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Abstract

Butyric acid is a valuable chemical that can be fermentatively produced in Clostridium tyrobutyricum and catalytically upgraded to drop in biofuels. Despite considerable study of glucose
fermentation in C. tyrobutyricum, information about glucose and xylose co-fermentation to produce butyric acid is limited. In this work, fed-batch fermentations of corn stover hydrolysate
at pH 5.0 demonstrated the co-fermentation of glucose and xylose. However, the fermentation stalled at approximately 48 hours after reaching inhibitory levels of butyric acid (18
g/L). When the fermentation pH was increased to 6.0, higher butyric acid titers (50 g/L) were achieved but the fermentation again stalled after 98 hours due to product inhibition. To
demonstrate the potential of a continuous co-fermentation process, in situ product recovery via membrane-based liquid-liquid extraction (pertraction) was applied to remove butyric acid.
The extracted acids were then recovered from the organic solvent via back extraction into an alkaline solution, producing a high purity product. Results from pertractive fermentations of

real corn stover hydrolysate are shown below.

Materials/Methods

Fermentation and seed media :

(ATCC25755) in the presence of
various sugar sources in ‘Clostridium Media’ (CM) media which contained (g/L):
yeast exiract, 10; peptone, 5; KH,PO,, 3.26; cysteine-HCI, 0.5; CaCl,-2H,0, 0.02;
MgSO,7H,0, 0.3; MnSO,7H,0, 0.02; FeSO,7H,0, 0.03; (NH,),SO, 3.0
resazurin, 0.001. The media utilized to revive the bacterium from glycerol stocks
was Reinforced Clostridial Medium (Becton Dickenson, Franklin Lakes, NJ)
modified to contain 10 g/L glucose and 20 g/L xylose (MRCM). The seed media
utilized to inoculate the bioreactors was CM media with 10 g/L glucose and 40 g/L
xylose.

mRCM was autoclaved in the absence of sugars. When the media cooled down,
sugars were added. All other media was sterile filtered inside an anaerobic
chamber. Serum bottles containing mRCM were filled and sealed in the anaerobic
chamber.

DDR hydrolysate sugars were produced from high solids enzymatic hydrolysis
using corn stover substrate that is deacetylated with dilute sodium hydroxide at 92
C followed by disk refining using 36" Andritz double disk refiner at a refining
energy of 200 kWh/ tonne of biomass. DDR sugars were added to CM media at
the appropriate concentrations.

Seed culture preparation:

Revive was prepared by adding 1 vial of frozen stock to a serum bottle containing
50 mL of MRCM and incubated at 37 °C and 100 rpm for 18 h. This culture was
used to inoculate a 0.5 L seed fermentor at an initial ODgy of 0.1. The seed was
controlled at 37 °C, pH 6.0 (NaOH) and 150 rpm for 24 h to a final ODgq, of ~20.

Fed-batch fermentations:

Fed-batch fermentation started with CM and 50 g/L of sugars (glucose, xylose,
and arabinose) obtained from enzyme hydrolysis of deacetylated and disk refined
corn stover (DDR). Feed contained DDR at about 500 g/L fermentable sugars in
addition to CM media components (x1). Continuous feed began when glucose
concentration was near 0 g/L. Feed rate was adjusted to maintain glucose <10g/L.

Fed-batch, pertractive fermentations:

The pertractive fermentation system consisted of two Liqui-Cel Extra-Flow 2.5x8
membrane contactor units (3M, Charlotte, NC), a 3-L, BioFlow 3000 fermentor,
three peristaltic pumps, flow meters, pressure gauges, and valves. Batch media
consisted of 1.6 L of CM media with DDR hydrolysate at 50 g/L fermentable
sugars. The fermentation conditions were: initial pH was 6.0, and controlled at
5.0 with ammonium hydroxide, 37 C, and 150 rpm agitation. The fermentation
broth was continuously circulated through the lumen side of the first membrane
contactor at 40 mL/min. The organic extractant was circulated through the shell or
lumen side at 20 mL/min. The 2.0 N NaOH stripping solution was circulated
through the shell side of the second membrane contactor at 40 mL/min. Needle
valves were used to maintain 34 psi higher pressure on the aqueous side of the
membrane. The system was sterilized with 100% isopropanol, drained, and dried
overnight with sterile air.

Analysis of sugars and carboxylic acids:

Sugars were measured by an ICS-5000+ system consisting of an AS-AP
ulsed detector with a gold electrode and an

AgIAgCI reference electrode (Dionex Corp., Sunnyvale, CA, USA). Samples were

diluted to a quantifiable range and 10 uL was injected on to a CarboPac SA-10

Dionex carbohydrates column (4 x 250 mm) paired with a CarboPac SA-10 guard
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+ Butyric acid is the primary product of C. tyrobutyricum

+ Butyric acid can be catalytically upgraded to a diesel like biofuel !
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Figure 1: Fed-Bat : (A) profile (A) and (B) sugar utilization at

P4 5.0.(C) Formentation profile and (u) suger utlization e pn 60
At pH 5.0, co-fermentation of glucose and xylose is seen but the fermentation ends due to
butyric acid accumulation. Butyric acid is more toxic at lower pH. At pH 6.0, co-
fermentation is more robust. However, fermentation still ends due to product toxicity.

Recovery of the protonated acid is required for catalytic upgrading. Despite high titers in
fed-batch fermentations, the cost of solid-liquid separation, dewatering and salt breaking is
too expensive. In situ product removal by pertraction is a solution for both the recovery of
butyric acid in the acid form as well as decreasing product toxicity in the bioreactor.

Fed-Batch Pertractive Fermentation
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column (4 x 50mm). Separation was with an isocratic flow of 1 mM
hydroxide at 1.5 mL min-' for 15 min at 45°

Carboxylic acids were measured by HPLC using an Aminex HPX-87H
(300x7.8mm) organic acid column and Cation H+ guard. The column temp was
65C and mobile phase consisted of 0.01 N sulfuric acid and a flow rate of 0.6
mL/min.
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Future Research

« Improve xylose utilization and other attributes through strain engineering.
« Understand and prevent cell death observed starting at about 80 hours.
« Integrate fermentation, pertraction and distillation.

Conclusions

> Fed-batch, pertractive fermentations with C. tyrobutyricum produces very high quantities of butyric acid from a single fermentation.

Table 1: Mass of butyric acid produced, mass butyric acid
produced per final fermentor volume, productivity and yield
from a fed-batch pertractive fermentation of DDR hydrolysate at
. y and yield are calculate at 119 hours using
a formentor volume of 2.96L. Butyrate volumetric production is.
the total butyrate produced divided by
(2.96L). Butyrate product concentrati
concentration of the recovered, extracted product.

al fermentor volume

»> This is the first study that reports glucose and xylose co-fermentation of biomass hydrolysate by wild type C. tyrobutyricum, in a non-immobilized, free cell,

pertractive system at pH 5.0.

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08G028306. Funding provided by the US
Department of Energy, Bioenergy Technologies Office. The views expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. The U.S. Government retains and the publisher, by accepting the article for
paid-up, irrevocable, worldwide license to publish or reproduce the published form of this work, or allow others to do so, for U.S. Government purposes.

publication, that the U.S. retains a

The information contained in this poster is subject to a government license.
415t Symposium on Biotechnology for Fuels and Chemicals, April 28 - May 1, 2019

Hyatt Regency Seattle, Seattle, WA
NREL/PO-5100-73786


http://www.simbhq.org/sbfc

	Slide Number 1


<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles true

  /AutoRotatePages /PageByPage

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (sRGB IEC61966-2.1)

  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.7

  /CompressObjects /Tags

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.1000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams false

  /MaxSubsetPct 100

  /Optimize true

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness false

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages false

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages true

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages false

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages true

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages false

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects true

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)

  /PDFXOutputConditionIdentifier (CGATS TR 001)

  /PDFXOutputCondition ()

  /PDFXRegistryName (http://www.color.org)

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /DAN <>

    /DEU <>

    /ESP <>

    /FRA <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)

    /NOR <>

    /PTB <>

    /SUO <>

    /SVE <>

    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)

  >>

  /Namespace [

    (Adobe)

    (Common)

    (1.0)

  ]

  /OtherNamespaces [

    <<

      /AsReaderSpreads false

      /CropImagesToFrames true

      /ErrorControl /WarnAndContinue

      /FlattenerIgnoreSpreadOverrides false

      /IncludeGuidesGrids false

      /IncludeNonPrinting false

      /IncludeSlug false

      /Namespace [

        (Adobe)

        (InDesign)

        (4.0)

      ]

      /OmitPlacedBitmaps false

      /OmitPlacedEPS false

      /OmitPlacedPDF false

      /SimulateOverprint /Legacy

    >>

    <<

      /AllowImageBreaks true

      /AllowTableBreaks true

      /ExpandPage false

      /HonorBaseURL true

      /HonorRolloverEffect false

      /IgnoreHTMLPageBreaks false

      /IncludeHeaderFooter false

      /MarginOffset [

        0

        0

        0

        0

      ]

      /MetadataAuthor ()

      /MetadataKeywords ()

      /MetadataSubject ()

      /MetadataTitle ()

      /MetricPageSize [

        0

        0

      ]

      /MetricUnit /inch

      /MobileCompatible 0

      /Namespace [

        (Adobe)

        (GoLive)

        (8.0)

      ]

      /OpenZoomToHTMLFontSize false

      /PageOrientation /Portrait

      /RemoveBackground false

      /ShrinkContent true

      /TreatColorsAs /MainMonitorColors

      /UseEmbeddedProfiles false

      /UseHTMLTitleAsMetadata true

    >>

    <<

      /AddBleedMarks false

      /AddColorBars false

      /AddCropMarks false

      /AddPageInfo false

      /AddRegMarks false

      /BleedOffset [

        0

        0

        0

        0

      ]

      /ConvertColors /NoConversion

      /DestinationProfileName (U.S. Web Coated \(SWOP\) v2)

      /DestinationProfileSelector /UseName

      /Downsample16BitImages true

      /FlattenerPreset <<

        /PresetSelector /MediumResolution

      >>

      /FormElements true

      /GenerateStructure true

      /IncludeBookmarks false

      /IncludeHyperlinks true

      /IncludeInteractive false

      /IncludeLayers false

      /IncludeProfiles true

      /MarksOffset 6

      /MarksWeight 0.250000

      /MultimediaHandling /UseObjectSettings

      /Namespace [

        (Adobe)

        (CreativeSuite)

        (2.0)

      ]

      /PDFXOutputIntentProfileSelector /UseName

      /PageMarksFile /RomanDefault

      /PreserveEditing true

      /UntaggedCMYKHandling /LeaveUntagged

      /UntaggedRGBHandling /LeaveUntagged

      /UseDocumentBleed false

    >>

  ]

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [612.000 792.000]

>> setpagedevice



