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Abstract

The organic contaminants released from various industries, due to their carcinogenic nature
and inability to degrade naturally, pose a serious threat to human health and the environment.
Of the existing treatment techniques for the removal of these organic pollutants from water,
catalytic treatment is a viable practice as it is economically feasible, leads to complete
mineralization of the pollutants and can be conducted at moderate reaction conditions. This
transformation of organic contaminants is aided by transition metals and thus, it is deemed
essential to rationally design the catalysts. In this direction, catalytic reactions
(hydrodechlorination (HDC) reaction and oxidation reaction) of various contaminants
(trichloroethylene (TCE), 4-chlorophenol (4-CP) and ethylene glycol (EG)) using density
functional theory (DFT) simulations combined with microkinetic modeling (MKM) are
undertaken. A few experiments are also carried out involving TCE as a model impurity.

In the present work, an attempt is made to gain mechanistic insights on the reactivity of the Pd
catalyst, which is the most widely employed catalyst for HDC reactions. Towards this, the HDC
reaction of TCE, incorporating DFT calculations, is simulated over different facets (terrace Pd
(111) and Pd (100), undercoordinated Pd (211) and Pd (110)) of a Pd catalyst. TCE undergoes
dechlorination to form a hydrocarbon intermediate followed by hydrogenation to form ethene
or ethane. On the Pd catalyst, TCE binds with a high binding energy (B.E.) of -178 kJ/mol over
the Pd (110) surface. The chlorine atoms released as a result of dechlorination tend to block the
active sites, thereby poisoning the surface with high binding energies (B.E. > -160 kJ/mol) on
all the surfaces. The removal of surface chlorine is facilitated by its reaction with surface
hydrogen to form hydrogen chloride. The terrace sites display comparatively lower activation
energies for the formation of hydrogen chloride in contrast to the undercoordinated sites, which
suggests the ease of removal of Cl as HCI from the terrace sites. The structure sensitivity in the
TCE HDC reaction could possibly arise due to the differences in the energetics of Cl removal
on different Pd facets.

In addition, to understand the role of the support in the HDC reaction of TCE, few experiments
are also conducted by employing Pd metal supported over carbon (Pd/C) and titania (Pd/TiOz(c)
and Pd/TiOxs), wherein the subscripts (C) and (S) stand for commercial and synthesized TiO»,
respectively). TCE HDC follows first order reaction kinetics. In this study, it is observed that
on increasing the temperature, the conversion increases over the three catalysts. However, the
conversion increases drastically over the TiO»-supported Pd catalyst compared to the Pd/C

catalyst. The variation in the concentration with temperature is utilized to calculate the apparent



activation energies (Eapp). Herein, the Eapp over the Pd/C catalyst is calculated to be 21.2 kJ/mol,
which is higher than that calculated over the Pd/TiOyc) catalyst (Eapp = 13.6 kJ/mol) and
Pd/TiOxs) catalyst (Eapp = 12.4 kJ/mol). Furthermore, the DFT studies reveal lower adsorption
energy of chlorine over Pd4/TiO2 compared to the Pd (111) slab, highlighting the role of the
titania support.

Addition of a second metal to the parent metal (Pd) has proved to be beneficial as it leads to
improved stability, activity and selectivity towards the desired product compared to the parent
metal. Herein, a combined DFT and MKM study for the HDC of 4-CP is performed over the
terrace (111) sites of the Pd metal and A3B type alloys with coinage metals (A-Pd, B-Cu, Ag
and Au). 4-CP undergoes dechlorination followed by hydrogenation to form phenol. The Pd;Ag
surface displays the lowest barrier (44 kJ/mol) for the C-CI bond dissociation step compared
to the monometallic Pd surface (71 kJ/mol). The trend in the reactivity follows: Pd3Ag > Pd;Au
> Pd > Pd;Cu. The high turnover frequency (TOF) over the Pd3Ag surface could be attributed
to the ease of C-Cl bond dissociation, whereas the low TOF over the Pd3Cu surface can be due
to the high binding energy of 4-CP molecule. For the C-Cl bond dissociation step, a positive
degree of rate control is observed, which suggests that the step is crucial in ascertaining the
HDC rate.

Further, to understand the effect of the catalyst particle size on the oxidation reaction of EG,
different transition metals and nanoclusters are screened by building a MKM. EG oxidizes to
form glycolic acid and oxalic acid. Two different routes are explored for this oxidation reaction
— direct metal-assisted oxidation route and the O and OH-assisted oxidation route. The
transition metals display considerably higher TOF via the O and OH-assisted route compared
to the metal-assisted route (TOF is 4 to 5 orders of magnitude lower). A high selectivity towards
glycolic acid is reported over all the nanoclusters and transition metals via the O and OH-
assisted route compared to oxalic acid formation. In addition, on moving from metal surfaces
to nanoclusters, that is, reducing the size of the catalyst, the Aui3 nanocluster is observed to lie
at the top of the volcano plot with a high selectivity towards glycolic acid.

In all, this dissertation presents a brief outline on developing catalytic materials for the removal
of organic contaminants in water, accomplished by employing theoretical tools, that can aid in
the rational design of catalysts by providing mechanistic insights and trends in the activity and

selectivity of the catalysts.

Vi



fafirsr I @ e a1 Prefe UguD, Sl HIRe Ul & Bld § 3R WiHifde =y
T 9y Tl 8 Thd, HFd WA 3R YRyl & foy R TaRT Ue7 #Ra &1 5 9 3
HIEDH UGHD! Bl ge & (o8 IUAS IUIR TH-1P| H, SARD IUIR Udh GGG
fyey 3 Fife g 3nfifes T T fPwrd 8, gua! &1 guf TSR0 BT 8 3R 38
e vfafeharas aRfufadl & fosar o 9&dl 81 39 e Ugud! & SaiaRul J
THHIT YT T B ©, 3R ST IARB! Bt dlfcheds U I fSARHT srawges At
ST g

29 fo=n ¥, SEfF® Ugud! (CISFARIURAN (TCE), 4-3ARI%GAI (4-CP) 3R TR
TRHIA (EG)) B! STESINSTFARMTA (HDC) 3R Sfiaftesur ufafearsit 1 sreqaq SRy
BRI R (DFT) RO iR ARHIGEAe® Aisf (MKM) & Iare 3 foar
8 T8 TS 3reaa i fu U &, S8 TCE &1 Ue Afed o & =u | forn
gl

AP H, Pd IARS ! Hlafrariiadr iR Jife SIdei W a3 &1 YA faar T g,
S HDC Ufafearsdf & fou Ted age U ¥ Ugad SR® & | 3% fAlE, TCE & HDC
gfaferar &) fafia pd Ta8T (239 Pd (111) 3R Pd (100), 3SIBI3MTSeS Pd (211) 3R Pd
(110)) TR DFT TUMT3T %I WA HRd ¢ Ridie foar w1 g1 TCE S1-3aRARE & dlg
BIZSIoH & TrY Sffehar Hdl 8 3R 319 a1 389 §HA1 8| Pd SER® TR TCE Pd (110)
FAE TR -178 kJ/mol B 3 TTEIST Soll o 1Y FUAT 8 | S-FARMRH & Haaey Jad
BU T TRATY] Wfhd Rcll Bl 3(adg 4 o, I Felg R o1 IR Bt 3, Fifep
SIH! SRS Kot I+ Tds! R 31 Bl § (B.E. > -160 kl/mol) | T8 TR BTIGIoM &
1Y FARA Bt Ufafordr I gIgior daRISs a1 8, oY 7aiF ge T YHa giaT g | o
ATSCH IR HCI T D1 Aihau Sl 3P ifadcs Argey &! ga-l § oA T T, fored
T TESH R €1 B HCI S T H BT i M Ueiid gidT 81 399 I8 WP gl &
f&% TCE HDC Ufdfehar & pd Tdg! & WRATES Hde-=Idadl Cl1 ®I g Bt ol J 3R
& HRU 3T 8 YHhd! g

Vii



1Y Y, TCE &1 HDC fdforar & Ui &t YIS ! IHgH & ol & uan ot feg g,
8 Pd Y BT (Pd/C) 3R STST (PA/TIOH(C) 3R PA/TiOx(S), STET (C) 3R (S) HHTT:
oo 3R TR ergefar &1 gxiid §) IR WeRI f&d1 T 8| TCE HDC WiH HH &1
3ififerar a1 UTel BT | | 39 31ed H UraT 147 fob aruHE g IR il SARS! IR
F TR H i Bl 8, TR Ti0,-JARSd Pd SIR®! IR T8 gfk Pd/C &1 Ja-1 H gt 31
B 8 | IT9HM & 1Y Aigd 7 3R BT IYTNT B & Uhe UGSl (Eapy) B ITOFT DI
T8 Bl Pd/C SIRF & folU Eyyp = 21.2 kI/mol, TP Pd/TiOA(C) P foIT Eyyp = 13.6 kI/mol
3R PA/TiOx(S) & foTT E,yp = 12.4 kJ/mol UTAT TRT| DFT 31eq0 T8 it fe@rd g fo pd./Tio»
IR AR 6T TSAMRMA Pd (111) T8 &1 a1 H HH BIdl 8, O Sr2e=a1 JuIc ! YHHT
&1 Wifhd HRaAT B

Td o1 (Pd) & TP TG UTg Sie-T ardR! g g3 § Rifh SO SGRS P U,
TipTdr 3R TIATHG AT dek skt g 39 TeY H, 4-cp &1 HDC fafesar & forw pd (111)
X 3T 3R Bigol UTgsf (Pd-Cu, Pd-Ag AR Pd-Au) & AsB THR & YU Tdg! R
DFT 3R MKM &1 Sdd 399+ fahdl TR § | 4-CP SIaGaRMRH & §lg fh-d & aRafd
81T 81 PdsAg TdE W C-Cl 1< A Bl Soll HARY J&F HH (44 kJ/mol) T 7T, Y
HHHCIA® Pd I8 (71 ki/mol) BI & H 1! HH g | Uidfharetddl & Ughi S0 UHR
8: PdsAg > PdsAu > Pd > PdsCul PdsAg g TR I T=3NaR &t (TOF) C-C1 89 &
3T ¥ ge & HRUT §, TafPb PdsCu TR TOF HH § Tl 4-CP U] B AT Sl
31fEre Bicll 81 C-C1 ¥ g o aRU1 IR Ufdifeha &R 10l &1 S RIAS [$37 U1 718 8, S
cxifelt § fob a8 @R HDC R Meia & & orfas g

S 3(QMET, EG & S0l Uidfehdl § SRS B0l 3HR &b YU B 9 o fafia
GHHOT YT 3R AHUN BT MKM ATS T GRT (&7 favdl 1 8| EG T SHTaiiahRur
AT S 3R SHiaTiers S H gl g1 39 SfaAIHRUT & &l AN S fhy TT:
Tgel YTd-9eTid AN 3R 0 Td OH-FIRd A1 0 iR OH-TgIRId AN R T+t HerHur
Y131 TR TOF YTd-Te1RId AN &1 a1 | 45 70T 34f¥es urar 7ra | Faft A s on aiR et
IR TG 3 & o e IS ol 718 | 519 oTd Idel § A0l o 3R §¢T
T (3rufd ISR HR YT T4T), T U 4T {5 Auis F1HU dieh) wiie & i R
a8 IR "ar®Ifad 3 & Ufd S Ig-THGdT aRidl g |

viii



3idc:, I8 MY BT I & Alolg HTa-d UgUD! B §CH 8 SORS Tl & faHmr Hi
FIRAT T BT 8, o Fgifdr Iusun & IganT ¥ Q1 foham a1 g1 I8 efpaiun
ISP B difchep fSomsi=T # Tgrass 8 Iohdl 8, Hife ug fafafd iR I dr &
yafrl 3R A SRl Bl IoTR Bl 5|




Content

Certificate i
Acknowledgements ii
Abstract v
Content X
List of Figures xiii
List of Tables XX
(O] 1F:1 1] 1) o N .1
Introduction..........cccevueeeueeennnn. 1
1.1 Background and MOtIVAtION...........cccueerieeiiienieeieesie ettt ettt eve e e ereeseaeebeesaeeesseees 1
1.2 OB JECHIVES ..ceuvvieiiieeeieetteete et ettt et e et estee et eebeestaeesseessseesseessseenseessseensaessseenseensseesaennseans 22
1.3 ThesiS OrganiSatiON........c..ecuueeeieeriierieeriienteenteeseeeseesreeseessseesseessseessaesssessseesseesssesssseens 23
1.4 RELETEICES ..ottt ettt ettt et e sttt e et e e bt e st e e bt e enbeesseeenseenaneens 26
Chapter 2 .....ceeevverescneecsnncens 35
Rational Catalyst Design for the Removal of Organic Contaminants 35
2.1 INEEOAUCTION ..t ettt ettt et st et e ettt esabeesabeenbeesneeenseas 35
2.2 Effect Of PartiCle SI1ZE.......coueviiiiiiiiieiiiricieetee ettt 37
2.3 EATECT Of SUPPOTIT..ccutiiiiiieiieeiiee ettt ettt ettt ettt e bt e enbeesaeeenneas 44
2.4 Catalyst deactivation and regeneration teChNIQUES .........c.ccecvereereriienieneniienienenienene 49
2.5 AlLOYING STrALEZICS ...eeuveeieeeuiieeiiietieeiie et ie et et ee et e tte et e e teeste e steenbeenseesnbeenstesnseenneeenseas 55
2.6 EATECt O SOIVENT......iiiiieiieeiiee ettt et et 59
2.7 Catalytic Transfer Hydrogenation (CTH) ........coocuiiiiiiiiiniiiiieieeee e 61
2.8 Computational STUAIES .....ccuveeeiuiieiiiieeie et et ee e e e e ta e e e eessaeeesnseeenns 64
2.9 OX1dation REACLIONS .....covueiiiiiiiiiiieiie ittt ettt st et st eaeeas 67
2.10 OULLOOK ...ttt ettt ettt ettt et et e st e s bt et e eseesteeneesseenseenseeneenseenseeneans 69
211 REFEIENCES ...ttt ettt sttt et e s eaeeas 70
Chapter 3 ......ccovvereccccnenccscnnns 78
Methodology .....eeeeevccnnerccccnnnnnes 78
3.1 Computational Methods ...........cceviiiiiiiiiiiieeieece e aee e e 78
3.1.1 Density Functional Theory (DFT) ......ccccieiiiiiiiiieiieiee et 78
3.1.2 Microkinetic Modelling (MKM) .........cocuiiiiiiiiiiieii et 87
3.1.3 Modelling of catalytic surfaces and SIteS..........ccceervureerieeeriieeiieeeieeeeeeeeiee e 97



3.2 Experimental MethOdS ........cooviiioiiiiiieciiece et 101

3.2.1 Catalytic REACIOTS ... .uiieiiieeiiieciieeetee ettt ettt e e e e eaae e bee e eneeenanee s 101
3.2.2 High-performance liquid chromatography (HPLC) technique...........c..ccueeueenneen. 103

3.3 RETEIEIICES ...ttt sttt sttt et b ettt e b eaees 105
Chapter 4 ......ccouveeecevvennccscnnns 107
Reactivity of Transition Metal Catalysts for Hydrodechlorination of Trichloroethylene
............................................................................... 107
O B 113 (016 LD (1510 ) o O SRRSO 107
4.2 MEthOAOLOZY ...ttt ettt ettt sttt e et e b e st e sateenbeenee 110
4.3 ReSults and DISCUSSION .....ceiuuiiitiiiiieiie ettt ettt sate ettt st e e e eabeeees 111
4.4 SUIMIMATY ..ottt ettt st e st et saneesbeessneenbeesaneenneeeaneennee 131
4.5 REICTEICES ...ttt ettt et ettt e sat e e bt e baeeateesateenbeennee 132
Chapter S ......evvverevcnnecsnnnen. 138
Supported Transition Metal Catalysts for Hydrodechlorination of Trichloroethylene.138
5.1 TIOAUCLION ...ttt ettt ettt et e et eeesabe e nteenbeesaeeenseas 138
I (5173104 (o) [ Yoy AP PT 141
5.2.1 Experimental Methods. ..........coooiiiiiiiiiiiiieiiie et 141
5.2.1.1 Synthesis of anatase TiO2 nanoparticles ...........coceeveriereeneriieneenenieneeeennen 141
5.2.1.2 Synthesis 0f PA/TIO2(S). . vceveeuveriiniiiienienieeieeteeeeientestee et 142
5.2.1.3 CatalyticC ACLIVILY ..veieeiiieiiieeeiieesiieerteeestee et e e e et e e e e e esaaeessseeessbeeennseeenns 142

5.2.2 Computational Methods .........cccuviriiiiiiiiiiiiiece e 143

5.3 Results and DiSCUSSION.....c..eeiuiieiiiiiiieiieeit ettt ettt et ettt st beeseeeeaeeas 144
54 SUMMATY ...eeiiiiiiiie ettt ettt e ettt e ettt e st e e st eesabeeesabeeeeabeeenabeesnns 156
5.5 RETEIENCES ...ttt ettt et sttt e et e bt e st e e s st e enbeesneeenseas 157
Chapter 6 .........ccoccerevcuercrnnnen. 160
Design of Bimetallic Alloys for Hydrodechlorination of 4-Chlorophenol....................... 160
6.1 INEEOAUCTION ...ttt ettt st e sae e 160
6.2 MEthOAOIOZY ...t ettt ettt e et e st eebeeeeseeneeas 163
6.3 Results and DISCUSSION........eoutiiiriiriiiiieiteeieeie ettt ettt s 167
0.4 SUIMNIMATY ....eeeiiieeeiiie ettt ettt ettt e sttt e st e e sabeeesabeeesateeeabeesateeenbaeesnseeesaseeennseesnnes 182
0.5 RETETEICES ....cuveeiieiieieeiectee ettt sttt b et et sbe e 183
(O] 1F:1 1] 1) S 189

Reactivity of Transition Metal Nanoclusters for Selective Oxidation of Ethylene Glycol

Xi



7.1 Introduction

7.3 Results and Discussion
7.4 Summary
7.5 References
Chapter 8...

Conclusions and Outlook

Appendix A
Appendix B
Appendix C
Appendix D

Biodata

7.2 MEthOAOIOZY ....eeeiiiieiiie ettt et et e et e et e e e tae e etaeeenaaeeeasaeesnseeennns

Xii



List of Figures

Figure 1.1 Origins of water contamination from pollutants discharged by various sectors ..... 1
Figure 1.2 List of organic pollutants released from different industries............cccceeeevveeeveennnee. 2

Figure 1.3 Removal of contaminants from industrial wastewater via the adsorption technique

.................................................................................................................................................... 4
Figure 1.4 A schematic displaying the air stripping technique for pollutant removal .............. 5
Figure 1.5 A schematic for the ozonation method ...........ccccoocuiieiiiieiiiieeeeeeee e 6
Figure 1.6 A schematic displaying the working of the electro-coagulation technique ............. 7
Figure 1.7 Aerobic biodegradation of pollutants present in industrial wastewater................... 8
Figure 1.8 A representation of the working in a membrane filtration technique ...................... 9
Figure 1.9 The varying length scales in heterogeneous catalysis ...........cccoecveivieniiiiieeniennnen. 12

Figure 1.10 The effect of particle size in a cubic close-packed cuboctahedral-shaped Pd
NANOPATEICIC ....vieiiieiieeie ettt ettt ettt e et e e e e s ebe e st e eeeeesseeesseesseessseenseesssesnseensseenseenssesnsens 13
Figure 1.11 The effect of increasing the chloride concentration on the turnover frequency
(TOF) for the bimetallic Pd/Au nanoparticles and monometallic Pd catalysts (Pd NPs and
Pd/ALO3). Adapted from Ref7..........ccocovvvoiieieeieeceeeeeeeeeeeeeeeeeee et 16
Figure 1.12 Bridging material and pressure gaps through theoretical catalyst design............ 18

Figure 1.13 Catalytic hydrodechlorination and oxidation reactions of the selected model

CONBAMMINIANES ...ttt ettt ettt et ettt ettt ebe et e et e sb e et e et e ebtesbeenbesabesbeenbeeabesbeebesanenaeens 21
Figure 2.1 Sabatier principle for optimum binding of the adsorbate ............coccceviiienennen. 36
Figure 2.2 Coordination numbers of various facets for a cuboctahedra nanoparticle ............ 37

Figure 2.3 The effect of particle size on the fraction of different catalytic sites. Adapted from

Figure 2.4 The formation of the density Of States ..........cccceeiiiiiiiiiiniiie, 39
Figure 2.5 The shift in the d-band centres over a)Ru and b)Ag for the adsorption of O atom

Figure 2.6 The structure sensitivity of dehydrogenation and hydrogenolysis reaction of
cyclohexane over Pt step sites and kink sites. Adapted from Ref'*..............ccovvvvvvvvvveenennne. 42
Figure 2.7 The HDC reaction of 2,4-dichloro-phenoxyacetic acid (2,4-D) over Pd catalyst.
Adapted from Ref27 .. ...ttt 45
Figure 2.8 The kinetic studies for the HDC reaction of diclofenac over supported Pd catalyst.
Adapted from RefPE..... ..ot 47

Xiii



Figure 2.9 Initial turnover frequencies over the Pd nanoparticles and Pd/Al>O3 catalyst with

respect to (a) chloride poisoning and (b) sulphide poisoning. Reproduced from Ref*® .......... 52
Figure 2.10 The regeneration cycles over Rh/C and Ru/C for the HDC of TCM. Reproduced
FTOM RET® ..ottt sttt 54

Figure 2.11 The unit cell and arrangement of intermetallic alloys in a fcc crystal structure..56
Figure 2.12 The geometric and electronic effects on alloying..........ccceeeevveeviieeiieecciieeieeens 57
Figure 2.13 Turnover frequency for the HDC of 4-chlorophenol over the AgPdx nanocrystals.
Reproduced from Refl .. ..ot 58
Figure 2.14 Formic acid dissociation over Pd catalyst. Reproduced from Ref®’................... 62

Figure 2.15 Binding energies of chlorine over the different facets of Pd. Adapted from Ref”

Figure 2.16 Chlorine coverages over transition metal catalysts. Reproduced from Ref*®......67
Figure 2.17 The electronic changes observed in Au bulk metal, nanoparticles, clusters and an
atom. Reproduced from Ref! 1 ... ... 68
Figure 3.1 Schematic displaying the many-body problem (N-particle system) ..................... 80

Figure 3.2 Self-consistent field iterative method to compute the ground state electron density

Figure 3.3 Elastic band method tracing the minimum energy path (MEP) for the calculation of
the tranSItION STALE ......cocuiiuiiiiiiiiieie ettt et sttt s 86
Figure 3.4 The linear relationship displayed in a) Adsorption Energy and b) Transition State
Scaling RelationShipPs. ......ccvieiiiiiiiriiiieie et 92
Figure 3.5 Block diagram displaying the structure of microkinetic modeling (MKM) using
CAtMARP ..ttt ettt ettt e e 93
Figure 3.6 A visual representation of the degree of rate control with respect to the intermediate
aNd trANSTHION STALE .....eouiiuiiiiiiiiieicceeeet ettt st 95

Figure 3.7 Apparent activation energy (Eapp) calculated using DRC. Reproduced from Ref?

.................................................................................................................................................. 97
Figure 3.8 The slab model consisting of 5 layers for a fcc metal .........oocvveeiieiciieicieinen, 98
Figure 3.9 Surface relaxation in a fcc metal slab..........oooooiiiiiiiiiniiniice, 99

Figure 3.10 The various facets exposed in a fcc crystal on cleaving in a particular direction

(Miller indices). Reproduced from Ref?> ............ccoovoiiiiiiiiiecceeeeeeeeeeeee e, 100
Figure 3.11 The different binding sites and modes for the adsorption of H atom on fcc metal
CU (100) FACEE .ottt et 101
Figure 3.12 Illustrations for the batch and continuous reactors ..........c.cceeeeveriereevienienenn 102

Xiv



Figure 3.13 Working principle of HPLC............ccoiiiiiiie e 104
Figure 4.1 The most stable binding mode of TCE on (a) Pd (111), (b) Pd (211), (c) Pd (100)
and (d) Pd (110) surfaces. The Pd atoms are displayed in blue, CI atoms in green, C atoms in
grey and H atom in white color. Distances are marked in A .............ccccoooeveveiiieicicieccenen, 113
Figure 4.2 Reactant, transition and product state structures for the first dechlorination step on
the Pd (111), Pd (211), Pd (100) and Pd (110) surfaces. The Pd atoms are displayed in blue, Cl
atoms in green, C atoms in grey and H atom in white color. Distances are marked in A ..... 117
Figure 4.3 Reactant, transition and product state structures for the second dechlorination step
on the Pd (111), Pd (211) and Pd (100) surfaces. The Pd atoms are displayed in blue, CI atoms
in green, C atoms in grey and H atom in white color. Distances are marked in A ................ 119
Figure 4.4 Reactant, transition and product state structures for the third dechlorination step on
the Pd (111), Pd (211), Pd (100) and Pd (110) surfaces. The Pd atoms are displayed in blue, Cl
atoms in green, C atoms in grey and H atom in white color. Distances are marked in A .....122
Figure 4.5 The energy diagram for the dechlorination steps in the HDC reaction of TCE on the
Pd (111), Pd (211), Pd (100) and Pd (110) surfaces. Numbers in bold show the intrinsic
activation energies of the elementary reaction steps in kJ/mol...........cccoceevieniieiieniienenne. 123
Figure 4.6 The transition state scaling relations obtained for the dechlorination steps of TCE
on the Pd (111) (m), Pd (211) (®), Pd (100) (A) and Pd (110) (#) surfaces ........c...cccvveneen. 124
Figure 4.7 The energy diagram for the hydrogenation steps in the HDC reaction of TCE on the
Pd (111), Pd (211), Pd (100) and Pd (110) SUIfaces.........ccceevuererieeeiieeiieeeieeeiee e 126
Figure 4.8 The most stable binding modes of chlorine on (a) Pd (111), (b) Pd (211), (c) Pd
(100) and (d) Pd (110) surfaces. The Pd atoms are displayed in blue and CI atoms in green
color. Distances are marked in A .............c.o.oooiiiiiieeceeee e 127
Figure 4.9 Reactant, transition and product state structures for the formation of HCI on the Pd

(111), Pd (211), Pd (100) and Pd (110) surfaces. The Pd atoms are displayed in blue, Cl atoms

in green and H atom in white color. Distances are marked in A ...........c.ccccoooevereveiieiecnnnn 131
Figure 5.1 The FESEM images and the corresponding EDX mapping of Pd/TiO>c) (A and B)
and Pd/TiOzs) (C and D) 1€SPECHIVELY ..eieuviiiiiieeiiieeiee ettt 145

Figure 5.2 The change in the concentration of TCE with respect to time over the a) Pd/C, b)
Pd/TiO2(c) and €) PA/TIO2(S) . cvveuveuveieiieiiniieiieiice ettt 147
Figure 5.3 Effect of reaction temperature on the conversion of TCE at 30 mins over the a)
Pd/C, b) Pd/TiOxc) and ¢) Pd/TiO2(s) CatalystS.....c.eeeeeviieriieeiiieeciie et 150
Figure 5.4 Arrhenius plots for calculating the apparent activation energies (Eapp) over the Pd/C,

Pd/TiOz(c) and Pd/TiOxs) catalysts for the HDC reaction of TCE...........ccccooevieniiiiniennnnn 150

XV



Figure 5.5 HR-TEM images for the A) Pd/C, C) Pd/TiOzc) and E) Pd/TiOxs) along with their
respective calculated particle size distributions (B, D, F) ..ccoooviiiiiiieiiiiieeeeee e 151
Figure 5.6 XPS studies for the 1) Pd/TiOxc) and 2) PA/TiO2(S) ..vveevvereveeiieniieeiienieeiieeieeens 152
Figure 5.7 The binding of chlorine atom on a Pd slab model (a) and Pd4 cluster model (b and

¢). Pd atoms are displayed in blue and CI atom is displayed in green. Bond lengths are marked

TN A ettt ettt 153
Figure 5.8 The binding of a chlorine atom in different modes on a Pd4/TiO; model ........... 155
Figure 6.1 The side and top views of the metal surfaces (Pd (111), Pd3;Cu (111), Pd3Ag (111)
and PdzAu (111)) employed for the HDC 0f 4-CP .....cc.oooiiiiiiiiiiiiieeeeeeeee e 164

Figure 6.2 The B.E. of 4-CP in the most stable configurations (a(i)-d(i)) and corresponding d-
band centers of Pd (111), Pd3Cu (111), Pd3Ag (111) and Pd3Au (111) surfaces (a(ii)-d(ii)). Color
code: Pd (dark blue), Cu (orange), Ag (light blue), Au (yellow), C (grey), O (red), H (white),
O T s Lo (<) 1 ) PSSO URRS 169
Figure 6.3 Initial State (IS), Transition State (TS) and Final State (FS) for the CI dissociation
step on Pd (111), Pd3Cu (111), PdzAg (111) and PdsAu (111) surfaces respectively (a(i)-d(i)).
Color Code: Pd (dark blue), Cu (orange), Ag (light blue), Au (yellow), C (grey), O (red), H
(White), Cl (IIght SIEEM) ....eeeuiieiiieiieie ettt ettt ettt saee e eee 171
Figure 6.4 Binding Energy of 4-CP over the fcc site on the Pd;Au (111) surface................ 173
Figure 6.5 Transition state structures for the hydrogenation step to form phenol without CI on
the surface (I) and with Cl at the fcc site (IT) on the Pd (111) surface........cccccvevvvveevvveennenn. 174
Figure 6.6 Initial State (IS), Transition State (TS) and Final State (FS) for the H addition step
to form phenol on Pd (111), Pd3;Cu (111), Pd3Ag (111) and Pd3;Au (111) surfaces respectively
(a(1)-d(1)). Color Code: Pd (dark blue), Cu (orange), Ag (light light blue), Au (yellow), C (grey),
O (1€d), H (WHITE) ..ttt ettt ettt et e e et e st e naeenees 175
Figure 6.7 The overall reaction energy diagram for the HDC of 4-CP to form phenol on Pd
(111) (-----), Pd3Cu (111) (-----), Pd3Ag (111) (-----) and Pd3Au (111) (-----) surfaces......... 177
Figure 6.8 The turnover frequencies over Pd (111), Pd;Cu (111), Pd3Ag (111) and Pd3Au (111)
surfaces in the temperature range 273 K — 873 Ki...oovviooiiiiiiieeeeeeeeeeee e 178
Figure 6.9 The degree of rate control plots over (i) Pd (111), (ii) Pd3Cu (111), (iii) Pd3Ag (111)
and (iv) PdzAu (111) surfaces with respect to 4-CP B.E., Cl B.E., COH5OH-CI* and H-CI*

Figure 6.10 Surface coverage of C¢H4OHCI with varying temperatures and pressures over

different surfaces ((1) Pd (111), (2) Pd3Cu (111), (3) Pd3Ag (111) and (4) PdzAu (111)).....181

XVi



Figure 7.1 The production rates for the metal-assisted pathway over different transition metal
catalysts for the formation of (a) glycolic acid and (b) oxalic acid, at 473 K and 1 bar (Error
DAL = 0.2€V) oottt et e et e e e aa e e e e e e eaa e e e baeeeareeeans 198
Figure 7.2 The production rates for the metal, O and OH-assisted pathway over different
transition metal catalysts for the formation of (a) glycolic acid and (b) oxalic acid, at 473 K
and 1 bar (Error bar = 0.2€V) ....cocuiiiiii ettt e s 199
Figure 7.3 The production rates for the metal, O and OH-assisted pathway over the Pt, Au and
Ag step, corner, terrace sites and metal clusters for the formation of (a) glycolic acid and (b)
oxalic acid, at 473 K and 1 bar (Error bar = 0.2€V) ......ccooviieiiieeiieeeeeeeeeeeeeeee e 201
Figure 7.4 The selectivity trends for the metal-assisted pathway over the transition metals for

the formation of (a) glycolic acid and (b) oxalic acid, at 473 K and 1 bar (Error bar = 0.2eV)

Figure 7.5 The selectivity trends for the metal, O and OH-assisted pathway over the transition
metals for the formation of (a) glycolic acid and (b) oxalic acid, at 473 K and 1 bar (Error bar

Figure 7.6 The selectivity trends for the metal, O and OH-assisted pathway over the Pt, Au and
Ag step, corner, terrace sites and metal clusters for the formation of (a) glycolic acid and (b)
oxalic acid, at 473 K and 1 bar (Error bar = 0.2€V) ....ccoooiiiiiiiiiiieieeeeee e 204
Figure 7.7 The trends in the coverage for the metal-assisted pathway over different transition

metals for the formation of (a) glycolic acid and (b) oxalic acid, at 473 K and 1 bar (Error bar

Figure 7.8 The trends in the coverage for the metal, O and OH-assisted pathway over different
transition metals for the formation of (a) glycolic acid and (b) oxalic acid, at 473 K and 1 bar
(EIror Dar = 0.28V) ..ottt s 206
Figure 7.9 The trends in the coverage for the metal, O and OH-assisted pathway over Pt, Au
and Ag step, corner, terrace sites and metal clusters for the formation of (a) glycolic acid and
(b) oxalic acid, at 473 K and 1 bar (Error bar = 0.2€V)......cccovviieiiiieiiecieeeeeeeee e 207
Figure 8.1 Rational catalyst design for the removal of organic contaminants from water via
catalytic reactions (hydrodechlorination and oxidation reactions) ...........cceceeveevverveneenuennne. 215

Figure 8.2 Computational modeling for the removal of organic contaminants in waste water

over model surfaces, clusters and supported CIUSLErS ..........cccvveeeviieeiiieeiieeeee e 217
Figure A1. Mechanistic routes for hydrodechlorination of trichloroethylene....................... 218
Figure A2. The n-binding modes of trichloroethylene on different Pd facets....................... 219

XVii



Figure A3. Reactant, transition and product state structures for the first hydrogenation step on
the Pd (111), Pd (211), Pd (100) and Pd (110) surfaces. The Pd atoms are displayed in blue, C
atoms in grey and H atom in white color (Distances are marked in A)...........ccococvvvvenrnnnne. 220
Figure A4. Reactant, transition and product state structures for the second hydrogenation step
on the Pd (111), Pd (211), Pd (100) and Pd (110) surfaces. The Pd atoms are displayed in blue,
C atoms in grey and H atom in white color (Distances are marked in A).............ccocvvvene.. 221
Figure AS5. Reactant, transition and product state structures for the third hydrogenation step
(ethylene formation) on Pd (111), Pd (211), Pd (100) and Pd (110) surfaces. The Pd atoms are
displayed in blue, C atoms in grey and H atom in white color (Distances are marked in A)222
Figure A6. Reactant, transition and product state structures for the hydrogenation of ethylene
on the Pd (111), Pd (211), Pd (100) and Pd (110) surfaces. The Pd atoms are displayed in blue,
C atoms in grey and H atom in white color (Distances are marked in A)...............ccocoo...... 223
Figure A7. Reactant, transition and product state structures for the hydrogenation of ethyl
(ethane formation) on Pd (111), Pd (211), Pd (100) and Pd (110) surfaces. The Pd atoms are
displayed in blue, C atoms in grey and H atom in white color (Distances are marked in A)224

Figure A8. The transition state scaling for the hydrogenation steps on the Pd (111) (m), Pd

(211) (@), Pd (100) (A ) and Pd (110) (#) SUTTACES ....ecvueeriieiiieiieiieeieeeie et 225
Figure A9. The energy diagram for the formation of hydrogen chloride on the Pd (111), Pd
(211), Pd (100) and Pd (110) SUITACES ....ccuveeeriiieeiiieeiieeeieee e eire et svee e ereeeevee e s 226
Figure B1. The diffraction peaks of the Pd/TiOxs), Pd/TiOzc), TiOxs) and TiOx(c) catalysts
................................................................................................................................................ 230
Figure B2. Calibration plot for the varying concentrations of trichloroethylene (TCE) ...... 230
Figure B3. Variation of TCE conversion wWith time ...........ccccccvveviiieiiieeiiieeieecee e 231
Figure C1. Various binding modes of 4-CP on (1) Pd (111), (2) Pd3Cu (111), (3) Pd3Ag (111)
and (4) PA3AU (111) SUITACES ....oeouviieiiiicciee ettt 234
Figure C2. The Most Stable Binding Modes of Cl on (1) Pd (111), (2) Pd3Cu (111), (3) Pd3Ag
(111) and (4) PA3AU (111) SUTTACES ...c.uveeeiiieeiiie ettt ettt e e s 235
Figure C3. The Most Stable Binding Modes of H on (1) Pd (111), (2) Pd3Cu (111), (3) Pd3Ag
(111) and (4) PA3AU (111) SUITACES ......veieieiiieciiieeiee ettt et e e s 235
Figure C4. The Most Stable Binding Modes of HCl on (1) Pd (111), (2) Pd3Cu (111), (3) Pd3Ag
(111) and (4) PA3AU (111) SUTTACES ...c.uveeeiieeeiiieeiee ettt ettt e e e e e s 235

Figure CS. Transition state structures on the Pd (111) surface for the C-CI bond dissociation

step with Cl at the hep site (I) and ClI at the fee site (I1) ..ovevveriirierieniiinieceeeee 236

XViii



Figure C6. Surface coverage of Cl with varying temperatures and pressures over different
surfaces ((1) Pd (111), (2) Pd3Cu (111), (3) Pd3Ag (111) and (4) Pd3Au (111)) .cceeouvenneneee 236
Figure D1. Mechanistic routes for the oxidation of ethylene glycol (EG) via the metal, O and
OH-assisted routes to form glycolic acid (GA) and oxalic acid (OA).......cccvevveeviiereeenenne. 237

XiX



List of Tables

Table 1.1 Catalytic transformation of organic pollutants .............ccceeeeeeecieeeiieencie e 10
Table 2.1 Effect of particle size of the catalyst on the HDC reactions of contaminants......... 43
Table 2.2 Reactivity of Pd on different supports for the HDC reactions of contaminants......48
Table 2.3 Reactivity of different transition metal catalysts on the same support for HDC
1eactions Of CONTAMINANTS .......oiiuiiiiiiiieiie ettt ettt e it e e e e seeeeneeas 50
Table 2.4 Comparison of different solvents used for HDC reactions of contaminants........... 60
Table 2.5 Different solvents and hydrogen donors used for HDC reactions of contaminants 63
Table 4.1 Hydrogenation of chlorinated intermediates on different Pd facets...................... 114
Table 4.2 Comparison between ethylene desorption energy and ethylene hydrogenation to ethyl
species on different P faCeLS.........eovcuiiiiiiiiciie et 125
Table 5.1 The elemental composition, dispersion and metal surface area of the catalysts tested
in the HDC reaction Of TCE ........cociiiiiiiiiieeeeeee e 146
Table 5.2 Conversion of TCE with time at various temperatures. ............cccceeveeereeereeeneene 148
Table 6.1 The calculated lattice constants at which the total energy is minimum for the Pd-
DASEA ALLOYS ...vieeeiiieeiiie et ettt e e e e et e e et e e e aaeeenbeeennreeennes 163
Table 6.2 The d-band centers of Pd and Pd-based alloys.........cccccueeviiieniiiinciiiiieeieeeen 170
Table 7.1 Activation energies for the first O-H bond dissociation in EG for the metal-assisted
and metal, O and OH-assisted pathway over Ag and Pt metals..........c..ccccceviniininiinnnenne. 197
Table 7.2 TOFs of glycolic acid for the metal-assisted and the metal, O and OH-assisted

pathways over different transition MetalS ............ceccvveeriiieeiiiieiiie e 200
Table B1. Calculated multiplicity for the Pds CluSters ...........ccoceeviiiiiiniiiiiieeeeeee 231
Table C1. Formation energies of the species used to construct the MKM.............ccccceueeeee. 232

Table D1. Formation energy of species used in the model. Reference — H>O, CH4 and H> .241

XX





