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Removal of nitrogen compounds from liquid hydrocarbon streams 
by selective sorption on metal-organic framework MIL-101
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High sorption capability and selectivity towards N-containing compounds were observed for metal-organic framework MIL-101
under the sorption from light cycle oil and model mixtures.

Hydrodesulfurization (HDS) is a conventional method employed
by refineries to produce low-sulfur fuels.1,2 Organic nitrogen
compounds typically found in middle-distillate oil inhibit the
HDS of organosulfur compounds through competitive adsorp-
tion on the catalytic sites.3–5 It was shown that the removal of
nitrogen compounds from the middle-distillate oil significantly
improve HDS performance, allowing one to achieve an ultra deep
HDS under mild conditions using conventional catalysts.6 The
removal of nitrogen compounds by adsorption at ambient tem-
perature is a promising approach. The adsorption of nitrogen
compounds by well-known porous materials such as activated
carbons,7–9 activated alumina,8,9 silica-based adsorbents10,11 and
zeolite-based materials12,13 was studied (Table 1). The best
results were achieved for activated carbons with the highest
surface area, pore volume and percentage of mesoporosity.7,8

Therefore, the mesoporous metal-organic framework MIL-101
(where MIL – Materials of Institute Lavoisier) with extra-large
Langmuir surface area (for N2, 5900±300 m2 g–1)14 is a promising
material for this application. This coordination polymer is built
from Cr3O triangular cluster complexes, bridged by linear
terephthalate linkers into a regular porous framework with MTN

(Mobil Thirty Nine) zeolite topology. Another important feature
of MIL-101 is unsaturated coordination environment of the CrIII

cations, which makes them strong binding sites for organic
substrates. In the present study, the denitrogenation of model
mixtures and middle-distillate hydrocarbon streams by MIL-101
sorbent was investigated.

The straight run gas oil (SRGO) and cracked products of
heavier feedstocks (light cycle oil), as well as the model mixtures
of nitrogen compounds in isooctane, were used for the sorption
experiments. Light cycle oil (LCO) has higher nitrogen concen-
tration, so it is especially important to remove organic nitrogen
compounds from LCO. Most of the nitrogen compounds found
in LCO and SRGO are present as aromatic heterocycles with
multiple rings (indole, carbazole and their alkyl derivatives).15

First, we examined the sorption of individual nitrogen-con-
taining compounds on porous material MIL-101. For producing
the adsorption isotherms, the solutions of nitrogen compounds
in isooctane and in preliminary hydrotreated straight run gas oil
with negligible nitrogen content were used (Figure 1). MIL-101
showed a remarkable sorption capability towards indole and
carbazole. Interestingly, the sorption capability changes weakly
when sorption occurs from hydrotreated SRGO instead of iso-
octane in spite of the presence of substantial amounts of aromatic
compounds in the gas oil. Thus, MIL-101 is able to separate
nitrogen-containing compounds from middle distillates with
high selectivity.†

The adsorption of nitrogen compounds from the commercial
samples of SRGO and LCO using metal-organic framework
MIL-101 was also studied. It was demonstrated in our experi-
ments that MIL-101 (10 mg) can adsorb 9.0 mg of nitrogen per
gram of sorbent from SRGO containing 131 ppmw N. The total
nitrogen content after sorption was almost halved to 78 ppmw.
Sorption from LCO under the same conditions leads to a decrease
of total nitrogen content from 498 to 395 ppmw N. This cor-
responds to a very high sorption capacity of 19.6 mg nitrogen
per gram of MIL-101 sorbent.

The detailed analysis of the nitrogen compounds in the LCO
before and after adsorption allowed us to conclude that the
sorption treatment leads to a decrease in the concentration of all
N-containing components (Figure 2, Table 2). The high sorption
capacity of MIL-101 for nitrogen-containing compounds can
be attributed to the coordination of nitrogen atoms to the
unsaturated CrIII centres. In that connection, the better steric
accessibility of N atom of the substrate molecule, the higher

Table 1 Adsorption capacities of porous materials for total nitrogen. 

Sorbent Adsorption capacitya/mg of 
nitrogen per gram of sorbent

aTotal nitrogen content in hydrocarbon streams is 200–300 ppmw.

Reference

Activated carbon 15–19 8, 9
Silica-based adsorbents 8 10
Activated alumina 5–6 8, 9
Zeolite-based materials 3 12
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Figure 1 Adsorption isotherms for indole and carbazole for MIL-101 from
model mixtures (carbazole is poorly soluble in isooctane or hydrotreated
SRGO).
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sorption performance of MIL-101 toward this substrate. Indeed,
indole and its derivatives show higher sorption values, whereas
carbazoles with two methyl groups at 1- and 8-positions possess
the worst sorption properties among all other substrates due to
the steric hindrances caused by the methyl groups. The sorption
selectivity for nitrogen compounds in middle-distillate oil over
the MIL-101 increases in the order 1,8-dimethylcarbazole <
< carbazole < indole derivatives < indole (Table 2, Figure 1).

The sorption of other aromatic molecules apparently occurs
due to π–π stacking interactions with terephthalate bridges of
metal-organic framework. For example, the sorption capacity
of MIL-101 for dibenzothiophene derivative is low (Figure 3)
and strongly decreases when sorption experiments are carried out
in the hydrotreated SRGO instead of isooctane. This behaviour
indicates competitive sorption between sulfur-containing and
other aromatic compounds.

In summary, metal-organic framework MIL-101 shows a
remarkable sorption capability and selectivity towards N-con-
taining compounds during the sorption from liquid hydrocarbon
streams (SRGO and LCO) and model mixtures. This observa-
tions can be explained by coordination of nitrogen atoms to
CrIII centers of metal-organic framework whereas sorption of
other aromatics occurs mainly due to the stacking interaction.
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† Indole (99%) and carbazole (96%) were purchased from Acros.
Straight run gas oil (10500 ppmw S, total aromatic content 30.9 wt%
and 131 ppmw N) and light cycle oil (3000 ppmw S, total aromatic
content 69.2 wt% and 498 ppmw N) used in this study were provided by
a Russian commercial refinery of Urals crude oil. The coordination
polymer MIL-101 was prepared as described by Ferey et al.14 The XRD
data confirm the phase purity of MIL-101.14 A commercial CoMo/Al2O3
catalyst was used to produce hydrotreated SRGO with negligible nitrogen/
sulfur content (10.8 ppmw N; 8.5 ppmw S, total aromatic content 25.0 wt%).
Nitrogen and sulfur compounds were monitored by gas chromatography
(Agilent 6890N Instrument equipped with a 19091J-413 HP-5 capillary
column, 30 m×0.32 mm×0.25 μm, and a JAS atomic emission detector).
Identification of indole and carbazole derivatives in LCO was performed
according to literature data.15 The total nitrogen content was determined by
chemiluminescence using an Antek 9000 NS (ASTM D5762) instrument.

The individual organonitrogen or organosulfur compounds were dis-
solved in isooctane or hydrotreated SRGO (2 ml), and MIL-101 (10 mg)
was added to the solution. Under the sorption from hydrocarbon feed
MIL-101 (10 mg) was added to 2 ml of SRGO or LCO. After stirring the
mixture for 16 h at room temperature, the sorbent was collected by
filtration. The filtrate was analyzed by GC. MIL-101 is stable under the
experimental conditions. After the sorption experiments, the mesoporous
metal-organic framework could be regenerated by extracting the N-con-
taining compounds by acetone, dried and reused in the next cycles of
sorption experiments, without appreciable loss of its sorption capability.
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Figure 2 GC-AED nitrogen chromatogram of LCO.

Table 2 Composition of nitrogen compounds in LCO before and after
sorption on MIL-101. 

Compound
Before 
sorption/
μg N cm–3

After 
sorption/ μg 
N cm–3

Conver-
sion (%)

Indole derivatives 25 17 32
Carbazole 20 15 25
1-Methylcarbazole 32 24 23
3-Methylcarbazole 17 13 23
2-Methylcarbazole 21 16 23
4-Methylcarbazole 19 15 23
1,8-Dimethylcarbazole 12 10 21
1,3-Dimethylcarbazole 12 9 22
1,6-Dimethylcarbazole 14 11 21
1,7-Dimethylcarbazole 16 13 21
1,4- and 1,5-Dimethylcarbazole 33 26 22
3,6-, 2,6-, 3,5-, 2,7-, 2,4-, 1,2-, 
2,5-Dimethylcarbazole

62 47 24

2,3- and 3,4-Dimethylcarbazole 
and C3-carbazoles

113 93 18

C4-carbazoles 21 17 21
Sum of peaks 420 328 22
Total N (by ASTM D5762) 473 

(498 ppmw)
375 
(395 ppmw)
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Figure 3 Adsorption isotherms for dibenzothiophene (DBT), 4-methyl-
dibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) 
for MIL-101 from model mixtures.

Received: 2nd July 2009; Com. 09/3362



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


