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Abstract

Over the past few years, electrochemical reduction of CO, (ERC) has attracted a lot of
interest among researchers to convert CO» into value added products using renewable energy.
Through ERC, CO; and water using renewable energy, can be co-electrolyzed to produce
many chemicals such as CH4, CoH4, C2Hs, HCOOH, CH30H, and syngas (CO + Hy), which
are important industrial chemicals. However, CO; is a very stable molecule and thus it is very
difficult to reduce it. Therefore, primary focus of research throughout the world has been on
developing an electrocatalyst selective to CO> reduction. ERC is carried out in presence of
water. Thermodynamically, the reduction potentials of ERC and hydrogen evolution reaction
(HER) potential are close to each other. Moreover, HER has fast kinetics as compared to
ERC. Thus, the electrical charge spent during ERC is used by the facile HER instead of ERC.

Thus suppression of HER possess a huge challenge.

ERC can lead to many products i.e., CO, CHs, CoHs4, CoHs, HCOOH, and CH30H etc.;
depending upon the electrode potential, electrolyte, electrocatalyst, and reaction conditions.
Sixteen different products can be formed using Cu as electrocatalyst. However, it requires
high overpotential (~1.0 V), have poor selectivity, and fast deactivation are biggest
challenges. The research work in this thesis is focused on selective formation of syngas using
Zn and Cu based electrocatalysts. Effect of nature of electrocatalyst layer on the ERC
selectivity has been studied. It was found that degree of gas entrapped in different types of
layers was different, leading to different selectivity. The role of addition of Cu into the ZnO
has also been studied for the synthesis of syngas. On varying the concentration of Cu into the
Zn0, it was found that at certain fraction of Cu into the ZnO, charge transfer resistance
towards ERC is reduced which ultimately reduces the overpotential requirements. Role of

pressure in gas phase ERC was also investigated. It was found that mild increase in pressure
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leads to shift in Zn/Cu selectivity towards syngas formation. The knowledge gathered by the
research work was disseminated through various research papers and presentations in various

conferences.

Keywords: Electrochemical reduction of CO;, Zn/Cu nanocomposite, Gas phase ERC,

Elevated pressure.

vil



TR

U3 $© aul d, Fe SEIRRES & faggd IuHe aRady @GR 7 9gd IR

MWYPparal A 59 S HY ST @ B! I8 318/ FHoll BT IUAN] HIb Hla SBATRISS

DI Jog afitfd IAE! A Sed | SIRIAT & GART 31 Holl B SUART Hd g¢ HIad

STZIHRIZS 3R O ! Yg-SATIAIRS HRP 3 W] BT IATG [T off Jhdl §

| SGTERUT & W S CHa, CoHs, CoHs, HCOOH, CH;OH, 3R RIFN (CO + H,) | 38 Tt

T SENT-YUM & o’ 9gd Tyl § | dfdhd PIa- SR3flaiss Ud dgd o fRR

3] § FoRh % FIad SIE3Hizs &1 fagyq Imfe akad- &A1 9gd ol Hie-
HT ¢ | 3TN AT 1R T 8 AT Y BT Ui 76T U T SAde I beioRe &l & |
2 Sifes T a1 T SR B Gob | SR 1 gH o B IurAfY B & o
ST € | YHSEATHG U ¥ S3RYT &1 JSHIE UIeAAd 3R gIexio Ide

gfafshal (3AS3R) & JSHYA UIeIRAd U GO & dgd &l vici® & | 3P SATd]
SIRAT & TOTHD STAGIR b BN 9gd o 0ol § | FoIP HRA, SHRI & GRH
T U MY faggd 3w &1 IUANT SR $ SOl WA HER GRT T ol g1 39
TR SR BT GHA TP 1 AN ¢ |

gdaelS ST, SAdIAIRe, Sadciberae 3R Ufdfdar RUfadl & onuR WR SRt ¥

~

P IAIC O CO, CH4, CoHa, CoHs, HCOOH, 3R CH;0H 3¢ &7 hd g1 Cu BT

faggd SOR® & ¥U # SUINT o Alag fafid IdTe 918 ol Wehd & | gTalids, S9®

forT St I faqyd & T (~ 1.0 V) B SMa=TdHdl, WIS TR 3R B! doit 9

fAfsraar Te9 ¥ gAfaal gt gl 39 N # My F zn SR cu SnTRRd

viil



SaIPele BT IUAN IRP RTINS IIAES 67 R igd g | SR Pl
TN TR SAGCIB IR Bl URd Bt Ubid & WHIG &1 & b a1 g1 I8 ur
T {3 faftE TR &1 wRal # Bt 19 B A3 ST ff, fored Sfa SferT ag-Rierdn
g § | R & 9w & forg cu &1 zn & S &1 YfieT &1 it sreqg= foean man
gl zn ® Cu P UDHTUA DI AW TR W, T A T 6 zn & Cu & F6 3 W,
SIRAT & Ufd ATl ST UfoRTY 1 81 ST € ot 3idd: sifauramguf srazaswsdrat &1
HH BT & | T ol SR A gard Bt Yfirewt o1 off sreqg= fpar T g | 39 aRA I8
O TR % gad H ged! 3G ¥ Zn/Cu BT T R & T34 $i 3= & dadi 8 |
MY BT F THEA 4 ! [ FieH d A= 2y o=t a vRgfodl & Jred ¥ gamid
foam |

PIgS: HIe SRIHRRS & [Aggd IAMAS aRady. zn/Cu ATHUNRE, T TR0
SR, 3= &[4 |

X



CONTENTS

Statement

Certificate

Acknowledgements

Abstract

List of Figures

List of Tables

List of Abbreviations

List of Nomenclatures

Chapter 1: Introduction
1.1 Energy Demand and Environmental Challenges
1.2 Carbon Dioxide Utilization

1.3 Electrochemical Reduction of Carbon Dioxide

1.4 Thermodynamics of Electrochemical Reduction of CO»

1.5 Syngas Synthesis and Utilization
Chapter 2: Literature Review
2.1 Challenges of Electrochemical Reduction of CO2
2.2 Reaction Mechanism
2.3 Carbon Dioxide Conversion Through ERC

2.3.1 Carbon dioxide conversion to formic acid

2.3.2 Carbon dioxide conversion to hydrocarbons and alcohols

2.3.3 Carbon dioxide conversion to carbon monoxide

2.3.4 Carbon dioxide conversion to syngas
2.4 Summary and Gaps of Literature Review

2.5 Research Aim and Objectives

ii
111
vi

XV
XIX
XX

XXiii

10
13
15
15
19
19
24
32
43
45

47



Chapter 3: Experimental Materials and Methods
3.1 Overview
3.2 Electrocatalyst Synthesis
3.2.1 Precipitation method
3.2.1 Electrolytic method
3.3 Physical Characterizations
3.3.1 X-ray diffraction (XRD)
3.3.2. Scanning electron microscopy (SEM)
3.3.3. Field emission scanning electron microscopy (FESEM)
3.3.4. Transmission electron microscopy (TEM)
3.3.5 Energy dispersive X-ray spectroscopy (EDX)
3.4 Electrochemical Characterizations
3.4.1 Electrode preparation
3.4.1.1 Electrode preparation for half-cell studies
3.4.1.2 Electrode preparation for gas phase studies
3.4.2 Experimental setups for ERC study
3.4.2.1 Half-cell setup
3.4.2.2 Flow cell setup
3.4.3 Product analysis
3.4.4 Electrochemical analysis
3.4.4.1. Electrochemical impedance spectroscopy (EIS)
3.4.4.2 Linear sweep voltammetry (LSV)
3.4.4.3 Cyclic voltammetry (CV)
3.4.4.4 Chronoamperometry
3.4.4.5 Faradaic efficiency calculations

3.4.4.6 Rate of product formation

51

53

53

53

55

57

57

58

59

59

60

61

61

61

61

62

62

64

65

66

67

68

69

70

71

71

xi



Chapter 4: Effect of Electrocatalyst Layer on the Selectivity of the
ERC

4.1 Overview
4.2 Experimental Section
4.2.1 Materials
4.2.2 Electrocatalysts synthesis
4.2.2.1 Synthesis of copper with spherical morphology
4.2.2.2 Synthesis of copper with nanorods morphology
4.2.2.3 Synthesis of copper with dendrite morphology
4.2.2.4 Synthesis of copper with octahedral morphology
4.2.3 Electrode preparation
4.2.4 Electrochemical characterizations
4.3 Results and Discussion
4.3.1 XRD analysis
4.3.2 Morphological analysis
4.3.3 Linear sweep voltammetry
4.3.4 Chronoamperometry
4.3.5 Product analysis
4.3.6 Electrochemical impedance spectroscopy

Chapter 5: Electrochemical Reduction of CO2 to Syngas using
ZnO/CuO Nanocomposite

5.1 Overview
5.2 Experimental Section
5.2.1 Materials
5.2.2 Electrocatalysts synthesis
5.2.3 Electrochemical characterizations

5.3 Results and Discussion

73

75

76

76

76

76

71

77

77

78

78

79

79

83

87

89

91

94

103

105

106

106

106

106

107

xii



5.3.1 XRD analysis

5.3.2 Raman analysis

5.3.3 Morphological analysis

5.3.4 Fourier transform infrared spectroscopy analysis
5.3.5 EDX analysis

5.3.6 Cyclic voltammetry

5.3.7 Surface area measurement

5.3.8 Electrochemical impedance spectroscopy

5.3.9 Reaction study with product analysis

CHAPTER 6: Effect of Pressure in Gas Phase Electrochemical
Reduction of CO2 to Syngas using Zn/Cu

6.1 Overview
6.2 Experimental Section
6.2.1 Materials
6.2.2 Electrocatalysts synthesis
6.2.2.1 ZnOw synthesis
6.2.2.2 Znp, Znc, (Zn/Cu)p, and Cup synthesis
6.2.2.3 ZnO and ZnO/CuO synthesis
6.3 Results and Discussion
6.3.1 XRD analysis
6.3.2 SEM analysis
6.3.3 Effect of pressure on gas phase ERC
6.4 Mathematical Modelling
6.4.1 Physical model
6.4.2 Surface concentration determination
6.4.3 Overpotential determination

Chapter 7: Conclusions and Future Scope

107

109

110

112

113

115

118

121

123

129

131

133

133

133

134

134

135

136

136

140

141

149

149

154

158

163

xiil



7.1 Conclusions
7.2 Future Scope
References

Appendix A: Study of Oxygen Vacancy on CO Synthesis through ERC
using CuO/In203 Nanocomposite

A.1 Overview
A.2 Experimental Section
A.2.1 Materials
A.2.2 Electrocatalysts synthesis
A.2.3 Electrochemical reduction of CO; setup
A.3 Results and Discussion
A.3.1 Physical characterizations
A.3.2 Electrochemical measurements
A.3.2.1 Cyclic voltammetry
A.3.2.2 Electrochemical reduction of CO»
Research Output

Biodata

165

167

169

189

191

192

192

192

192

193

193

193

193

196

201

203

X1V



Figure 1.1

Figure 1.2
Figure 1.3
Figure 1.4

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4

Figure 3.5

Figure 3.6
Figure 3.7

Figure 3.8

Figure 3.9

Figure 4.1

Figure 4.2

List of Figures

Atmospheric CO; concentration and India’s CO> emissions over the
years

Electricity generation in India over the years
Source-wise distribution of electricity generated in India in 2020
Carbon neutral cycle of ERC

Modes of CO> adsorption onto the electrocatalyst (a) C-coordination,
(b) Mixed-coordination, and (¢) End-coordination

Reaction mechanism of ERC to different products

Comparison of a few selected studies over the years for HCOOH
formation

Different gas phase cell configurations used in ERC

Comparison of a few selected studies over the years for CO
formation

Steps involved in precipitation method

Experimental setup for the electrolytic deposition

Diffraction of X-rays from the crystal planes

Liquid phase ERC setup (a) schematic and (b) experimental setup

Flow cell setup of ERC study at elevated pressure (a) schematic and
(b) experimental setup

Block diagram of the GC setup for product identification
Typical Nyquist plot for the ERC

(a) Input potential-time signal profile and (b) corresponding output
potential-current signal profile

(a) Input potential-time signal profile and (b) corresponding output
potential-current signal profile of CV

XRD pattern of different synthesised morphologies of copper (a)
before ERC and (b) after 1 h of ERC at a cell voltage of -3.5 V

XRD Pattern of different morphologies after ERC in N2 environment

16

18

20

23

37

55

56

58

63

65

66

67

68

70

81

82

XV



Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 5.1
Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

at cell voltages of (a) -2.5 V, (b)-3.0 V, and (¢) -3.5 V

SEM images of copper electrocatalyst with (a) Spherical, (b)
Denderite, (¢) Nanorod, and (d) Octahedral morphology

TEM images of copper electrocatalyst with (a) Spherical, (b)
Nanorod, and (c) Octahedral morphology

SEM images of GDE coated with copper electrocatalyst with (a)
Spherical, (b) Dendrite, (¢) Nanorod, and (d) Octahedral morphology

EDX spectrum and elemental mapping of copper electrocatalysts
with (a) Spherical, (b) Dendrite, (c) Nanorod, and (d) Octahedral
morphology

LSV curve of the synthesized electrocatalysts in the N2 (dashed) and
CO; (solid) saturated 0.5 M KHCO3 electrolyte

Chronoamperometry curves of all synthesised electrocatalysts in 0.5
M KHCOs3 with continuous CO; purging rate of 15 mL/min at cell
voltage of (a) -2.5 V, (b) -2.75 V, (c) -3.0 V, (d) -3.25 V, (e) -3.5 V,
and (f) -3.75V

(a) CO, (b) CH4, (c) C2H4, and (d) C:H¢ Faradaic efficiencies of
different morphologies at different cell voltages

Schematic of the effect electrocatalyst layer formed by (a) Nanorods,
and (b, ¢) Dendrite on ERC

Nyquist plot of all the electrocatalysts in (a) N2 and (b) CO> saturated
electrolyte at OCP

Equivalent circuit corresponding to (a) Model-M;, (b) Model-Ma, (¢)
Model-M3, and (d) Model-My

Nyquist plot of all the electrocatalysts in (a) N2 and (b) CO> saturated
electrolyte at onset potential

Nyquist plot of all the electrocatalysts in (a) N2 and (b) CO> saturated
electrolyte at peak potential

XRD pattern of electrocatalysts

Raman spectra of electrocatalysts

SEM analysis of synthesised electrocatalyst, prepared electrode and
TEM analysis of (ai-az) ZnO, (bi-b3) ZnosCuos, (ci-¢3) ZnooCuio, (di-
d3) ZngsCuis, (e1-e3) ZngoCuzo, and (fi-f3) CuO

FTIR spectra of synthesised electrocatalysts

EDX analysis of (a) ZnO (b) ZnosCuos, (¢) ZnooCuio, (d) ZngsCuis, (€)

84

84

85

85

88

90

93

93

95

95

97

97

108

110

111

113

114

Xvi



Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

ZngoCuno, and (f) CuO

Cyclic voltammetry at 20 mV/s of (a) all the electrocatalysts CO>
saturated and N> saturated 0.5 M KHCO; solutions and (b)
Comparison between all the electrocatalysts in CO> saturated 0.5 M
KHCO:s solution

ECSA measurements in CO; saturated 0.5 M KHCO;3 of (a) ZnO (b)
Zn9sCuos, (¢) ZngoCuio, (d) ZngsCuis, (€) ZngoCuzo, and (f) CuO

Capacitive current density plot for ECSA determination

Nyquist plot of (a) all the electrocatalysts at -1.1 V in CO, saturated
0.5 M KHCOs3 and (b) ZngsCuis at -1.0 V, -1.1 V and -1.2 V in both
Nz and CO; saturated 0.5 M KHCO3

FEco, FEy,, FE syngas and CO/H: ratio of (a) ZnO, (b) ZnosCuis, (c)
ZnooCuio, (d) ZngsCuis, (€) ZngoCuzo, and (f) CuO

Current density and Rate of production of (a) ZnO, (b) ZnosCuys, (c)
ZnooCuio, (d) ZngsCuis, (€) ZngoCuzo, and (f) CuO

[lustration of pulse used with (a) 3 s and (b) 5 s cathodic width

XRD patterns (a) for the effect of deposition pulse, (b) of all the
electrocatalysts combined, and (c) of (Zn/Cu)p before and after the
reaction

SEM images of (a, b) ZnO, (c, d) ZnO/CuO, (e, f) ZnOn, (g, h) Znc,
(i,j) Znp, (k, 1) (Zn/Cu)p, and (m, n) Cup

FEco, FEy,, and current density of Zn/Cu-P at (a) -2.75 V, (b) -3.0 V,
(c)-3.25V,(d)-3.50 V, and (e) -3.75 V

EDX mapping of the (Zn/Cu)p electrode (a) before ERC, (b) after
ERC at 1 bar, and (c, d) after ERC at 2 bar. SEM image of (Zn/Cu)p
electrode (e, f) before reaction, (g, h), after reaction at 1 bar, and (i, j)
after reaction at 2 bar

FEco, FEy,, and current density plot of (a) Znc, (b) Znp, (¢) ZnO, (d)
Zn0O/CuO, (e) ZnO4, and (f) Cup at 2 bar

Adsorption through (a) oxygen atom and (b) carbon atom leading to
different products

Schematic of the cell showing transport of the reactants and products
through the different components of the cell

SEM image of the (Zn/Cu)p electrode (cross-sectional view)

CO; flux distribution

116

118

120

122

125

126

135

138

140

143

145

147

149

150

151

155

xvii



Figure 6.11

Figure 6.12

Figure 6.13

Figure A.1

Figure A.2

Figure A.3

Figure A4

Figure A5

Tafel plot for (a) OER and (b) ERC

Calculated (a) CO; surface concentration and (b) Nernst
overpotential with pressure

Calculated activation losses with pressure for (a) ERC, (c) HER, and
concentration losses for (b) ERC, and (d) HER

Cyclic voltammetry of (a) CuO nanorods, (b) 5%, (c) 10%, and (d)
15% CuO/In203 nanocomposites

Cyclic voltammetry of (a) 5% In2O3/CuO and (b) 10% In,O3/CuO
synthesized in Argon atmosphere

Cyclic voltammetry of InoO3 nanoparticles in 0.1 M KHCO3

Effect of applied potential on the FEco and FEy, for (a) CuO, (b) 5%
CuO/In203, (¢) 10% CuO/In203, and (d) 15% CuO/In20;3
nanocomposites

Comparison between cyclic voltammetry and chronoamperometry
current densities of (a) CuO, (b) 5% In203/CuO, (c) 10% In,O3/CuO,
and (d) 15% In203/CuO

159

159

160

194

195

195

197

198

xXviil



Table 1.1

Table 2.1

Table 2.2
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 5.1
Table 5.2
Table 6.1
Table 6.2

Table 6.3

List of Tables

CO; reduction reactions to different products and their corresponding
reduction potentials at STP

Studies on hydrocarbon formation through ERC using copper in the
aqueous phase

Half-cell studies on CO/syngas synthesis through ERC

Crystallite size of the synthesised electrocatalysts from XRD
Saleint data from the LSV plot

Physical significance of the various elements in equivalent circuits
Residual values from the Kramers-Kronig analysis of the EIS data
Physical properties of synthesised electrocatalysts

Properties and performance of the synthesised electrocatalysts
Details of the synthesised electrocatalysts

Experimental conditions used in modelling

Diffusion coefficient values of all species at different pressures diffusing
through CO»

9

28

40

80

89

96

99

108

120

133

151

154

XiX



ACL

AEM

AGDL

BET

BMT

BP

CCL

CEA

CGDL

CF

CL

CPE

Cv

DFT

DI

DME

ECSA

EDX

EIS

EPR

ERC

FE

FESEM

FID

List of Abbreviations

Anode catalyst layer

Anion exchange membrane

Anode gas diffusion layer
Brunauer—-Emmett—Teller

Billion metric ton

British petroleum

Cathode catalyst layer

Central electricity authority

Cathode gas diffusion layer

Carbon fibre

Catalyst layer

Constant phase element

Cyclic voltammetry

Density functional theory

De-ionized

Dimethyl ether

Electrochemically active surface area
Energy dispersive X-ray spectroscopy
Electrochemical Impedance spectroscopy
Electron paramagnetic resonance
Electrochemical reduction of CO>
Faradaic efficiency

Field emission scanning electron microscopy

Flame ionization detector
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FTIR
FWHM
GA

GC
GCE
GDE
GDL
HER
HRTEM
IPCC
L/D
LSV
MEA
MFC
MPL
MWCNT
NHE
OCP
OELM
PEI

PL
PPM
PTFE
PVA
QPEI

RDS

Fourier transform infrared
Full-width-at-half-maxima
Glutaraldehyde

Gas chromatography

Glassy carbon electrode

Gas diffusion electrode

Gas diffusion layer

Hydrogen electrode potential

High resolution transmission electron microscopy
International panel on climate change
Length/diameter

Linear sweep voltammetry
Membrane electrode assembly

Mass flow controller

Micro porous layer

Multiwall carbon nano tubes

Normal hydrogen electrode

Open circuit potential

Online electrochemical mass spectroscopy
Polyethyleneimine
Photoluminescence

Parts per million
Poly-tetrafluoroethylene

Poly-vinyl alcohol

Quaternized polyethyleneimine

Rate determining step
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Rh

RHE

SEM

SIFT-MS

SOFC

SPE

STP

TCD

TEM

XRD

XPS

Relative humidity

Reversible hydrogen electrode

Scanning electron microscopy

Selected ion flow tube mass spectrometry
Solid oxide fuel cell

Solid polymer electrolyte

Standard temperature and pressure
Thermal conductivity detector
Transmission electron microscopy

X-ray diffraction

X-ray photoelectron spectroscopy
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List of Nomenclatures

b Width of the channel (m)

B Ratio of the COz left after the CO2-H20 and CO2-OH™ reactions to the total
dissolved CO; (-)

B Ratio of the CO> flux onto the electrocatalyst surface to the total CO: flux
1 through the CGDL (-)

Cco,cn  CO2 concentration in channel (M)
CH,0,ch H>O concentration in the channel (M)

d Spacing between two crystal planes (nm)
Da-aq Diffusivity coefficient of species ‘A’ diffusing in liquid phase (m?*/s)

Diffusivity coefficient of species ‘A’ diffusing through species ‘B’ in in gas

Das phase (m?/s)
Dt Effective diffusivity coefficient of species ‘A’ diffusing through species ‘B’ in
gas phase (m?%/s)
E° Standard reduction potential (V)
€A> €B Gas force constant (-)

AGy Change in Gibbs free energy of formation at STP (kJ/mol)
AGyyp, Change in Gibbs free energy of reaction at STP (kJ/mol)
F Faraday constant (C/mol)
FEco CO Faradaic efficiency (%)
FEy, H; Faradaic efficiency (%)
FEch, Methane Faradaic efficiency (%)
FEc,u,  Ethene Faradaic efficiency (%)
FEc,, Ethane Faradaic efficiency (%)
FEch,on  Methanol Faradaic efficiency (%)
FEc,u.on Ethanol Faradaic efficiency (%)
Hco,aq  Henry’s constant for CO> (atm/M)
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Jco CO partial current density (mA/cm?)

Jo Exchange current density (mA/cm?)

L Channel length (m)

L, Diffusion length in the GDL (um)

Li Diffusion length in the liquid layer (um)
Ma Molecular weight of the species ‘A’ (kg/mol)

Mg Molecular weight of the species ‘B’ (kg/mol)

n Number of moles of electrons required to form 1 mole of reaction product (-)
NGD2 COz flux through CGDL (mol/cm?-s)
5 Flux of species ‘i’ through the CCL (mol/cm?-s)
pt Absolute pressure (N/m?)

Qtot Total charge passed (C)

Ret Charge transfer resistance ()

Re Electrolyte resistance (L)

0 Bragg’s angle (°)

A Wavelength of the incident X-rays (A)
Nact Activation overpotential (V)

Nnerst Concentration overpotential (V)

) GDL porosity (-)
Ven Average velocity in the channel (m/s)
z Moles of a particular product formed (mol)
Oa Solute molar volume at the normal boiling point (m*/kmol)
[0) Association factor for solvent (-)
i Viscosity (kg/m-s)
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