
Thermodynamic calculation  

Oxidative carbonylation of ethanol and hydrolysis of diethyl ether were reaction (1) and 

reaction (2), respectively. The reaction (3) denoted the coupling reaction. The ΔfHm
θ, ΔrSm

θ, ΔrGm
θ 

and ΔrCp,m of reaction (1)~(3) were shown in Table 1. From Table 1，reaction (1) and (2) were 

exothermic reaction and endothermic reaction, respectively. So both reactions could realize 

coupling of the energy. In the reaction (2), ΔrGm
θ›0, which indicates that hydrolysis of diethyl 

ether is not a spontaneous reaction in the standard state. Therefore, the calculation of relation 

between ΔrGm
θ and temperature is necessary in the next succession. The ΔrHm

θ of reaction (3) is 

285.64KJ/mol, which makes clear that the coupling reaction is exothermic reaction. Enhancing the 

reaction temperature would go against producing of the objective product DEC. So controlling the 

reaction temperature of the coupling reaction is important for improving the reaction performance. 

Table 1 The ΔfHm
θ, ΔrSm

θ, ΔrGm
θ and ΔrCp,m of reaction (1)~(3). 

 

The standard enthalpy (ΔrHm
θ) of the reactions 

The standard enthalpy (ΔrHm
θ) can be calculated using following equation: 

0mp,r
θ
mr HdTCH                    (4) 

Which was based on Kirhhoff law（δΔrH/δT）p=ΔCp and where H0 is the integral constant. 

The relationships between enthalpy change and temperature of these reactions were given in 

Fig. 1. As shown in Fig. 1, both the quantity of heat-producing during reaction (1) and that of 

heat-absorbing of reaction (2) descended gradually with temperature increasing between 300K and 
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700K. The extent of declining of both reactions was not too large, which could realize energy 

coupling of reaction. And that, the coupling reaction (3) from reaction (1) and (2) was an 

exothermal reaction. The quantity of heat-producing decreased gradually with temperature 

increasing. 

 

Fig. 1. Enthalpy change vs temperature. 

 

The Gibbs free energy ΔrGm
θ 

The Gibbs free energy (ΔrGm
θ) can be calculated using following equation (Gibbs-Helmholtz 

Equation), where I0 is the integral constant. 
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The De Donder 1 criterion of coupling reaction was shown in the following expressions: 

A1·r1 > 0 , A2·r2 < 0 and A1·r1 + A2·r2 ≥0 

Where A and r denote reaction affinity and reaction speed, respectively, and the suffix 1 and 
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2 mean the reaction (1) and (2). Under the constant temperature and equal pressure, the reaction 

affinity (A) was equal to -ΔG. So the criterion was described in the expression: 

(ΔG1) T,P·r1 < 0 , (ΔG2 ) T,P·r2 > 0 and (ΔG1 ) T,P·r1 +(ΔG2) T,P·r2 ≤0 

From the expression, (ΔG2) T,P and r2 was both positive or negative together. Therefore, the 

thermodynamics trend of reaction (2) was opposite with the dynamics direction. The reaction (2) 

does not progress spontaneously if the reaction is existed by oneself. But if the reaction (2) and 

reaction (1) coexist, the reaction (2) is driven under |(ΔG1) T,P·r1 | ≥| (ΔG2 ) T,P·r2 |. 

 

Fig. 2. Free energy changes vs temperature. 

The relationship of free energy changes vs temperature was given in Fig. 2. As shown in Fig. 

2, the free energy of reaction (3) was less than zero, which explained that the method of synthesis 

of DEC with ethanol and diethyl ether together feeding was feasible on basis of thermodynamics. 

In order to make reaction (2) proceed in the low temperature, both reaction (1) and (2) must satisfy 

the expression | (ΔG1) T,P·r1 | ≥| (ΔG2 ) T,P·r2 |,which is r1/ r2 ≥|(ΔG2) T,P/ (ΔG1 ) T,P|. However, on 
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the other hand, the objective of diethyl ether introducing into the reactants is to eliminate or 

reduce the influence of the by-product water. The capacity of water-producing from reaction (1) is 

more than that of water-reacting in reaction (2). So in the mean time, the influence of water on the 

performance of catalyst was still existed. In a word, there was an optimal value of r1/ r2 in the 

design of the coupling reaction.    

Reaction equilibrium constants (K) 

The reaction equilibrium constants (K) can be calculated using following equation: 

ΔrGm
θ=-RTlnK 

    The relationship of equilibrium constants vs temperature was given in Fig. 3. From Fig. 3, the 

equilibrium constants of reaction (1) and (3) decreased rapidly with temperature increasing. 

Though the equilibrium constant of reaction (2) increased with temperature increasing, the value 

of increasing was less than that of reaction (1). 

 

Fig. 3. Equilibrium constants vs temperature. 
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From the above analysis, in the range of certain temperature, reaction (1) and (2) were 

exothermic reaction and endothermic reaction, respectively. It could satisfy the energy coupling 

for reaction (1) and (2). In addition, the free energy of coupling reaction (3) was less than zero, 

which meaned that the design of coupling experiments was reasonable and the coupling reaction 

could be realized.  

[1] I. Prigogine, R. Defay, Chemical Thermodynamics, London: Longmans Green, 1954, pp. 

38–42, 262. 

 

Electronic Supplementary Material (ESI) for RSC Advances
This journal is © The Royal Society of Chemistry 2012



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /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 true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /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 true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /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 true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /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 <<
    /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.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [200 200]
  /PageSize [595.276 841.890]
>> setpagedevice


