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1. Catalytic conversion of D-glucose and selectivity of sorbitol  

Prior to the first hydrogenation batch, we use the RuC catalyst to do the preliminary reaction.1 Fig. S1 

shows the concentration profiles of D-glucose and sorbitol as a function of hydrogenation time. It can be 

seen that the initial rate of the D-glucose consumption was not significantly fast. Instead, after 2h, the 

conversion rate of D-glucose became faster than the first 2h. After 3h, the conversion rate became very 

slow. Thus we set the reaction time as 3h for all the catalysts to compare their catalytic performance. Fig. 

S2 shows the high-performance liquid chromatography (HPLC) profiles of diluted product solution with 

RuC, RuCu0.5C, and CuC as catalysts, respectively. The HPLC spectrum showed that sorbitol was the 

only product in the presence of all the catalysts. Thus, the selectivity of sorbitol was 100%. Therefore, 

we use the mean catalytic activity, which was calculated as the yield of moles of sorbitol per mole of Ru 

per second, to compare the performance of all the catalysts.2 
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Fig. S1. Typical concentration profile of the hydrogenation of D-glucose to sorbitol (RuC, 8MPa, 

100 oC, 40 wt% glucose). 

 

Fig. S2. HPLC spectrum of the diluted product solution with (a) RuC, (b) RuCu0.5C, (c) CuC  as 

catalysts, respectively.   
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2. Kinetics of the hydrogenation of D-glucose 

The D-glucose hydrogenation experiments were carried out in a batch Parr Reactor (Parr 4560) 

operating at 4-10 MPa and between 90 and 120 oC. The effect of stirring rate was studied in the 

beginning of the work, in order to eliminate the mass transfer limitation. The affection on initial reaction 

rate by changing the stirrer speed from 300 rpm to 1500 rpm was shown in Fig. S3. The stirring speed 

was fixed at 1000 rpm for the experiments to ensure that the gas-liquid mass transfer does not affect the 

reaction rate. Aqueous solutions contained about 20-50 wt% glucose initially. The liquid volume was 30 

ml and the amount of catalyst RuCu0.5C was 0.05 g. The average catalyst particle length is 15μm. The 

initial rate r0 was obtained by recording the drop of H2 pressure with time, which was then transferred 

into the hydrogen uptake rate per square meter of Ru (mol·min-1·m-2) according to the ideal gas equation 

and the active surface area (calculated by H2 chemisorption). The influence of the catalyst loading was 

evaluated by varying the catalyst-to-glucose ratio in D-glucose hydrogenation experiments at 100 oC 

and 8MPa. The initial reaction rate showed a linear dependency on the catalyst load between 0.03 and 

0.1 g, i.e. the normalized activity was independent of the catalyst loading, indicating that in the range of 

operating variables the systems is not controlled by gas-liquid mass transport (Fig. S3b). Nevertheless, a 

further increase of the catalyst loading did not give a full benefit.  

 
 

Fig. S3 (a) Effect of the stirring speed on the initial reaction rate at 100 oC and 8MPa, (b) The influence 
of catalyst loading on the initial reaction rate at 100 oC and 8MPa. 
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From the experiments carried out at the temperature range at 90-120 oC and at pressure 4-10 MPa, it 

was found that the apparent activation energy for D-glucose hydrogenation over RuCu0.5C was 49.7-

66.4 kJ/mol (Fig. S4). The estimated activation energies were much larger than the activation energy of 

diffusion in liquids (12-21 kJ/mol),3 thus indicating that the experiments were performed under kinetics 

control.  

 
Fig. S4 Arrhenius plots of the initial glucose (40wt% in water) hydrogenation rates carried out at 4 MPa 

(Ea=66.4 kJ/mol) and 10 MPa (Ea=49.7 kJ/mol) and at the temperature range 90-120 oC. 
 

The dependency of initial reaction rate on initial D-glucose concentration at 100 oC was plotted in Fig. 

S5a. This figure would well agree with a classical Langmuir-Hinshelwood model, in which the products 

and the solvent are not involved in the rate expression: 
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  At low D-glucose concentration (< 40 wt%), apparent first order kinetics was observed. At high D-

glucose concentration (≥ 40 wt%), saturation of the catalyst surface occurred and zero order was 

observed.  
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Fig. S5 (a) D-glucose concentration dependency of the initial hydrogenation rate at 100 oC, 0.05g 

catalyst, 8 MPa; (b) initial D-glucose hydrogenation rate as a function of hydrogen pressure at 100 oC, 
CG0=40wt%, 0.05 g catalyst. 

 

An increased hydrogen pressure had a positive effect on the initial reaction rate, showing first order 

behavior at 100 oC (Fig. S5b). The kinetic behavior in Fig. S5b could be understood by considering the 

difference in the adsorption strength between D-glucose and hydrogen on RuCu0.5C catalysts. As the 

D-glucose molecule was strongly adsorbed, it reached to saturated adsorption rapidly. Thus, the change 

in the D-glucose concentration in the liquid phase did not change its adsorption amount on the catalyst 

and thus, did not affect the rate of the surface hydrogenation. The adsorption of hydrogen on RuCu0.5C 

was relatively weak and could not reach saturated adsorption under the present reaction conditions. 

Therefore, the initial rate exhibited first-order with respect to hydrogen pressure.  

 

Modeling results of kinetics and mechanism  

Based on preliminary kinetics analysis, some simplifications can be made: i) no catalyst deactivation 

occurred during the reaction; ii) the reaction is 100% selective to D-sorbitol; iii) there is negligible 

adsorption of solvent and D-sorbitol; iv) the adsorption and desorption steps are assumed to be rapid, 

whereas the hydrogenation steps on the surface are presumed to be rate controlling; v) the 
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hydrogenation steps are regarded as irreversible; vi) hydrogen adsorption was assumed to be 

dissociative, but hydrogen atoms were supposed to be added pairwise to the organic species.  

As a summary, the complete set of plausible surface steps is presented below:   

H2 + 2* ↔ 2 (H*) 

G + * ↔ G* 

G* + 2 (H*) → S +3*  

    It has previously been proposed that sugar hydrogenation follow a competitive adsorption model, 

where adsorbed atomic hydrogen is added pairwise to adsorbed organics. However, because of the 

larger size of difference between sugar molecules and hydrogen, another non-competitive adsorption 

model was assumed, where hydrogen and D-glucose adsorbed at different sites.4-6 As a result, two 

models based on Langmuir-Hinshelwood-Hougen-Watson (LHHW) were used. Model 1: non-

competitive adsorption of dissociatively chemisorbed hydrogen and D-glucose at different sites, see Eq. 

(S2); Model 2: competitive adsorption of dissociatively chemisorbed hydrogen and D-glucose, see Eq. 

(S3).  
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The temperature dependencies of kr, KG and KH are: 
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Since kr and KH only appear as a product in the rate expressions, it was expressed as krKH.  
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The experiments performed at 100 oC were used to obtain the parameters krKH and KG at this 

temperature. The fit of the experimental data to the kinetic model was carried out by Matlab software by 

fminsearch method (generally referred to as unconstrained nonlinear optimization). The results of 

parameter estimation are summarized in Table S1. Fig. S6 illustrates that the Model 2 nicely described 

the behavior of the system.  

Table S1 Comparison of the fitted parameters for D-glucose hydrogenation over RuCu0.5C catalyst. 
 

 Model 1 Model 2 

krKH (mol/(min·m2
Ru·MPa)) 0.0137 0.0722 

KG (l/mol) 1.1398 0.1427 

Sum of squares of residuals (SSR) 5.7665×10-4 4.8929×10-4 

 

 
Fig. S6 Fit of kinetic model 2 to experimental data for hydrogenation of D-glucose over RuCu0.5C.    
 

Therefore, based on the literature review and the kinetic data, we proposed that the hydrogenation of 

D-glucose over RuCuC involves the formation of an ionized glucose species adsorbed on the Ru or Cu 

surface by coordination of O-1, O-5, and O-6, which was then polarized, and attacked by a hydride-like 

species from the Ru surface or the spillover hydrogen atom from Ru to Cu (see Fig. S7). The 

adsorptions of dissociatively chemisorbed hydrogen and D-glucose are competitive.  
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Fig. S7 Schematic representation of the reaction mechanism between adsorbed β-D-glucopyranose 

and hydrogen. 
 

Reference 

1. J. Zhang, L. Lin, J. Zhang, J. Shi, Carbohydrate Research, 2011, 346, 1327.  

2. E. P. Maris, W. C. Ketchie, V. Oleshko, and R. J. Davis, J. Phys. Chem. B 2006, 110, 7869.  

3. N. Dechamp, A. Gamez, A. Perrard, P. Gallezot, Catal. Today, 1995, 24, 29.  

4. J. P. Mikkola, T. Salmi, R. Sjoholm. J. Chem. Technol. Biotechnol., 1999, 74, 655.  

5. E. Crezee, B. W. Hoffer, R. J. Berger, M. Makkee, F. Kapteijn, J. A. Moulijn, Appl. Catal. A: Gen., 

2003, 251, 1. 

6. J. Kuusisto, J. P. Mikkola, M. Sparv, J. Warna, H. Karhu, T. Salmi, Chem. Eng. J., 2008, 139, 69. 

Electronic Supplementary Material (ESI) for Nanoscale
This journal is © The Royal Society of Chemistry 2013



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles false

  /AutoRotatePages /None

  /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 1.6

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJDFFile false

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends false

  /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 false

  /OPM 1

  /ParseDSCComments true

  /ParseDSCCommentsForDocInfo true

  /PreserveCopyPage false

  /PreserveDICMYKValues true

  /PreserveEPSInfo true

  /PreserveFlatness true

  /PreserveHalftoneInfo false

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts true

  /TransferFunctionInfo /Apply

  /UCRandBGInfo /Remove

  /UsePrologue false

  /ColorSettingsFile (Color Management Off)

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 150

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages false

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 150

  /ColorImageDepth 8

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /FlateEncode

  /AutoFilterColorImages false

  /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 true

  /GrayImageMinResolution 150

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages false

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 150

  /GrayImageDepth 8

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /FlateEncode

  /AutoFilterGrayImages false

  /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 true

  /MonoImageMinResolution 1200

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages false

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 1200

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /FlateEncode

  /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 (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /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 <>

    /ENG ()

    /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.)

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [595.276 779.528]

>> setpagedevice



