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Abstract 

In microchannel based distillation processes, thin vapor and liquid films are contacted in small 
channels where mass transfer is diffusion-limited. The microchannel architecture enables 
improvements in distillation processes. A shorter height equivalent of a theoretical plate (HETP) 
and therefore a more compact distillation unit can be achieved. A microchannel distillation unit 
was used to produce a light fraction of JP-8 fuel with reduced sulfur content for use as feed to 
produce fuel-cell grade hydrogen. The HETP of the microchannel unit is discussed, as well as 
the effects of process conditions such as feed temperature, flow rate, and reflux ratio. 

 

Introduction 

 Pacific Northwest National Laboratory (PNNL) has created a family of microchannel 
devices for gas-liquid processing, including phase separation, partial condensation, absorption, 
desorption, and distillation.[1-4]  For many of these unit operations, the primary resistance to 
mass transfer occurs due to diffusion in the liquid phase. Thus, intensification of mass transfer 
can be exerted through control of the liquid film thickness. In PNNL’s devices, this thickness is 
controlled through the use of wicks. Diffusion occurs from an adjacent vapor channel. The 
wicks offer the additional advantage of orientation and gravitational independence since the 
fluid flow is controlled through capillary forces. The results of these attributes are devices that 
are highly suitable for portable applications or applications where energy savings or higher 
separations are desirable. In the area of distillation PNNL has demonstrated a number of 
devices, starting initially with a column in total reflux and moving to reactive distillation. Current 
work includes distillation to obtain a light cut of JP8 followed by hydrodesulfurization, as well as 
catalytic distillation of C4 hydrocarbons. The goal of the former project is to provide 5-10 kW 
power for a fuel cell used in silent watch that does not use batteries and allows the military to 
use a single fuel. The latter project targets industrial energy savings, with one potential 
application hydrogenation of C3 and C4 acetylene byproducts from ethylene production. In this 
paper, the distillation unit for the sulfur removal from JP-8 jet fuel and the test results are 
discussed. 

 Raw JP-8 fuel contains light sulfur compounds such as thiols and sulfides as well as 
heterocyclic sulfurs of increasing boiling point such as thiophene, benzothiophene, 
dibenzothiophene, and their alkyl substituted derivatives.  The JP-8 microchannel distillation is 
the first step in sulfur reduction in the overall fuel preparation process as shown in Figure 1.  
The removal of the heavy sulfur species by distillation allows the subsequent 
hydrodesulfurization step to operate at favorable conditions with high efficiency. 
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Figure 1. Overall process flow diagram for fuel cell grade hydrogen production from JP-8 fuel. 

 

Experimental 

 A microchannel distillation device based on PNNL's patented "sheet architecture" [5-9] 
was used as a rectifying section to separate a low sulfur fraction from raw JP-8 jet fuel.  JP-8 
fuel was vaporized and fed to the device at one end.  The vapor product was removed from the 
other end and condensed as the distillate product.  A portion of this condensate was refluxed 
back to the device as liquid feed.  A heavy fraction liquid was removed from the feed end as 
the residual product.  The microchannel distillation device was oriented in such a way that the 
direction of all its internal vapor and liquid flows was horizontal. 

 The sulfur content in the raw fuel and product streams was analyzed on an Agilent 
6890 GC equipped with a sulfur chemiluminescence detector.  A 30m J&W DB-5 column 
programmed to operate from 50°C to 250°C provided separation of the various sulfur 
components.  Hydrocarbon distribution of the process streams was analyzed by a HP 5890 GC 
with a FID detector.  Boiling range curves were obtained based on the hydrocarbon GC data 
per ASTM D2887 test standard.  Raw JP-8 fuel was obtained from a BP refinery facility in 
Tacoma, WA. 

 A parametric study was performed to find the optimal feed temperature, flow rate, and 
reflux ratio in order to produce a JP-8 light fraction of 350 ppmw or lower sulfur content with a 
distillate recovery of approximately 20 wt%.  A 100-hr distillation run was also carried out to 
produce low-sulfur JP-8 fractions and test the reliability of the microchannel distillation 
operation. 

 

 



Results and Discussion 

 The relative volatility of the various n-alkanes and sulfur species in raw JP-8 was 
established qualitatively according to their boiling points and the retention times on a nonpolar 
GC column, as is shown in Figure 2.  In order to remove all of the alky substituted 
benzothiophenes and other heavier sulfur compounds, the desired light fraction of JP-8 should 
contain no hydrocarbons heavier than n-C14.  Because the most abundant n-alkanes in the 
JP-8 are n-C10 to n-C14, such low sulfur light cut can be obtained with good recovery.  The 
above is the basis for the feasibility of distillation separation of JP-8 fuel into low-sulfur 
fractions. 
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Figure 2. Boiling point and GC retention times of selected normal alkanes, sulfur species, and 
JP-8 fuel additives (SDA: static dissipation agent, AO: antioxidation additive, FSII: fuel system 
icing inhibitor). 

 The parametric study on effect of process conditions on JP-8 distillation was carried 
out first.  The reflux ratio was adjusted from 1 to 10 and the effect of reflux ratio on the total 
sulfur content of distillation product streams is shown in Figure 3.  The sulfur content in the 
distillate decreased, as expected, when higher reflux ratio was used. 
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Figure 3. Effect of reflux ratio on the total sulfur content in the distillation products with JP-8 
feed temperature at 300°C and feed flow rate at 1.59 g/min (blue: distillate, red: residual, dash 
line: raw JP-8). 

 Next, the JP-8 feed vapor temperature was optimized.  The effect of feed temperature 
is shown in Figure 4.  The lowest sulfur concentration in the distillate product was obtained 
when the feed temperature was 230°C.  The dew point of JP-8 vapor at 1 atm was estimated 
to be between 218 to 231°C based on flash calculations using ChemCAD software with both 
literature JP-8 composition [10] and pseudo composition based on measured ASTM D2887 
boiling curves.  Therefore at a feed temperature lower than 230°C the JP-8 stream was likely a 
two-phase flow.  Because the feed flow distribution features on the current microchannel 
device was optimized for vapor flow, a two-phase feed flow likely caused partial flooding near 
the feed point, which degraded separation efficiency. 
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Figure 4. Effect of JP-8 feed temperature on the total sulfur content in the distillate product 
with JP-8 feed flow rate at 1.59 g/min and reflux ratio of 11. 

 The flow rate effect on distillate sulfur content was studied at a near optimal feed 
temperature of 240°C and a moderate reflux ratio of 4.  The results are shown in Figure 5. At 



higher flow rate, there was a slight increase in the distillate sulfur content.  This is consistent 
with our previous observation that the HETP of a prototype microchannel device increased 
with increasing flow rate for acetone-methanol system under total reflux conditions. [11] 
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Figure 5. Effect of JP-8 feed flow rate on the total sulfur content in the distillate product with 
JP-8 feed temperature at 240°C and reflux ratio of 4. 

 A 100-hr continuous distillation run was successfully carried out at reflux ratio 4.3, feed 
temperature 230 ۜ°C, and feed flow rate 2.5 g/min.  These conditions were chosen based on the 
above parametric study.  The distillate product sulfur content was 329 ppmw, which can be 
compared to the 1107 ppmw of sulfur in the raw JP-8.  The distillate product yield was 19 wt%.  
The sulfur and hydrocarbon distributions of the raw JP-8 and the distillate product are given in 
Figure 6 and 7, respectively.  It can be seen that methyl benzothiophenes and heavier sulfur 
species as well as n-tetradecane and heavier alkanes were both significantly reduced in the 
JP-8 distillate product as desired. 
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Figure 6. Sulfur distribution of the raw JP-8 and the distillate product from 100-hr microchannel 
distillation run. 
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Figure 7. Hydrocarbon distribution of the raw JP-8 and the distillate product from 100-hr 
microchannel distillation run. 

 The HETP of the microchannel device, operated as a rectifying section in this case, 
was estimated based on the separation performance of n-alkane species present in the JP-8 
fuel.  Vapor-liquid phase equilibrium of JP-8 was approximated by ChemCAD simulation based 
on ASTM D2887 simulated distillation curves from GC data.  The composition of JP-8 and its 
fractions were approximated by 38 pseudo components of increasing normal boiling points 
from 75 to 280°C.  A ChemCAD model was created to simulate a conventional distillation 
column with vapor feed to the bottom and no reboiler.  The model performed tray-to-tray 



calculation using the inside-out algorithm.  The fraction of components lighter than n-
tetradecane in the distillate product was calculated at different combinations of reflux ratio and 
number of stages.  This simulation result was compared with the composition of actual 
microchannel distillation product obtained at the experimental reflux ratio.  An estimate of the 
number of theoretical plates was obtained this way for the microchannel device, which gives 
an HETP of 1.8 cm.  Compared to the typically 30 cm or higher HETP of commercially 
available random and structured packings [12-13], the HETP of our microchannel device was 
more than 10 times smaller. 

 

Summary 

 We have demonstrated that low-sulfur fractions can be separated from JP-8 jet fuel 
using a PNNL-patented microchannel distillation device with high efficiency.  The HETP 
achieved when using the device as a rectifying section, 1.76 cm, was an order of magnitude 
lower than commercial packed columns.  The unique flow control based on wicks and capillary 
forces enabled the microchannel device to operate in a horizontal orientation.  The operation 
stability of the microchannel distillation device was proved by a 100-hr JP-8 distillation test.  
Overall, the small footprint of our microchannel device combined with its high separation 
efficiency make it suitable for the development of compact and rugged units for military 
applications.  The microchannel distillation technology is also promising for other separation 
applications where cost advantages can be derived from the high efficiency, robustness, and 
scalability of the microchannel architecture. 

 

Reference 

 1. TeGrotenhuis, W.E., V.S. Stenkamp et al., “Miniaturization of an ammonium-
water absorption cycle heat pump using microchannels”, International Sorption Heat Pump 
Conference, ISHPC-042-2005, Denver, Colorado, 2005 

 2. TeGrotenhuis, W.E., and V.S. Stenkamp, “Gas-liquid processing in 
microchannels”, in Microreactor Technology and Process Intensification, eds. Y. Wang and J.D. 
Holladay, ACS Symposium Series 914, American Chemical Society, Washington DC, 2005, pp. 
360-377 

 3. TeGrotenhuis, W.E., and V.S. Stenkamp, “Testing of a microchannel partial 
condenser and phase separator in reduced gravity”, Proceeding of the First International 
Conference on Microchannels and Minichannels”, S.G. Kandlikar, ed., ASME, New York, NY, 
pp. 699-706, 2003 

 4. Stenkamp, V.S. and W.E. TeGrotenhuis, “Capillary Based Processes in 
Microgravity”, the 6th International Conference on Microreaction Technology, March 2002, New 
Orleans, Louisiana 

 5. Wegeng, R.S., M.K., Drost, and C.E. McDonald, “Microcomponent sheet 
architecture”, U.S. Patent 5,611,214, March 1997 



 6. Wegeng, R.S., M.K. Drost, C.J. Call, J.G. Birmingham, C.E. McDonald, D. E. 
Kurath, and M. Friedrich, “Microcomponent chemical process sheet architecture”, U.S. Patent 
5,811,062, September 1998  

 7. TeGrotenhuis, W.E., R.S. Wegeng, G.A. Whyatt, V.S. Stenkamp, P.A. Gaulitz, 
“Microsysem capillary separations”, U.S. Patent 6,666,909, December 2003 

 8. TeGrotenhuis, W.E., and V.S. Stenkamp, “Improved conditions for fluid 
separations in microchannels, capillary-driven fluid separations, and laminated devices 
capable of separating fluids”, U.S. Patent 6,875,247, April 2005 

 9. TeGrotenhuis, W.E., and V.S. Stenkamp, “Methods for fluid separations, and 
devices capable of separating fluids”, U.S. Patent 7,051,540, May 2006 

 10. Potter, Thomas L. and Kathleen E. Simmons, Composition of Petroleum Mixtures, 
Total Petroleum Hydrocarbon Criteria Working Group Series, Volume 2, Amherst Scientific 
Publishers, Amherst, MA, 1998 

 11. TeGrotenhuis, W.E., and V.S. Stenkamp, “Microchannel Distillation”, Laboratory 
Directed Research and Development Annual Report - Fiscal Year 2000, PNNL-13501, Pacific 
Northwest National Laboratory, Richland, WA, 2001, pp. 427 

 12. Humphrey, J.L. and G.E. Keller II, Separation Process Technology, McGraw-Hill, 
San Francisco, CA, 1997 

 13. Kister, H.Z., Distillation Design, McGraw-Hill, New York, NY, 1992 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /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 true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /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 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  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
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


