 2), but it can be noteattRMSE, when using Raman data collected
inside the fermenter, are lower than the valueRMSE when using Raman data collected
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from the permeate flow. It can be noted, in Figl®eand 11, that the Raman spectra from the
fermenter is noisy, although peaks can be detextddhe spectra from the permeate is much
clearer, indicating that that would make the prediicmore accurate.

Arbitrary Unit

[ | | I | |
500 600 700 &00 500 1000 1100 1200

Raman Shift {cm?)

Figure 10: Continuous fermentation 4: Processed dRadata (fermenter) showing main peaks for
ethanol (883cm) and glucose (1123cHh
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Figure 11: Continuous fermentation 4: Processed dRadata (permeate) showing main peaks for
ethanol (883cm) and glucose (1123cHh
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In Figure 13, the additional sugars present arevah®he pentose sugars, xylose and
arabinose, are not utilized ByCerevisiae as expected. As for the hexose sugars, galagose i
partly utilized and mannose is completely utilizdng with glucose. Phenolic compound
concentration in the poplar hydrolysate was redulszligh dilution with water. This reduced
the total concentration of phenolics from 5.5g/2tbg/l, as seen previously in Table 1.
Neither filtration of the media trough 0,2 um deefilter nor going through the membrane
reduced the total phenolics or acetic acid conaéotrs significantly. The concentration of
furfural and 5-hydroxymethyl-furfural were redudedzero after filtration through 0,2 um
sterile filter.

Overall for this specific system set up, a largeume of 1 was optimal for the continuous
system to work at and continuously be maintainel@nstant volume. Whereas for the
smaller volume; higher dilution rates caused pnaislevith holding the volume constant. At a
lower dilution rate the smaller volume also workeell. Higher dilution rates are not optimal
for this system to function at. A dilution rate@fLh™ seemed to be the most efficient one for
this specific system. Although different sizes @fmienters were used in different experiment
and thus also different volumes of media it camtied that a 0,Thdilution rate seemed to

be the best to maintain a functioning system. Feetlie media at a 0, thate, and also
controlling the permeate flow to work at the saite rwas ideal for this system.

6. Conclusion

A continuous fermentation system was successfatlyp and it was possible to monitor the
fermentation process via Raman spectroscopy. Bitweaize and volume did affect the
performance of the system, but a steady statersystes achieved with dilution rates below
0,2h%. Increased sugar concentration in the mediadfédet system did not significantly
affect sugar conversion. For a synthetic media @@ty| glucose the Raman data could be
accurately processed to give an adequate measurefrtee concentrations of substrate and
product. For the higher glucose concentration tiediptions were not as accurate, most likely
due to the PLS model since the Raman spectra logéed. When using the 60g/l PLS
model, prediction was better for glucose than athand vice versa for the 120g/l PLS
model. This could be because the glucose concemtrdiiring the fermentation will be low,
and therefore more accurately predicted by a mioastd on lower glucose concentrations.
The ethanol concentration, during the fermentaticas continuously held at a higher
concentration, thus more accurately predicted lmpdel with more data points in the same
range as the observed ethanol production.

It can be concluded that the Raman probe worksvaesih in a loop outside fermenter when
collecting data. The Raman spectra obtained frapdrmeate flow has less noise and more
clearly visible peaks. Thus, readings must be taiftar cells have been recycled and
transferred back into the fermenter in order toagelean spectra. From readings inside the
fermenter it was not possible to retrieve data ¢faae a clean spectra without noise present.
The cell density inside the fermenter is too higd areated to much noise for an accurate
reading, although peaks are still visible in thecta.

When looking at fermentation of hydrolysate, thisra large amount of background noise and
it is difficult to get a good Raman reading inside fermenter. The Raman reading at the
permeate did give a clearer spectra from which péallowing ethanol and glucose
concentrations can be observed. The ethanol praalist better than the one for glucose,
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perhaps because this peak is more specific toibinations in ethanol than the 1123¢mpeak

is to glucose, which is present in a larger nundbgreaks. It also makes sense not to have the
Raman probe inside the fermenter from an indugtoait of view. In a bigger vessel and
with a bigger system, that kind of set up would Ib@tealistic. When comparing collecting
Raman data inside the fermenter or at the permiatdermentation with synthetic media
confirms that concentration predictions are moeate from the data obtained after cells
have been removed. However, the fermentation usydgolysate did not show this. The
prediction from the data obtained inside the ferimegave a more accurate prediction of
ethanol concentration. This might be due to thetfaat even though the spectra is noisy, the
peak at 883 crhis clear with no interference of noise. It can dsmoted that the cell
concentration for fermentation with hydrolysate dat reach a level as high as for synthetic
media, thus resulting in less interference fronksdelthe Raman reading.

Although the fermentations were not run to prodarc®ptimal yield of ethanol, this system
was capable of producing high levels of ethanahfsynthetic glucose media. The main
focus was to monitor and assess the possibilitgdaitor the fermentation process by Raman
spectroscopy. In Table 3, data from all fermentetican be seen, showing concentrations for
both glucose and ethanol. With a theoretical yol81% forS. cerevisiae glucose to ethanol
fermentation, conversion rates ranged from 75-10086. constant concentration level of
ethanol through out the fermentations show thasyséem is capable of running continuously
and keeping the production at a constant levelv@l$ as that the yeast is capable of utilizing
the sugars completely and managing fermentation.

Future work includes automating the system andawipg the process control by applying a
system for real-time feedback of Raman measuremasis tool for advanced process control
(APC). A reliable feedback system is necessanAfRLE to ensure operation of the system as
close as possible to optimal production. Furthevetbpment of modelling is necessary, to be
able to more accurately predict the concentratafrtdmponents in hydrolysate fermentation.
Combining kinetic models with Raman monitoring anddel predictive control, could
contribute to a feasible and efficient system &ogé-scale bio-ethanol production.
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Table 3: Summary. Substrate, ethanol, glucose alhdancentrations for each fermentation, as well a
conversion, for each specific dilution rate usedrdpoperation.

Continuous Continuous Continuous Continuous
Fermentation 1 Fermentation 2 Fermentation 3 Fermentation 4
[Substrate] (g/1) 60 60 120 60
Dilution rate (1/h) 0,05 0,1 0,15 0,3 0,2 0,1 0,1 0,1
— 206" | 288" 70,8" 65,7 "
35 Raman 29,7 | 32,4 | 350 | 23,8 > > - >
= 14,6 11,0 53,8 18,3
©°
s Permeate 33,5 34,7 32,0 26,2 21,5 25,3 45,4 34,0
=
= Fermenter 47,9 51,7 52,7 36,1 22,1 26,0 46,2 31,0
15,41 8,6 03 91,0
s Raman 86 | 67 | 63 | 139 . . . -
2 28,47 41,17 67,0 81,17
E' P t
g ermeate 30 | 08 | 01 | 7,7 14,2 0,9 12,0 1,4
©
Fermenter 0,5 0 0 183 | 12,3 0 9,0 0,7
[Cell] (g/1) 7,1 9,3 12,0 4,6 12,0 24,8 11,8 10,1
Conversion™” (g/g) 98% 100% 100% 74% 75% 89% 79% 100%

~ Raman data collected at permeat@aman data collected in fermenteRaman predicted with 60g/l PLS mod

aman predicted with
120g/l PLS modeGalculated with average of HPLC results.
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