660.2995 MAF Contact “Library Services” : info@dss.go.th

Contents

PrEfACE ....cou.uveeennnnniineeniinttteienninsiiiitttensiientusiiscessssssisssssssessesssssansssessesnssssssneens xi
LiSt Of ACPONYMS ........oeunnnnnnnnnrerereeiiisnrnernrsseeceiesssnessessisssssssserreessssassssssressesns xiii
Chapter 1: INOAUCEION ............eeneeeeneerineecnrerreneriensvresseessessssinssssssnissssossessnsossassssnes 1
Chapter 2: Development in Petroleum RefiNing.................cceeeevuveesveervesreressveroressresssnes 5
2.1 Conventional REefINETY .......coocvviiiiiiiiiiiiitiiniercirree e rertveesae e erieestae e e bbesameaesiseesneees 7
2.2 Revamped Conventional REfINETY ........ccocciviiirinoriiieie st 10
2.3 Advanced REMINETIES .......cccoiiriiiiiiiiiiiscentene et ettt et eeb e st sreeesaes e 13
Chapter 3: Hydroprocessing of Petroleum................uuueeeeeeenrevenrueervesvenssncsanessaenses 17
3.1 Feeds for HydroproCesSing .........ceeverreririiriieniie ettt e ete et sies st st s e e 17
311 Light FEEAS ..couiiiiiieiiiiiiicieiiic ettt e e 19
3.1.2 Medium Heavy Feeds ...ttt et 19
3.1.2.1 Heavy and Extra Heavy Feeds .......cccoocvvnivninniniiiiiinniniinn, 20
3.2 Hydroprocessing REACHODS. ......cccovveeirieririeeeerentereinenie e seenreeseeseeeesneseereennens 21
3.3 Hydroprocessing Catalysts.........c.cccoevvrieuineoiimiiniiini et eseere s e 22
3.3.1 Structure and Chemical COMPOSILION .....ccccovieviiiiriiieniie e 23
3.3.1.1 Co(Ni)-Mo(W)-S Phase ........ccooccoiviriiiniiiiiiiiccnieicineccciens 24
3.3.1.2 Brim Sites Model .......ccccoimmiiiiiiiiieie e 25
3.3.1.3 Co-MoO-S(S) Phase .....cooviieormiiieeeiieeeee e 26
3.3.1.4 Effect of SUPPOTT......oceiciiiiieeieienertee ettt eme e e 27
3.3.2 Physical Properties........covevviiiieiiiiinire sttt ene e 28
3.3.3 Improved Hydroprocessing Catalysts.......cccccocevinicireeciriinnenienieceniniecnecnnnes 32
3.4 Hydroprocessing Reactors and ProCcesses ......c...cccueeeerrirveveiiinnrenieeneneninnceere e 35
3.4.1 Fixed Bed Reactor SYSIEMS ...ceevevvievrieeiviincrenriinereescenieereseserssesseessessesnes 38
3.4.1.1 UnIDON PrOCESS.....vieriiriie ettt 42

3.4.1.2 Atmospheric Residue Desulfurization (ARDS)
and HY VAHL Processes. ......ccoevivereererecrnnrenrineeeeieereecesnesenenenee 43
3.4.2 Moving Bed and Ebullated Bed Reactors......c.cccccoccevirecivnnieeecnccencnnnenn. 44
3.4.3 Comparison of Hydroprocessing Reactors........c...cocecervieriiccnnmeninnicenenninens 48


http:�......�.....���.....��............�...............�
http:��...........�.......��.....��......�......��
Training05
Typewritten Text
660.2995 MAR

si5-20
Stamp


vi Contents

Chapter 4: Catalyst DeactiVationN ............eeeeeereeerevesruversersssesssrssssesssessssssssessessassossans 51
4.1 Deactivation Due to Structural Change of Catalyst.........cccocerivivrecvieerrceeereiesveeenens 55
4.2 Deactivation by Coke and Nitrogen Bases.........cceccevvereeeeriecieniinniies e seesovnrennns 56
4.3 Combined Effect of Coke and Metals on Deactivation ..........c.ccvvevcrenerivnrerroreecennens 60
4.4 Effect of Temperature and Hydrogen Pressure.........ccocvvvieiiiiiiiiinicccinenie e, 67
4.5 Effect of Mechanical Properties of Catalyst .........cceeccerierrverrierrinieenesrreesiinneesneenns 71
4.6 Mechanism of Catalyst DeactiVation ..........c..coevverceriivrieeiesnieriereseesneesnesesseseeesnens 73

4.6.1 Mechanism of Coke FOrmation...........cccccovienienninceneniiinineecte e 73
4.6.1.1 Chemical ASPECLS ....cccivvieirerreriiieieeesrceiteeeere bt esaeeesrresieersnsnenene 73

4.6.1.2 Physical ASPECLS ...cccuiririiiiriiiieieeceteiteteie ettt ees 78

4.6.2 Mechanism of Metal DepOSItion..........cccvvieevrerrrerineasnrirneeerressreseneeenrensans 80
4.6.2.1 Deposition of Inorganic SOlidS........c.ccoerviieriniiieiiiienie e 80

4.6.2.2 Deposits of Organometallic Origin.........ccceveereeriereriennenenieneneeeen 81

4.6.2.2.1 Vanadium containing deposifs.......cc.ceceeeriereenersienncroneen 81

4.6.2.2.2 Nickel and mixed deposits..........cccouvirinciiniiicicineninnnns 83

4.7 Modeling of DeaCtiVALION ......ccceeirriiriiirieiieeeieeertesiteee st e et et ee e seesre e eens 85

Chapter 5: Environmental and Safety Aspects of Spent

Hydroprocessing Catalysts..........eueceueeersuereruniencureessennsesessssecsssnecsassesnns 93

5.1 Regulatory AfTairs........cocccvmiriniiiriierirene ettt ettt re s 94
5.1.1 Classification of Spent Hydroprocessing Catalysts ..........cccccevvirierieiarnnns 96
5.1.2 Transportation of Spent Catalysts .........ccccecireerieiirreirenirneniceieeneneeeenienens 97
5.1.3 Recycling and Disposal of Spent Catalysts........ccccoceeeverneniienicnenineneecnens 99
5.1.4 Handling of Spent Catalysts on Refinery Site..........ccoocevivieieniiieinrenieene 101
5.1.5 Cradle to Grave Approach to Spent Catalyst Management...............c..c...... 105

5.2 Hazardous Characteristics of Spent Hydroprocessing Catalysts .......c.coccoceevcverinenne 105
5.2.1 EXPOSUIE L0 Al c.ecoeiiiiiiiretirsiicenientieses s esrese et eneesaneeeeesnesanenesrenesmenane 109
5.2.1.1 Reactions of Air with COKE .....ccccoevmirciiinicieniiccienencce 109

5.2.1.2 Reactions of Air with CatalySt..........cccveeeiivrveeriireiieenniieseeevee e 112

5.2.2 Leachability.....ccoviiociiiiiiiiiiiicceeeee ettt e 115

5.3 Pretreatment of Spent Catalysts for Disposal.........cccccoveiieiiinniniiicicereeee e 116
Chapter 6: ReEENErLiON.........ueeoreersvessreeesruesirssanissaessrissssssnessessasssssssasssssnsssssas 121
6.1 Regenerability of Spent Catalysts ......ccccoveieriririreirerireesceerreee e 121
6.2 Oxidative REZENEratioN.........cccvvuririiiiiniinienieiiiisirerene sttt et srenaeanes 125
6.2.1 Mechanism of Oxidative Regeneration..........ccccceceneriiniecencrsninenecneennenn 125
6.2.1.1 Oxidation of COKE ....c.ccoeririerrieiiienrenreceiereesc et 125

6.2.1.2 Involvement of Metals.......coevvniiniiirinienniicoinienisenic e 134

6.2.2 Kinetics of Oxidative Regeneration..........coccocevieevieiinnincesieirieiene e 140
6.2.2.1 Chemically Controlled KinetiCs ........ccccovvureuveercenunnrerseesenrinrnnnns 141

6.2.2.2 Diffusion Controlled KINELICS ....eeeeereerereeieieeeeeeeireeeeeeeeeerseneeeaeeeess 146



Contents vii

6.2.3 Modeling of Oxidative Regeneration............cceeeeeereerrrcesenncnieesenseenceeeenens 148
6.2.4 Characterization of Regenerated Catalyst.........cccoceveiiiininiiiiniccnicicnccns 149
6.2.4.1 Surface Properties........c.ccceemmnmirroerieinreencneneeseneenesereecsieene e 150
6.2.4.2 Activity of Regenerated Catalysts .....cccocvecvrevrorenenrennieienvesneeeennes 154
6.2.4.3 Chemical StrUCLUTE ........cccccerriiiriirienet ettt 158
6.2.5 Safety and Environmental Aspects of Oxidative Regeneration................... 160
6.2.6 Other OXidIZING AZENLS ...oocvvritiriiiiereicrerrereeeesteteecetenreesreseeereereseseesiennan 164
6.3 Other Regeneration Methods .........ccooieoieiiiiieiniecenie e 165
6.3.1 Regeneration in H)O and CO,.........cocoooviiriiiiniiiiiinicici e 165
6.3.2 Regeneration with Nitrogen OXides.........cocceeereeenninceiieenieiere e 167
6.3.3 REACHVALION «o.ueiiveiiiiiiieiteeee ettt cere ettt st et st a e e en 168
6.3.4 Regeneration Aided by Radiation Treatment..........cccccocoveererrecreencecrcnnnene. 169
6.3.5 Reductive Regeneration ........c.ccceoieiererininereeniececeeneeser e sreene e 170
6.3.6 Regeneration by Attrition Slash Abrasion ...........ccccovivniniiniiininnennicnnen. 172
6.3.7 Resulfidation of Regenerated Catalysts ..........cccoovviiiiiiiincniniininiiiens 172
6.4 Industrial REZENEIAtION c...cooviviiiriiiiiiiiiiiiie ettt e e e 173
6.4.1 In-Situ REZENETALION ...c.cviiiiirieieecieeerrire e errecermree e era e et eeare s sbe e e sseaassens 174
6.4.2 Off-Site REZENETALION ......eevuuiiiiiiicciiiii e e 176
6.4.3 Mechanical Separation of Spent Catalysts.........ccceeeverernenresinreneeeeeeene. 178
6.4.4 Commercial Regeneration ProCesses ........cocoovvivrereiivrircinnicnienieeneenneenne 182
6.4.4.1 Belt Regeneration Process.........ccccovvveiviriiesicienneenenvesnnnneessenienns 182
6.4.42 TRICAT Regeneration Process ........ccocevevevenerienienencnenneeecenenne 185
6.4.4.3 EUROCAT ProCess .....c.ceccerverieeviminieineeeessierieneeescesressesieseenseerennes 187
6.4.4.4 REACT PIOCESS ...ueiouiiiiiiieirtierieecte ettt st s e 188
6.4.4.5 REFRESH ProCess .....c.cccociiiniimineniiiieecteneerceteeceeesen e 188
6.4.4.6 Rotary KilnS......cocoveevviiiiiiiniiciiiin et 188
6.4.5 Comparison of Regeneration ProCesses ......ccovververeriirerivirineenieeenneenoeeenns 189
Chapter 7: ReJUVENALION ............ueeeenereereurerenireeniiseesssinesssnessssessssssassessassssssaesssasnas 191
7.1 Organic AZENTS.....c.covecvieiieriiriiteniieitte e seeee e et e sbteeraesresesessete st et neeeseesoneebeenes 193
7.1.1 Mechanism of Rejuvenation by Organic Aents ..........ccccvvevirveniiinivnnicnne 201
7.1.2 Kinetics of ReJUVENAON...c..coviriiveienieririeienceeceee et st e 207
7.1.2.1 Particle CONStant SiZe........oovivirminiirininiienniinoiensnen 207
7.1.2.2 Particle Changing Size (Shinking Particle)
MOUEL...iiiiiiiieiiitcicre et e 208
7.1.3 Emissions from Rejuvenation by Organic Agents.........cccoveveevevercceiceennenne. 212
7.1.3.1 Gaseous EMISSIONS ....cccccvurrrerremieieisiicieteeenireeeeseseneeeseereseesieonenes 213
7.1.3.2 Liquid EMiSSIONS ..c..ecccevveririeeeinent it e 213
7.1.3.3 S0lid EMISSIONS .. .ccuerivieiiaiertiieeeeniestreterteseeeeieeevneeeoneesse e aieseenae 214
7.1.4 Rejuvenation Process Desigh........cccoieveirniiiincniieciioinineerenee e 214
T 1AL DE-0lINE ...eeiiiiiiieiieriiie ettt st e et ae e 214
7.1.4.2 Mechanical SEParation ......cc.ccoceereverieenieienseenereraeenesrenreseesrenienee 214

7.1.4.3 Metals Leaching ProCess .......cccccvvrrreiviereiienennennienesinemmenecennnnees 217



viii Contents

7.1.4.4 Decoking of Leached Catalysts........ccccveeeriiviceinnncnninniieniinrenens 217

7.1.4.5 Other Auxiliary Processes .........ccocveerriirinoeeeninvevnneestsnereesecnenas 217

7.1.4.6 Design Basis ...ccoccviiiiniiieieiienccniennneeiieeses et e 217

7.2 INOTZANIC AZENLS ... eiiiiiiiieiiiietienteeet ettt et sttt e et e et esse s ebeauseenseenabeseeebesanseens 219
T.2.1 ACIAIC AZENLS ..ttt ettt e e 219
7.2.2 BasiC SOIULONS......coiiviiiiitiieret e ettt st et eee e st e 222
7.2.3 Environmental and Safety ASPECES ...coovvierrirroieireeriieiiiecreeneeesieeaaesasens 224

7.3 SOIVENE EXITACTION ...c.ciiitiiiiiiiiiieite e sttt e et e e et se e eane e 224
7.4 BIOTEJUVENATION ...eeeiieiiiririiiiearieerteeeesiresreesaenreesarasseasossaeaaseesareesssesessnasessaesssessansens 225
7.5 Non-Leaching Methods for Contaminant Metals Removal..........cccccccvveeieinennnnen. 226
Chapter 8: CaSCaING ........uueneeereveeeveenreensrensnierisensvrisresssiesssesssnssssssssesssnessssssssssss 227
8.1 Cascading of SPent Catalysts.......cccccrvvrriererinirieeiererineseeetrsrnre e srersnneseesseessaesene 228
8.2 Cascading of Regenerated Catalysts.........ccvireriieiiuirrieriniencienieieseeeesinesraneeesnns 228
8.3 Cascading of Rejuvenated Catalysts ........ccceeeevirieiniieneeneniniienenene e eee e 230
Chapter 9: New Catalysts from Spent Catalysts..............ueereveerersnversersruerernerseesanenne 231
9.1 Petroleum APPLCALIONS .....cocouerriiiriariirieteie ettt ee e ettt esee e e 231
O.1.1 REPTOCESSIME ...covreieeriniieirieeenteieesienreeererreeteeneeenresreatevatenesetesrenneeeensesnessbenes 232
9.1.1.1 Procedure and Analysis ........c..cccevuevverienienenrenecc e 232

9.1.1.2 Testing of Reprocessed Catalysts......c.ccervvverriceeneenerrenenieenrenieeneens 236

9.1.1.3 Effect of Hydrothermal Treatment on Reprocessed Catalysts ....... 242

9.1.2 Other Preparation Methods .........ccocoviiiiiieeiinin e 244
9.1.3 Spent Catalysts in Slurry Bed Hydrocracking ...........ccccvviiivecivnnniccnnnnnns 246

9.2 Catalysts for Non-Petroleum Applications ..........ccoecccvveervireienrenreesesrnnneeeeenrnnenns 247
9.3 Gas Treatment SOTDENLS .........covevireiiieriiriiieie st ceeenrenees et sttt e s seeaeseneaees 248
9.4 Preparation of Useful Materials from Spent Catalysts............cccovvvirerervinvinninnrneennn, 250
9.4.1 Utilization in Cement INAUSETY ........cocceeiererieeiieeceerrecerenreese e 250
9.4.2 Waster Water Treatment AZENtS.......cccoovvreeierriiinienenvrenceneensaeseesessnennnes 252
0.4.3 Other Materials......c..ccoirveiiriiiiieeietessie et etcesiee st et e e e s sre e s e bessneesae 253
9.4.3.1 Abrasives and AllOYS.......ccvvirvimiieiiiniinieniine e 253

9.4.3.2 Ceramic Materials........cccoovereiinimniieiinis ettt 254

9.4.3.3 Synthetic AZEIEZALES ....c..ccviveeeviriirercierceeeeenir et erescerenreneenaeas 256

9.4.3.4 Bricks ProdUCHON ........cccoveiiriiiircciciece et 256

Chapter 10: Spent Catalysts from Dewaxing OPerations ...............eeveeversvervssucruneas 259
10.1 Conventional Catalysts .....cceoverviriieiiiriiiceetenie e sttt et seeeenee e s esee e 260
10.2 Dewaxing CALALYSES ...ccvvuvrreecireiiiierieeiieitirersertisnesessvresnssssrnnesesessesssessssesssesssessns 261
10.2.1 Composition of Dewaxing Catalysts ..........cccceeeerirenrerecieniereeserenieeseesnnens 261
10.2.2 DEACHVAIION ...covviiuiiiiiieiieienree sttt ettt st s st srees s ree e seeenene s 263
10.2.3 Environment and Safety........cccoiimiieineienieneece e 264
10.2.4 REEENETATION ...eouveeeieiriieeesiierieieerte s eestreesnaeeseeesarreeaeesssaasravesassesnsnsees 264

10.2.5 Metal ReClamation .........ooovvumiioiiieiiiiniiiiee e etveeira s e e e eererte e eneasesasannes 266



Contents ix

Chapter 11: Metal Reclamation from Spent Hydroprocessing Catalysts .................... 269
11.1 Laboratory Studies on Metal Recovery from Spent
Hydroprocessing Catalysts......cocoiieiiiieirienie ittt ettt 269
11.1.1 Leaching StUdies ........ccccoeeiiiiiiiiireees e eiesrreeitr e rereesseresstrasssnesraesnneees 270
11.1.1.1 Leaching with Ammonia and Ammonium Salts Solutions........ 270
11.1.1.2 Leaching with ACidS ......ccoceeiviriiniiriiiieeeee e, 273
11.1.1.2.1 Inorganic acids ........ccceeerereriernieirernenieesieserecresianns 273
11.1.1.2.2 Organic acidS........ccevrerireerviereriieniieniecener e 2717
11.1.1.3 Alkali LeaChing........ccccceeverveiriiinineniieceicieesic st 281
11.1.1.4 Two-Stage Leaching ........cccccoeveeevininiiininiiecneceneenec s 283
11.1.1.5 Bioleaching ......cccoooiiiiiienieniinirecene ettt 285
11.1.2 Roasting with Alkali Compounds..........c.ccoceriveeniieriinn e 289
11.1.2.1 Roasting with Sodium Salts ..........cccccoviriiriicrieeicece e, 290
11.1.2.2 Roasting with Potassium Salts ..........ccccevevvveveeinninnnenncenrenence. 295
11.1.3  ChIOTINAtION ..ovuieeiiieeiiiiiieieeieee ettt ettt et e st st 297
11.1.4 Metal Recovery by Carbothermic Reduction...........cccccccvviiiiiinniininnnn. 302
11.1.5 Metal Recovery Using Electrolytic Cells.......c.ccoovrienreniceninenicnncnnenne. 302
11.1.6 Metal Recovery by Applying Thermal Plasma........c..ocoovnvnnvirincccninne 303
11.1.7 Summary of Laboratory Studies ...........coeceiieivenineinoienienenerenenecreaenen 304
11.2 Separation of Metals from SOIULION........ccccoivierniiiii et 306
11.3 Commercial PrOCESSES ......ccoiiriireirieniieieie ittt e 309
11.3.1 Gulf Chemical & Metallurgical Corporation Process.........c.cccoceverennennen. 310
11.3.2 CRI-MET ProCess ....cccociiiiiiiniiciteieirit ettt ettt s 311
11.3.3 EURECAT ProCess......ccoceveiemineeiiceentesesee et 311
11.3.4 Taiyo Koko Company ProcCess......c.cccccriririrvinrecneenniereiniveenuenrreseeeseseas 312
11.3.5 Full Yield IndUSITY PrOCESS.....covvvriiiieiirriiriresieaciiereieresieensreesreeeesresserenas 312
11.3.6  MOXba-MEtIreX ProCeSS .....cccceeriirienieiiie ittt sttt et s 313
11.3.7 Quanzhuo Jing-Tai Industry Process .........ccceevievennincienenncinenscnieeenn 314
11.3.8 Metallurg Vanadium Process...........ccccocoovviinniiiiiiiiniiiiis 314
11.3.9  German ProCeSSES ......cooeeriirieriiiec ettt ettt e 314
11.3.10 Nippon Catalyst Cycle Co. Process ........ccccceveivieiriiemieeniennieneenrereeereaas 315
Chapter 12: Markets and Price Trends for Metals in Spent
Hydroprocessing Catalysts............ecevveeersuncvenseersnrssseesssnesansssorsnnesnnss 317
12,1 MOIYDAENUM ...ttt ettt et s 317
12.2 TUNESEEN . cccueeiiiiieieie ettt et ettt et et a et e se e sa e st esae e sae s e e saeeeneene 318
12.3 NNICKEL. .ttt sttt e et e et 318
12,4 CODalt... oottt et e e e 319
12.5 VanadiliM....c.ooooiiiiiiiiie et et sttt 319
12,6 ATUIMNINA .oeieniiiiiiiieieeecee ettt er et st ete b sae sttt easaane e e ebeoneaneeesenes 320
Chapter 13: FULUre PerspectiVes............ueceeerrreeeessesensenessseesssnissesssssssnssanssssanssses 321
RefErencCes ........cvvueemnnirennnireniinrieisraeiimmeiiireneinassssrrssssssrnnssrasesssssssssssssnnaes 325
T L N 343





