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Table S1.  The solid starting materials for zeolite synthesis using mechanochemical grinding pre-
reactions between Na2SiO3, Al2(SO4)3, and SiO2 with and without added NaOH. 
 

SiO2/Al2O3 = 30 without NaOH 

Na2O/Al2O3 Mole ratio of starting materials 
3 26.63 SiO2 / 2.99 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

4 25.80 SiO2 / 3.98 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

5 24.13 SiO2 / 5.03 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

6 23.64 SiO2 / 5.88 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

7 22.87 SiO2 / 6.93 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

9 20.64 SiO2 / 8.80 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 
 
 
 

SiO2/Al2O3 = 30 with NaOH 

Na2O/Al2O3 Mole ratio of starting materials 
3 27.96 SiO2 / 1.76 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 

4 26.80 SiO2 / 2.67 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 

5 25.97 SiO2 / 3.69 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 

7 23.80 SiO2 / 5.63 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 

9 21.64 SiO2 / 7.56 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 
 
 
 

SiO2/Al2O3 = 40 without NaOH 

Na2O/Al2O3 Mole ratio of starting materials 
3 36.62 SiO2 / 3.03 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

4 35.12 SiO2 / 3.90 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

5 33.95 SiO2 / 5.02 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

6 33.32 SiO2 / 5.84 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

7 32.29 SiO2 / 6.86 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

8 31.62 SiO2 / 7.88 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 

9 30.96 SiO2 / 8.83 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O 
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SiO2/Al2O3 = 40 with NaOH 

Na2O/Al2O3 Mole ratio of starting materials 
4 36.28 SiO2 / 2.74 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 

5 35.45 SiO2 / 3.70 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 

6 34.62 SiO2 / 4.68 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 

7 33.29 SiO2 / 5.74 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 

8 32.78 SiO2 / 6.54 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 

9 31.60 SiO2 / 7.67 Na2SiO3•9H2O/ 0.98 Al2(SO4)3•18H2O/ 2.50 NaOH 
 
 
 
 
 
Table S2.  Additional ICP-OES measurements for some of the synthesized samples at different SiO2/Al2O3 
and Na2O/Al2O3 ratios using Na2SiO3, Al2(SO4)3, and SiO2 reagents with and without NaOH addition. 
 

XRD phase with NaOH 
Equivalent reactant 
Na2O:Al2O3:SiO2

1 
Product Analysis 
Na2O:Al2O3:SiO2

2 
amorphous + 
trace ZSM-5 

No 4 : 1 : 30 0.5 : 1 : 18 

amorphous + 
trace ZSM-5 

Yes 4 : 1 : 30 0.9 : 1 : 20 

amorphous + 
trace ZSM-5 

No 7 : 1 : 40 2.3 : 1: 26 

mordenite + trace 
ZSM-5, quartz 

No 9 : 1 : 40 5.3 : 1 : 15 

 

1) Equivalent metal oxide molar ratios are calculated based on the initial moles of the starting materials.  
Estimates of free sodium after reaction between Na2SiO3 and Al2(SO4)3 that use 3 molar equivalents Na2O 
would result in free sodium and Na2O:Al2O3 ratios would be lower by 3 Na2O (e.g., Na2O/Al2O3 of ratio of 
4 becomes 1).  

2) The ratios are based on bulk product compositions measured using ICP-OES analysis.  
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Figure S1.  XRD powder patterns of starting materials used in solvent-free, template-free, seed-free zeolite 
synthesis. 
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Figure S2.  XRD of synthesized ZSM-5 samples after calcination (heating at 550 oC under air). Samples 
were synthesized with 50 min ball mill grinding at 180 oC for 24 h (black), 48 h (red), and 72 h (blue).  
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Figure S3.  XRD of samples synthesized from a reagent mixture of Na2SiO3, Al2(SO4)3, and SiO2 
(Na2O:Al2O3:SiO2 ratio of x:1:40, where x = 3-9) that was mechanochemically ground for 50 min, then 
thermally treated at 180 ºC for 48 h, and then washed with water.  Weak peaks for Na2O/Al2O3 of 5-7 
correspond to ZSM-5 zeolite, while product for ratio of 8 is dense quartz, and peaks for ratio of 9 are mixed 
mordenite, ZSM-5, and quartz.  
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Figure S4.  XRD of samples synthesized from a reagent mixture of NaOH, Na2SiO3, Al2(SO4)3, and SiO2 
(Na2O:Al2O3:SiO2 ratio of x:1:40, where x = 4-9) that was mechanochemically ground for 50 min, then 
thermally treated at 180 ºC for 48 h, and then washed with water.  The peaks for Na2O/Al2O3 of 5-8 
correspond to ZSM-5 zeolite, while product for ratio of 9 is mainly dense quartz.  
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Figure S5.  Nitrogen adsorption-desorption isotherm data for as-synthesized ZSM-5-5 sodium form (top 
left), and acid-exchanged H-ZSM-5-6 (top right) and for as-synthesized MOR-7 sodium form (bottom 
left) and acid-exchanged H-MOR-9 (bottom right).  As-synthesized zeolites were subjected to maximum 
temperature of 300 °C during BET evacuation and acid-exchanged samples were heated to 550 °C during 
their synthesis.  The seven-point BET surface area results for these samples are shown in Tables 2 and 3.  
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Pyridine surface reaction studies on acid-exchanged zeolite samples.  This analysis was performed 
based on literature procedures from these references: 
 
Barzetti, T.; Selli, E.; Moscotti, D.; Forni, L. Pyridine and ammonia as probes for FTIR analysis of solid 
acid catalysts.  J. Chem. Soc., Faraday Trans. 1996, 92, 1401-1407. 
 
Connerton, J.; Joyner, R. W.; Padley, M. B. Characterisation of the Acidity of Well Defined Cu-ZSM-5 
Catalysts using Pyridine as a Probe Molecule.  J. Chem. Soc. Faraday Trans. 1995, 91, 1841-1844. 
 
 
Open glass vials with 10 - 15 mg of selected acid-exchanged synthesized and commercial zeolites were 
placed in a glass reactor that pre-heated to 100 °C.  The sample reactor was evacuated at 100 °C for 1 hr 
then refilled with N2 gas.  Reagent grade pyridine (EM sciences, dried over NaOH pellets) was placed in 
an Erlenmeyer flask, capped with a rubber septum and degassed with an N2 purge using a steel needle.  A 
steel canula was used to connect the pyridine flask to the glass reactor with the samples at 100 °C and a 
flow of pyridine saturated N2 was transferred into the flask through a septum.  A bleed needle in the 
septum insured that the pyridine atmosphere above the heated zeolite samples contained sufficient 
available pyridine vapor.  The pyridine flow was maintained for 1 hr followed by a N2 flush and 
reactor/sample evacuation for 15 minutes at 100 °C to remove weakly bound pyridine.  The reactor was 
cooled to room temperature under evacuation and then transferred into an argon-filled glovebox.   
 
The pyridine exposed zeolites were examined by transmission IR using KBr pellets.  A mixture of 1-2 mg 
of zeolite in 50 mg of KBr was ground to form into pressed pellets.  Pellets were typically 20-30 mg in 
total mass and were formed in the glovebox and protected in sealed plastic bag prior to analysis.  A 
Nicolet Nexus 670 FTIR was used with 64 scans at 2 cm-1 resolution.  The system was purged with N2 for 
at least 5 minutes before taking each spectrum.  Comparison spectra for acid-exchanged samples before 
pyridine exposure were obtained with 64 scans at 2 cm-1 resolution under a dry air system purge using 
pellets prepared under ambient air conditions.  
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Figure S6.  Transmission IR (KBr pellets) comparison of acid-exchanged commercial ZSM-5 with 
synthesized H-ZSM-5-5 and H-ZSM-5-6 samples before pyridine reaction (top graph) and after pyridine 
exposure (bottom graph).  The major adsorbed water peak in acid-exchanged samples before pyridine 
exposure is at 1630-1632 cm-1.  Pyridine exposed spectra are plotted to highlight the region containing 
diagnostic peaks for adsorbed pyridine on Lewis acid sites (1621, 1576, 1455 cm-1), molecularly adsorbed 
pyridine (1599, 1442 cm-1), pyridinium (pyH+, Brønsted sites - 1635, 1545 cm-1), and overlapping 
pyridine/pyridinium (1490 cm-1) vibrational bands (after Barzetti et. al. J. Chem. Soc., Faraday Trans. 
1996, 92, 1401 and Connerton et al. J. Chem. Soc. Faraday Trans. 1995, 91, 1841).  
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Figure S7.  Transmission IR (KBr pellets) comparison of acid-exchanged commercial MOR with 
synthesized H-MOR-7 and H-MOR-9 samples before pyridine reaction (top graph) and after pyridine 
exposure (bottom graph).  The major adsorbed water peak in acid-exchanged samples before pyridine 
exposure is at 1630-1632 cm-1.  Pyridine exposed spectra are plotted to highlight the region containing 
diagnostic peaks for adsorbed pyridine on Lewis acid sites (1621, 1576, 1455 cm-1), molecularly adsorbed 
pyridine (1599, 1442 cm-1), pyridinium (pyH+, Brønsted sites - 1635, 1545 cm-1), and overlapping 
pyridine/pyridinium (1490 cm-1) vibrational bands (after Barzetti et. al. J. Chem. Soc., Faraday Trans. 
1996, 92, 1401 and Connerton et al. J. Chem. Soc. Faraday Trans. 1995, 91, 1841). 



<<
  /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 false
  /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 false
  /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 false
  /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


