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Figure 3: (A) Separation train showing 
composition by weight of Phenol and 2-
Cyclopenten-1-one. (B) Full fractional 
composition of each distillation, arrows 
indicate which fractions carried on to 
the next unit operation 
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Thermochemical conversion of lignocellulosic biomass offers an attractive route to produce fuels and chemicals.
Specifically, catalytic fast pyrolysis (CFP) oils have been shown to contain a high concentration of oxygenated
aromatics, which can be isolated as value-added co-products. Purification of oxygenated aromatics can be a viable
pathway to more economically competitive biorefineries, yet the isolation of highly pure coproduct streams remains
technically challenging due to the high chemical heterogeneity of thermochemical process steams. Here, we
demonstrate an industrially scalable process for isolating phenol, a widely used precursor to plastics, from CFP oil.
Importantly, we leverage standard industrial processes, such as distillation, liquid-liquid extraction, and crystallization, to
achieve phenol with 97% purity. In addition, the primary distillation of the CFP oil yielded several other fractions that
contain chemicals with the potential to be isolated (e.g. cyclic ketones, cresols, and guaiacols). This work provides a
technically feasible path to high purity oxygenated aromatics that has the potential to offset fuel production costs in a
biorefinery.
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Conclusions and Future Work
This work shows a scalable route to high purity oxygenated aromatic compounds from CFP oil. These high-value chemicals have the
potential to offset the cost of a biorefinery, since they are important precursors in many important industrial products. Namely, phenol, which
was separated here to a purity greater than 97%, is widely used in the production of Bisphenol A (BPA), which plays an extremely important
role in the production of polycarbonates and epoxy resins. Our future work aims to produce BPA from the phenol separated in this work and
acetone that has also been separated from CFP streams, and subsequently, to produce a bio-derived polycarbonate plastic. In addition,
product purity and yield is significantly hindered here by the batch operation of the distillation columns. In the future we plan to target these
co-products via a continuous distillation apparatus, which will likely have a substantial effect on the yields and purities. Finally, techno-
economic analysis will be performed on the process to further asses it’s industrial viability.
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Figure 1: (A) Biomass conversion flow diagram where biofuels can be produced along with polymer products. 
(B) Cumene process flow diagram1. (C) B/R instruments 800 micro distillation system.                                                            

Industrially, phenol is produced using the cumene process (Figure 1B), which uses an oxidation of cumene
(isopropylbenzene), followed by a Hock rearrangement to produce phenol and acetone1. The cumene feed required for
this process is produced via a Friedel-Crafts alkylation of benzene with propylene2, both of which are derived from
petrochemical processes. Here, phenol is separated directly from CFP oil (Figure 1A), using three batch distillations and
one liquid-liquid extraction before being recrystallized from hexane. Distillations were performed on a B/R instruments
800 micro fractional distillation system (Figure 1C), which simulates 25 theoretical trays using a spinning Teflon band.
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Recrystallized phenol was combined and analyzed using GCMS-FID, 1H NMR, and differential scanning calorimetry (DSC). Purity
calculations using GCMS-FID (Figure 3A) and DSC (Figure 4B) were in good agreement, 97.9% and 97.2%, respectively. The primary
impurity is o-cresol (2-methylphenol), as indicated by the appearance of a small peak at approximately 2.3 ppm in the bio-phenol NMR
spectrum (Figure 4A).
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Figure 2: (A) Composition of each distillation fraction from the model compound azeotrope study. (B) 
Composition of each distillation fraction from the 5⁰C study. (C) Liquid-liquid extraction product recovery in 
the aqueous and organic phases as a function of volumetric ratio of water to ethyl acetate.

Figure 4: (A) 1H NMR of the bioderived phenol, and petroleum-derived phenol purchased from Sigma-Aldrich. (B) Modulated DSC 
traces of bioderived phenol and petroleum-derived phenol purchased from Sigma-Aldrich. Traces were taken at 1⁰C/min under 
heat-only conditions with a modulation period of 60 seconds.

Raw CFP oil was first distilled into 5 rough fractions: a water fraction, an acids fraction, a cyclic ketone fraction, a phenol fraction, and a
phenolic fraction (Figure 3B). An ethyl acetate extraction was employed to break the azeotrope between phenol and 2-cyclopentene-1-one,
allowing further purification by two more distillations. Finally, fractions were dissolved in hexanes and cooled to -20⁰C, resulting in the
formation of phenol crystals. The overall phenol yield for the process was approximately 9% (Figure 3A).

Phenol: 97.9%

o-Cresol: 2.1%
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• It was suspected from previous experimental work that phenol and 2-cyclopentene-1-one formed an azeotrope3. A
model compound distillation showed that an azeotrope did appear at approximately 179⁰C at atmospheric pressure
(Figure 2A).

• CFP Oil was distilled with fractions collected every 5⁰C in order to determine the optimal temperature ranges for the
first distillation (Figure 2B).

• The azeotrope between phenol and 2-cyclopentene-1-one prevented further purification by distillation beyond the first
column, therefore an ethyl acetate liquid-liquid extraction was employed to remove the cyclic ketones. A small-scale
study was conducted at various ratios of water to ethyl acetate to determine partition coefficients and yields (Figure
2C).

A.

B.

C.

A. B.

https://doi.org/10.1002/14356007.a19_299.pub2


<<

  /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





