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ABSTRACT 

The sulfur–iodine (S–I) cycle is one of the promising thermochemical methods for water–to–

hydrogen conversion in an efficient and eco–friendly manner. SO3 decomposition is the most 

endothermic reaction of the S–I cycle. Some of the major challenges in the SO3 

decomposition step of the S–I cycle are sintering, long term stability and cost of the catalytic 

system. Along with the better catalytic design, understanding of the kinetics of the catalytic 

decomposition is essential for the implementation of the process at a large scale. Reported 

literature primarily focused on the power–law type models. The literature till date is lacking 

in the heterogeneous kinetic modeling and validation of the models with the experimental 

studies of the reaction. Furthermore, separation of the acid mixture (HI–H2O–I2) is a matter 

of concern in the S–I process. There is presence of HI–H2O–I2 (HIx) phase in sulfuric acid 

which is the feed for the SO3 decomposition reaction. The impurities in sulfuric acid have a 

remarkable influence on the catalytic performance in the SO3 decomposition reaction. The 

practical aspect on how the iodine–based impurities could affect catalytic activity has been 

scarcely addressed until now. From the commercial operation point of view, the severe 

impact of the feed impurities on the catalytic performance necessitates a highly active and 

stable catalytic system for SO3 decomposition in the integrated S–I process.  

Hence, there is a need for cost effective, highly active as well as stable catalysts with the right 

choice of supports in this high temperature endothermic reaction which is important for scale-

up of the process. Copper ferrite (CuFe2O4) was dispersed over the suitable supports and 

characterized by different physicochemical techniques. The catalysts were activity tested and 

compared in high temperature (800–900 ˚C) endothermic SO3 decomposition reaction in the 

S–I cycle for hydrogen production. The kinetic modeling over the synthesized catalysts was 

studied. Furthermore, the effect of the feed impurities on the catalytic performance was 

investigated. 
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सार 

सल्फर-आयोडीन (S–I) चक्र एक कुशल और पयाावरण के अनुकूल तरीके से जल-से-हाइडर ोजन रूपाांतरण 

के ललए आशाजनक थर्मोकेलर्मकल लवलियोां र्में से एक है। SO3 अपघटन S–I चक्र की सबसे एां डोथलर्माक 

प्रलतलक्रया है। S–I चक्र के SO3 अपघटन चरण र्में कुछ प्ररु्मख चुनौलतयााँ लसांटररांग, दीघाकाललक स्थथरता और 

उते्प्ररक प्रणाली की लागत हैं। बेहतर उते्प्ररक लडजाइन के साथ, बडे पैर्माने पर प्रलक्रया के कायाान्वयन के 

ललए उते्प्ररक अपघटन के कैनेटीक्स की सर्मझ आवश्यक है। ररपोटेड सालहत्य रु्मख्य रूप से पावर-लॉ टाइप 

र्मॉडल पर कें लित है। आज तक के सालहत्य र्में प्रलतलक्रया के प्रायोलगक अध्ययन के साथ लवषर्म काइनेलटक 

र्मॉडललांग और र्मॉडलोां के सत्यापन की कर्मी है। इसके अलावा, एलसड लर्मश्रण (HI–H2O–I2) का पृथक्करण 

S–I प्रलक्रया र्में लचांता का लवषय है। सल्फ्यूररक एलसड र्में HI–H2O–I2 (HIx) चरण की उपस्थथलत है जो SO3 

अपघटन प्रलतलक्रया के ललए फीड है। सल्फ्यूररक एलसड र्में अशुस्ियोां का SO3 अपघटन प्रलतलक्रया र्में 

उते्प्ररक प्रदशान पर उले्लखनीय प्रभाव पडता है। आयोडीन-आिाररत अशुस्ियााँ उते्प्ररक गलतलवलि को कैसे 

प्रभालवत कर सकती हैं, इस पर व्यावहाररक पहलू को अब तक शायद ही सांबोलित लकया गया हो। 

वालणस्िक सांचालन के दृलिकोण से, उते्प्ररक प्रदशान पर फीड अशुस्ियोां के गांभीर प्रभाव को एकीकृत एस-

आई प्रलक्रया र्में SO3 अपघटन के ललए एक अत्यलिक सलक्रय और स्थथर उते्प्ररक प्रणाली की आवश्यकता 

होती है। 

इसललए, इस उच्च तापर्मान एां डोथलर्माक प्रलतलक्रया र्में सर्मथान के सही लवकल्प के साथ लागत प्रभावी, 

अत्यलिक सलक्रय और साथ ही स्थथर उते्प्ररक की आवश्यकता है जो प्रलक्रया के से्कल-अप के ललए र्महत्वपूणा 

है। कॉपर फेराइट (CuFe2O4) को उपयुक्त सपोटा पर फैलाया गया और लवलभन्न भौलतक-रासायलनक 

तकनीकोां द्वारा लवशेषता दी गई। उते्प्ररकोां का गलतलवलि परीक्षण लकया गया और हाइडर ोजन उत्पादन के ललए 

S–I चक्र र्में उच्च तापर्मान (800–900 ˚C) एां डोथलर्माक SO3 अपघटन प्रलतलक्रया की तुलना की गई। सांशे्ललषत 

उते्प्ररकोां पर काइनेलटक र्मॉडललांग का अध्ययन लकया गया। इसके अलावा, उते्प्ररक प्रदशान पर फीड 

अशुस्ियोां के प्रभाव की जाांच की गई। 



v 
 

CONTENTS 

Certificate           i 

Acknowledgements          ii 

Abstract           iii 

सार            iv 

Contents           v 

List of Figures          viii 

List of Tables           xiii 

Nomenclature          xiv  

1. Introduction          1 

1.1 Background          2 

1.2 Hydrogen production methods        4 

1.3 Worldwide programs for hydrogen production using Sulfur–iodine cycle  7 

1.4 Sulfur–Iodine cycle         8 

1.5 Thesis organization         10  

2. Literature Review          12  

2.1 Different categories of the catalysts for SO3 decomposition    13  

2.1.1 Nobel metal catalysts        15  

2.1.2 Metal oxide catalysts        18  

2.1.3 Mixed metal oxide catalysts       19 

2.2 Kinetic aspects          22 

2.3 Mechanistic studies         24 

2.4 Gaps in literature and motivation for the present work     26 

2.5 Research objectives         27 

3. Materials and Methods         28  



vi 
 

3.1 Synthesis of the catalysts         29  

3.2 Characterization of the catalysts        32 

3.2.1 X–ray diffraction (XRD)       32 

3.2.2 Fourier transform infra–red spectroscopy (FT–IR)    32 

3.2.3 Thermo–gravimetric analysis (TGA)      32 

3.2.4 Brunauer–Emmett–Teller (BET)      33 

3.2.5 X–ray photoelectron spectroscopy (XPS)     33 

3.2.6 Field emission scanning electron microscope–energy dispersive X–ray 

spectroscopy (FESEM–EDS)        33 

3.2.7 Transmission electron microscopy (TEM) and high resolution (HR)–TEM 33  

3.3 Performance evaluation of the catalysts       34  

4. SO3 decomposition over CuFe2O4 supported on β–SiC and SiO2: Characterization, 

performance and kinetics         36 

4.1 Introduction          37  

4.2 Catalyst characterization         38 

4.3 Performance evaluation of the catalysts       49 

4.4 Kinetic study          51 

 4.4.1 Mass transfer considerations       51  

 4.4.2 Homogeneous kinetic modeling      54  

 4.4.3 Heterogeneous kinetic modeling      56 

4.5 Conclusion          58 

5. Effect of surface modification of β–SiC on the catalytic decomposition of sulfur 

trioxide           59 

5.1 Introduction          60 

5.2 Catalyst characterization         60 



vii 
 

5.3 Performance evaluation of the catalysts       68 

5.4 Theoretical analysis         70 

5.5 Conclusion          73 

6. Effect of the feed impurities on catalytic performance of CuFe2O4/β–SiC  74 

6.1 Introduction          75  

6.2 Activity and stability of the catalyst with feed impurities    76 

6.3 Spent catalysts characterization        78 

6.4 Modeling, statistical analysis and validation      84 

6.5 Conclusion          87 

7. Enhancing SO3 decomposition in a packed bed reactor using β–SiC foam supported 

CuFe2O4           88 

7.1 Introduction          89 

7.2 Catalyst characterization         89 

7.3 Catalytic performance evaluation        98 

7.4 Comparison of heat transfer coefficients, mass transfer coefficients and pressure drop 100 

7.4.1 Geometric features of the β–SiC foam      100 

7.4.2 Heat transfer coefficient        101 

7.4.3 Mass transfer coefficient       103  

7.4.4 Pressure drop         104 

7.5 Conclusion          105 

8. Conclusions and Recommendations       106  

8.1 Thesis conclusions          107 

8.2 Recommendations          110 

References           111  

Appendices           127  

Bio-Data 

 



viii 
 

LIST OF FIGURES  

Figure 1.1 Cost and GWP comparison of various hydrogen production technologies. GWP: 

Global warming potential; SMR: Steam methane reforming; CG: Coal gasification; PEW: 

Photoelectrochemical water splitting.        6 

Figure 1.2 Illustrative representation of the S–I cycle.     8 

Figure 3.1 Schematic representation of the synthesis process of the catalysts.  31 

Figure 3.2 Schematic illustration of the synthesis of CuFe2O4/β–SiC (F).   32 

Figure 3.3 Schematic representation of the experimental setup for SO3 decomposition.     34 

Figure 4.1 XRD pattern of CuFe2O4/β–SiC.       39 

Figure 4.2 XRD pattern of CuFe2O4/SiO2.       39 

Figure 4.3 FT–IR of CuFe2O4/β–SiC.        40 

Figure 4.4 FT–IR of CuFe2O4/SiO2.        40 

Figure 4.5 TGA curve of CuFe2O4/β–SiC.       41 

Figure 4.6 TGA curve of CuFe2O4/SiO2.       41 

Figure 4.7 XPS spectra of Cu 2p of CuFe2O4/β–SiC.      42 

Figure 4.8 XPS spectra of Fe 2p of CuFe2O4/β–SiC.      42 

Figure 4.9 XPS spectra of Cu 2p of CuFe2O4/SiO2.      43 

Figure 4.10 XPS spectra of Fe 2p of CuFe2O4/SiO2.      43 

Figure 4.11 Nitrogen adsorption–desorption isotherms of CuFe2O4/β–SiC.   44 

Figure 4.12 Nitrogen adsorption–desorption isotherms of and CuFe2O4/SiO2.  45 

Figure 4.13 TEM, SAED, HR–TEM and lattice fringes of the (a1–a4) CuFe2O4/β–SiC. 45 

Figure 4.14 TEM, SAED, HR–TEM and lattice fringes of the (a1–a4) CuFe2O4/SiO2. 46 

Figure 4.15 FESEM–EDS and elemental mapping of the (a1–a7) CuFe2O4/β–SiC.  47 



ix 
 

Figure 4.16 FESEM–EDS and elemental mapping of the (a1–a7) CuFe2O4/SiO2.  47 

Figure 4.17 (a) and (b) FESEM of fresh CuFe2O4/β–SiC and CuFe2O4/SiO2, respectively. a1, 

b1 and b2 correspond to FESEM, TEM and SAED pattern, respectively of spent CuFe2O4/β–

SiC. a2, b3 and b4 correspond to FESEM, TEM and SAED pattern, respectively of spent 

CuFe2O4/SiO2.           48  

Figure 4.18 Variation of SO3 conversion (%) with temperature at 8.1 h
-1

 WHSV.  50 

Figure 4.19 Variation of SO3 conversion (%) with time (hr) at 8.1 h
-1

 WHSV and 850 ˚C. 51 

Figure 4.20 Effect of external mass transfer resistance on conversion of SO3 (X) over 

CuFe2O4/β–SiC catalyst. Conditions: Temperature = 850 ˚C; catalyst size = 0.5 mm; a, with 1 

g catalyst; b, with 3 g catalyst.        52 

Figure 4.21 Effect of intra–particle diffusion on conversion of SO3 (X) over CuFe2O4/β–SiC 

catalyst. Conditions: Temperature = 850 ˚C, catalyst weight = 1 g.    53 

Figure 4.22 Arrhenius plot for SO3 decomposition over CuFe2O4/β-SiC and CuFe2O4/SiO2.55 

Figure 4.23 Variation of SO3 conversions with space time at 800, 825, 850, and 875 ˚C. 57 

Figure 4.24 Parity plot for the rate of SO3 conversion at 800 (R
2
 = 0.97), 825 (R

2
 = 0.97), 850 

(R
2
 = 0.95) and 875 ˚C (R

2
 = 0.96).        57 

Figure 5.1 XRD of (a) CuFe2O4/β-SiC (T) and (b) CuFe2O4/β-SiC (UT).   61 

Figure 5.2 FTIR of (a) CuFe2O4/β-SiC (T) and (b) CuFe2O4/β-SiC (UT).   62 

Figure 5.3 BET of CuFe2O4/β-SiC (T), and CuFe2O4/β-SiC (UT).    63 

Figure 5.4 XPS (a) Cu 2p and (b) Fe 2p of the CuFe2O4/β-SiC (T), (c) Cu 2p and (d) Fe 2p of 

the CuFe2O4/β-SiC (UT).         64 

Figure 5.5 FESEM–EDS and elemental mapping of the (a1–a7) CuFe2O4/β-SiC (T). 65 

Figure 5.6 FESEM–EDS and elemental mapping of the (b1–b7) CuFe2O4/β-SiC (UT). 66 

Figure 5.7 TEM, SAED, HR–TEM, lattice fringes and particle size distribution of the (a1–a5) 

CuFe2O4/β-SiC (T) and (b1–b5) CuFe2O4/β-SiC (UT).     67 

Figure 5.8 SO3 conversion (%) with temperature.      69 



x 
 

Figure 5.9 SO3 conversion (%) with time (hr) at 850 ˚C and 8.1 h
-1

 WHSV.  70 

Figure 5.10 Free energy profiles for adsorption and dissociation of SO3 on the surface of 

CuFe2O4/β-SiC (UT) and CuFe2O4/β-SiC (T) catalysts, respectively.   71 

Figure 5.11 Reaction profile for the decomposition of SO3 with initial state (IS), transition 

state (TS) and final state (FS) on (a) CuFe2O4 cluster and (b) CuFe2O4 cluster with oxygen 

vacancy. Structure and charge density difference contours for SO3 adsorbed on top of cluster 

(c) CuFe2O4, (d) CuFe2O4 with O-vacancy) and (e) Fe2O3 with O-vacancy. In charge density 

difference plots cyan and yellow colours correspond to the negative and positive charge, 

respectively.           72  

Figure 6.1 SO3 conversion (%) with  (a) temperature (˚C), and (b) time (hr) with the different 

feed compositions over CuFe2O4/β–SiC:  F–A: 98 wt % H2SO4; F–B: 98 wt % H2SO4–1 wt 

% HI; F–C: 50 wt % H2SO4–1 wt % HI–H2O solution; F–D: 50 wt % H2SO4–10 wt % HI–

H2O solution; F–E: 98 wt % H2SO4–1 wt % KI; F–F: 50 wt % H2SO4–1 wt % KI–H2O 

solution; F–G: 50 wt % H2SO4–10 wt % KI–H2O solution.     78 

Figure 6.2  XRD of the spent CuFe2O4/β–SiC catalysts with the different feed compositions: 

F–A: 98 wt % H2SO4; F–B: 98 wt % H2SO4–1 wt % HI; F–C: 50 wt % H2SO4–1 wt % HI– 

H2O solution; F–D: 50 wt % H2SO4–10 wt % HI–H2O solution; F–E: 98 wt % H2SO4–1 wt % 

KI; F–F: 50 wt % H2SO4–1 wt % KI–H2O solution; F–G: 50 wt % H2SO4–10 wt % KI–H2O 

solution.           79 

Figure 6.3 Adsorption–desorption curves of the spent CuFe2O4/β–SiC catalysts with the 

different feed compositions: F–A: 98 wt % H2SO4; F–B: 98 wt % H2SO4–1 wt % HI; F–C: 50 

wt % H2SO4–1 wt % HI– H2O solution; F–D: 50 wt % H2SO4–10 wt % HI–H2O solution; F–

E: 98 wt % H2SO4–1 wt % KI; F–F: 50 wt % H2SO4–1 wt % KI–H2O solution; F–G: 50 wt % 

H2SO4–10 wt % KI–H2O solution.        80 

Figure 6.4 FESEM–EDS and elemental mapping of the spent CuFe2O4/β–SiC catalysts with 

the different feed compositions: (a) F–A: 98 wt % H2SO4;  (b) F–B: 98 wt % H2SO4 – 1 wt % 

HI; (c) F–C: 50 wt % H2SO4 – 1 wt % HI – H2O solution; (d) F–D: 50 wt % H2SO4 – 10 wt 

% HI – H2O solution; (e) F–E: 98 wt % H2SO4 – 1 wt % KI; (f) F–F: 50 wt % H2SO4 – 1 wt 

% KI – H2O solution; (g) F–G: 50 wt % H2SO4 – 10 wt % KI – H2O solution; (h) FESEM 

image of the fresh catalyst.         83 



xi 
 

Figure 6.5 TEM images of the spent CuFe2O4/β–SiC catalysts with the different feed 

compositions: (a) F–A: 98 wt % H2SO4; (b) F–B: 98 wt % H2SO4 – 1 wt % HI; (c) F–C: 50 

wt % H2SO4 – 1 wt % HI – H2O solution; (d) F–D: 50 wt % H2SO4 – 10 wt % HI – H2O 

solution; (e) F–E: 98 wt % H2SO4 – 1 wt % KI; (f) F–F: 50 wt % H2SO4 – 1 wt % KI – H2O 

solution; (g) F–G: 50 wt % H2SO4 – 10 wt % KI – H2O solution; (h) TEM image of the fresh 

catalyst.           84 

Figure 6.6 Plot of experimental and predicted SO3 conversion (%), (R
2
 =0.96).  85 

Figure 7.1 XRD pattern of β–SiC foam supported copper ferrite.    90 

Figure 7.2 FT–IR of β–SiC foam supported copper ferrite.     91 

Figure 7.3 TGA of β–SiC foam supported copper ferrite.     92 

Figure 7.4 Nitrogen adsorption–desorption isotherms of β–SiC foam supported copper ferrite.

            93 

Figure 7.5 XPS (a) Cu 2p, and (b) Fe 2p of β–SiC foam supported copper ferrite.  94 

Figure 7.6 XPS of (a) O 1s, (b) Si 2p and (c) C 1s of β–SiC foam supported copper ferrite.95 

Figure 7.7 (a) FESEM of β–SiC foam, (b) FESEM, and (c) EDS of β–SiC foam supported 

copper ferrite.           97 

Figure 7.8 (a) TEM, (b) SAED, (c) HR–TEM, and (d) lattice fringes of β–SiC foam 

supported copper ferrite.         97 

Figure 7.9 Variation of SO3 conversion (%) with temperature.    99 

Figure 7.10 Variation of SO3 conversion (%) with time at 850 ˚C.    100 

Figure 7.11 Size distributions of (a) pores, and (b) struts of the β–SiC foam.  101 

Figure 7.12 Comparison of the heat transfer coefficients of β–SiC foam supported copper 

ferrite and the pelletized catalyst in a packed bed reactor.     102 

Figure 7.13 Comparison of the mass transfer coefficients of β–SiC foam supported copper 

ferrite and the pelletized catalyst in a packed bed reactor.     104 



xii 
 

Figure 7.14 Comparison of the pressure drop of β–SiC foam supported copper ferrite and the 

pelletized catalyst in a packed bed reactor.       105 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xiii 
 

LIST OF TABLES 

Table 1.1 Hydrogen production methods and their source of energy.   6  

Table 1.2 Worldwide programs for hydrogen production using Sulfur–Iodine thermochemical 

water splitting cycle.          8 

Table 2.1 Catalytic systems for SO3 decomposition in the S–I cycle.   13 

Table 2.2 Activation energy of the catalysts for SO3 decomposition step in the S–I cycle. 22 

Table 4.1. Physicochemical properties of the CuFe2O4/β-SiC and CuFe2O4/SiO2  

catalysts.           49 

Table 4.2 Parameters and their values for internal and external diffusion.   53 

Table 4.3 Comparison of the activation energy of the various catalysts in the SO3 

decomposition reaction.         55 

Table 5.1 Physicochemical properties of the CuFe2O4/β-SiC (T) and CuFe2O4/β-SiC (UT).

            68 

Table 6.1 Feed compositions for the activity and stability tests.    76 

Table 6.2 BET surface area and pore volume of the spent CuFe2O4/β-SiC catalysts along with 

SO3 conversion (%) with the different feed compositions.     80 

Table 6.3 Analysis of variance (ANOVA) of the model.     86 

Table 6.4 Model validation.         86 

Table 7.1 Comparison of BET surface area and pore volume of CuFe2O4/β–SiC (F) and 

CuFe2O4/β–SiC (Pellet).         93 

 

 

 

 



xiv 
 

NOMENCLATURE 

 

Symbols  

Ea   Activation energy (kJ/mol) 

SA   BET surface area (m
2
/g) 

dp   Crystallite size (nm) 

CWP   Weisz–Prater parameter 

rA   Observed rate of reaction (mol/kgcat sec) 

R   Radius of the catalyst pellet (m) 

De   Effective diffusivity (m
2
/sec) 

CAS   Surface concentration (mol/m
3
) 

n  Reaction order 

kc  Mass transfer coefficient (m/s) 

X  SO3 conversion 

R  Gas constant (J/mol K) 

W  Weight of the catalyst (g) 

SF Exterior surface area per unit volume of reactor bed (Foam) (m
2
 

m(bed)
-3

) 

Sp Exterior surface area per unit volume of reactor bed (Pellet) (m
2
 

m(bed)
-3

) 

Dp  Pellet diameter (m) 

ReF  Reynold number based on foam catalyst 

Rep  Reynold number based on pellet catalyst 

 v  Superficial velocity (m/s) 

 T  Temperature (K) 

 hF  Heat transfer coefficient based on foam catalyst (W m
-2

 K
-1

) 

hp  Heat transfer coefficient based on pellet catalyst (W m
-2

 K
-1

) 



xv 
 

 D  Diameter of the reactor (m) 

 jDF   Mass transfer factor based on foam catalyst 

 jDp  Mass transfer factor based on pellet catalyst 

 kF  Mass transfer coefficient based on foam catalyst (m/sec) 

 kp  Mass transfer coefficient based on pellet catalyst (m/sec) 

 Sc  Schmidt number 

M1, M2  Molecular mass (g/mol) 

 V1, V2  Diffusion volume (cm
3
/mol) 

∆ P  Pressure drop (Pa) 

𝜌𝑐   Density of the catalyst (kg/m
3
) 

𝜌𝑏  Catalyst bulk density (kg/m
3
) 

𝜆  Thermal conductivity (W m
-1

 K
-1

) 

𝜌  Density of the gas (kg/m
3
) 

εF  Foam porosity 

𝜀𝑝  Pellet porosity 

𝜇  Viscosity of the gas (kg m
-1

 s
-1

) 

D12  Diffusivity (m
2
/sec) 

 dfp  Foam pore diameter (m) 

 dt   Foam strut diameter (m) 

 dF  Mean pore diameter of the foam (m) 

 

Acronyms 

S–I    Sulfur–Iodine  

XRD   X–ray diffraction 

FT–IR   Fourier transform infra–red spectroscopy 

TGA   Thermo–gravimetric analysis 



xvi 
 

XPS   X–ray photoelectron spectroscopy 

BET   Brunauer–Emmett–Teller 

FESEM–EDS Field emission scanning electron microscope–energy dispersive X–ray 

spectroscopy 

TEM  Transmission electron microscopy 

HR–TEM  High resolution transmission electron microscopy 

SAED  Selected area electron diffraction 

WHSV  Weight hourly space velocity (h
-1

) 

LHHW  Langmuir–Hinshelwood–Hougen–Watson 

PPI  Pores per linear inch 

RSM  Response surface methodology 

DF  Degree of freedom 

MS  Mean square 

ANOVA  Analysis of variance 

SS  Sum of squares 

 

 

 

 

 


