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Abstract

In this study,Cu/ZSM5 catalystsvere used to catalyze the hydrodeoxygenation of 2,3
butanediol to butenes in a single readtothe presence of hydrogen. The carbon selectivity of
butenes increased with increasing $/KD,O; ratio (lowering acidity of zeolite) and 2,3
butanediol rat. Cu/ZSM5 with a SiQ/Al,Os ratio of 280 showed the best activity toward the
production of butenes. On zeolite ZS\R80), the carbon selectivity of butenes increased with
increasing copper loading and 19.2wt% of CuO showed the highest selectivity of butenes
(maximum 71%). The optial reaction temperature is around 280 Experiments demonstrated
that methyl ethyl ketone (MEK) andr2ethylpropanal are the intermediates in the conversion of
2,3butanediol to butenes. The optimal performance toward the production of butene islthe resu
of a balance between copper and acid catalytic functions.

Due to thefunctionalized nature of 2;Butanediolavariety of reactions can occduring
the conversion of 2;Butanediol especially when multiple catalyst functionalities are preSemt.
investigate the role of the metal (Cu) and acid sites in the process of retheticagction
kinetics forall major intermediate producfacetoin, MEK, 2methylpropanal, -butanol and 2
methyl1-propanc) weremeasureaver Cu/ZSM5(280) HZSM-5(280) andCu/SiO, at 250°C.

The results showetthat Cu is the active site for hydrogenation reactions, while the acidic sites on
the zeolite are active for dehydration reactions. In addition, dehydration of alcohols over the
zeolite is much faster than hydrogenataf ketone (MEK) and aldehyde-(Bethylpropanal)A

kinetic model employinglangmuirHinshelwood kinetics was constructed in order to predict
2,3butanediol chemistry over Cu/ZSB{(280). The goal of this model was to gt the trends

for all specis inwlved in the reactionfkeactions were assumed to occur on two sites (acid and
metal sites) with competitive adsorption between all species on those sites.

Two different types of mesoporous materials-(ACM-48, Al-SBA-15) andhierarchical
zeolite meseZSM-5) were loaded with ~20wt% CuO and investigated in the conversion-of 2,3
butanediol to butenes. The results showed that the existence of mesopores on the catalysts (Al
MCM-48 and AISBA-15 types) could decrease the selectivities of products from cgackin
reactions, especiallys=Cand GT C;” by comparison with the catalyst with ~20wt% CuO loaded
on the regular HZSMb(280); meanwhile, the selectivity ogTfrom oligomerization of butenes

was found to increase with increasing pore size of the catalysts. With respect to CZ8ikso



5(280) catalyst, it can be seen that the catalgdiorms in a similar waio both Cu/ZSM5(280)
catalyst and mesoporous coppmatalysts (Cu/AMCM-48 and Cu/AISBA-15) since both
micropores (diameter of ~0.55 nm) and mesopores (pore size of ~23 nm) exist eAIWeSsO
5(280).

The results from Cu catalystgere compared witfour other metatatalystg(Ni, Pd, Rh
and Pt) It was faund that Cu is notvery activefor hydrogenation of butengbut is active for
hydrogenation of carbonyl grogpC=0) to form hydroxyl group( 7 O.#P¢, on the other hand,
is active in further hydrogenating butenes and other unsaturated hydroc&btnsi and Rh
catalysts are good for hydrogenation of olefins and cracking of heavy hydrocarbons; however,
Rh is not as good as Ni for the hydrogenatiothefcarbonyl group (C=0) of MEKIn addition,
Pt favors the formation of heavy aromatics such-ath§t1,2,3 4tetrahydrenaphthalene, while
Pd isactivefor the production of xylene.



Conversion of 2,utanediol over bifunctional catalysts

by

QUANXING ZHENG

B.S.,Xiamen University 2002
M.S., Xiamen University 2005

A DISSERTATION

submitted in partial fulfillment of the requirements for the degree

DOCTOR OF PHILOSOPHY

Department of Cheroal Engineering
College ofEngineering

KANSAS STATE UNIVERSITY
Manhattan, Kansas
2016
Approved by:

Major Professor
Keith L. Hohn



Copyright
© QUANXING ZHENG

2016



Abstract

In this study,Cu/ZSM5 catalystsvere used to catalyze the hydrodeoxygenation of 2,3
butanediol to butenes in a single readtothe presence of hydrogen. The carbon selectivity of
butenes increased with areasing Si@AI,O; ratio (lowering acidity of zeolite) and J2,3
butanediol ratio. Cu/ZSNb with a SiQ/Al,O3 ratio of 280 showed the best activity toward the
production of butenes. On zeolite ZS\R80), the carbon selectivity of butenes increased with
increasing copper loading and 19.2wt% of CuO showed the highest selectivity of butenes
(maximum 71%). The optimal reaction temperature is around@5Bxperiments demonstrated
that methyl ethyl ketone (MEK) andrethylpropanal are the intermediateshia conversion of
2,3-butanediol to butenes. The optimal performance toward the production of butene is the result
of a balance between copper and acid catalytic functions.

Due to theunctionalized nature of 2;Butanediol a variety of reactions can occduring
the conversion of 2;Butanediol especially when multiple catalyst functionalities are preSemt.
investigate the role of the metal (Cu) and acid sites in the process of re#ftiareaction
kinetics forall major intermediate productaceton, MEK, 2-methylpropanal, -butanol and 2
methyl1-propanc) weremeasureaver Cu/ZSM5(280) HZSM-5(280) and CusBiO; at 250°C.

The results showetthat Cu is the active site for hydrogenation reactions, while the acidic sites on
the zeolite are activeof dehydration reactions. In addition, dehydration of alcohols over the
zeolite is much faster than hydrogenation of ketone (MEK) and aldehydet(8/Ipropanal)A
kinetic model employind-angmuirHinshelwood kinetics was constructed in order to predict
2,3-butanediol chemistry over Cu/ZSB(280). The goal of this model was to gt the trends

for all specis involved in the reactionReactions were assumed to occur on two sites (acid and
metal sites) with competitive adsorption between all speciesose fsites.

Two different types of mesoporous materials-(ACM-48, Al-SBA-15) andhierarchical
zeolite meseZSM-5) were loaded with ~20wt% CuO and investigated in the conversion-of 2,3
butanediol to butenes. The results showed that the existence gfaresson the catalysts (Al
MCM-48 and AISBA-15 types) could decrease the selectivities of products from cracking
reactions, especiallys=Cand GT C;” by comparison with the catalyst with ~20wt% CuO loaded
on the regular HZSMb(280); meanwhile, the selédgty of Cg~ from oligomerization of butenes

was found to increase with increasing pore size of the catalysts. With respect to CZ8ikso



5(280) catalyst, it can be seen that the catalgdiorms in a similar waio both Cu/ZSM5(280)
catalyst and mesoporous copper catalysts (CMBM-48 and Cu/AISBA-15) since both
micropores (diameter of ~0.55 nm) and mesopores (pore size of ~23 nm) exist eAIWeSsO
5(280).

The results from Cu catalysigere compared witfour other metatatalysts(Ni, Pd, Rh
and Pt) It was foundthat Cu is notvery activefor hydrogenation of butengbut is active for
hydrogenation of carbonyl grogpC=0) to form hydroxyl group( 7 O.#P¢, on the other hand,
is active in further hydrogetiag butenes and other unsaturated hydrocard®oih Ni and Rh
catalysts are good for hydrogenation of olefins and cracking of heavy hydrocarbons; however,
Rh is not as good as Ni for the hydrogenatiothefcarbonyl group (C=0) of MEKIn addition,
Pt favors the formation of heavy aromatics such-ath§t1,2,3,4tetrahydrenaphthalene, while
Pd isactivefor the production of xylene.



Table of Contents

LIS OF FIQUIES....ceieeeeeieeee s e e e e e e e eerma s e e e e e e e e e e e e e eeeesanneasaeaaeaeeeaeeeeennnnnnes Xii
[ 0 1= o] =P U PP PPPPPPPPPPPPPRR XixX
ACKNOWIBUGRIMENTS. ...t e e eeet e e e e et e e e e e e e e e s ammmr e e e e e e e aaaeeeeens XX
[ =To [ To%= 11 o] o H PP XXI
(@ gF=T o] (= g S [ ] 1o To 11 [ox [ o PSRRI 1
1.1. Production of 2;Butanediol from fermentatian.............ccccooooiiiiiccce e 2
1.2. Dehydration of 2;Butanediol to MEK and 1;Butadiene.............cccooeeviiiiiiicecciciinnnennn. 3
I 4 =T 1 (=S PPPPPPPRPPR 6
1.3.1. ZEONIE SITUCTUIE. ... .uuiiiiiiiiiiiiiiii ettt ettt e e e e s e e e e e e e e e e s nens s d 6
1.3.2. ACId SItES Of ZEOITE.....ce e e eeee e e e e e e e e e eeene e 9
1.4. Mesoporous aluminosilicate and hierarchical zealite.................c.oveeeeeiiiiiiieiinnnn, 10
1.5. Catalytic performance of differemetalS.............coooviiiiiiiirenee 11
Chapter 2 Conversion of 2,3utanediol to butenes over bifunctional catalysts in a single
(ST 101 (o (PP PUPPPPTRR 13
/22 I [ 1 0T ¥ Tt 1 [ PP PP PUPUPUPRPR 13
2.2. EXperimental SECHOM . ........oooi i e e 15
0 N V= 1 =] 4 = | 15
2.2.2. Catalyst Preparation.........cccoeeiiie e e e ceeeice e ——————— 15
2.2.3. CatalyliC FEAMINS........evvureiiieiee e e e e e e eeeeec e e e e e e e e e e e e e e et eeseeeaeeeeaeaeeeeeeeeeeeseasannnne s 16
2.2.4.Catalyst CharaCteriZation...............ueeeeeiiiiieeeiiiieieiee et 17
2.2.4.1. NH temperaturgrogramed desorption (NFITPD)........covvviiiiiiiiiiiiiiiiiaceen. 17
2.2.4.2. H temperaturgorogramed reduction @-TPR)........ccccoeeeeiiiiiiiiiiieeeeeeee 18
2.2.4.3.BrunaueEmmettTeller (BET).......iiiiieiiiiiii s eeeee et eeeee e 18
2.2.4.4. Xray diffraCtion (XRD).......uuuuuuiiiiiiiiiiiiii et rmmme e 18
2.2.4.5.Scanning electron microscopy (SEM).......cccouiiiiiiiiiiimeeiiiiiiiiiieee e 18
2.2.4.6. Xray photoelectron spectroscopy (XPS).......cccoeeiiiiiiiiiiiccciiiie e, 18
2.2.4.7. NO @dSOIPLON. .. .cciiiiiiiie et e e e e e e e e eata e e e e e eesannns 19
2.2.4.8. Thermogravimetric analysiS (TGA).....coou e 19
2.3. Characterization Of CAtalYSL.........uuuuuiiiiiiiiii e 20

viii



2.3.2. B temperaturgrogrammed reduCtion...............eeiiiieeeeceeciicieee e e e e e e eeees 22
ARG TRC TN \ V- To KT o] (o o ISR 23
pZC B N | Sl I I3 26
2.3.5. Xray photoeleCtron SPECIIOSCORY. ... uuuurieeiieeeeeeeeieeeiei e e e e e e e e e e e e e e e e enneeaeeeees 27
P2 BT\ Y@ = o £ o] 1 o R OS 30
2.4. RESUILS aNd diSCUSSION......cciiiiiiiiiiieiiiiieeee e ettt e e e e e e e e enennes 31
2.4.1.Reaction of 2,3utanediol over catalysts with different S8 0 ratio................ 31
2.42. Effect of COPPEr CONENL.........ccoiiiiiiieeeeeee e 39
2.4.3. Effect of hydrogen to 2futanediol ratiQ..............cccceeeeeiiiiccceviiiiccciceee e 41
2.4.4. Effect of temMPErature........ccoovvvieiiiiiiiiiicceeeeeeeeeeeeeeee e A
2.4.5. Regeneration Of CatalyStS........ccuuiiiiiiiiiiii e a7
2.4.6. Hydrogenation of MEK............cooiiiiiiiiiieeee e 48
2.5, CONCIUSIONS ...ttt ettt ettt e e e e e e e e eeet et e e e e e aeaeeeeaaesesssssammneeeeeeasesaannnnnes 50
Chapter 3 Kinetic study of 2,3utanediol to butenes.............cccceiiiiiiiiiceciiiie e 51
G 700 O [ 0T U Tox 1 o 5SS 51
G b d o =TT 4= | ¢= | USRS 52
I I V= (T = | PP PP SUPUPPPP 52
3.2.2. CatalySt PreParatiOon............coueeie it eneas 53
3.2.3. Catalyst CharacCterization...........ccccuuuuiiiiieeeriiei e e e e e e e e e e 53
3.2.4. CatalytiC rEACLION.......cceeeeeeeeeieeeeeeeeeee e e e e emmrnnes 54
3.3. RESUIS @Nd AISCUSSION. .....eiiiiiiiiiiiieie ettt meee e aeeeaes 55
3.3.1. Characterization of catalystS...........coooiiiiiiiiee e 55
ICTRC T I D 4 = \ VA [ 11 =T 1[0 PO PP PPPPPPPUPPPR 55

I 0 B 5 e = = PRSP 57
1CTRC J00 IS T\ = T £ 1 o] (o o RSP 59

G T I S A1 S N I3 PP 61
ICTRC 701 ST 1 (@ - To £ 1 o 1[0 ] o USSR 65
3.3.2. Conversion of 2;Butanediol over Cu loaded on different supports................. 65
3.3.3. CoNnVersion Of QCETOIN.........cooiiiiiiiiiiiieeeee e ns 73
3.3.4. ConVersioN Of MEK.........coioiiiiiiiiiieeeee et e e e e e e enas 78



3.35. Conversion of Znethylpropanal...............ioiiiii e cceccc e 82

3.3.6. Conversion Of-BUtanOl.............oooiiiiiiiiiee e 88
3.3.7. Conversion of-Bnethyk1-propanol.............cooooiiiiiiiiiiicc e 91
3.3.8. Kinetic model for 2;Buanediol conversion to butenes and other products.....93
3.4, CONCIUSIONS. ...ttt eee bttt e e e e eeee ettt e et e e e e e e e e e e e e e e s s s ammmeeeeeeeeeeeaannnes 98
Chapter 4 Mesoporous catalysts for conversion of-BiBanediol to butenes...................... Q9
g I 1 11 o o [F o 1o« SRR 99
4.2, EXPEIMENTAL.....oiiiiiiiiiiii e 101
i RS Y/ 11 1= 1S 3 PSPPRRR 101
4.2.2. Cadilyst charaCterizatiQn..............oooevuviiiiimmee e 103
R T OF- 1 1= 1)/ 1 (o =T Toi 1o AP P PP PP PP PP 104
4.3. ReSUItS @Nd QISCUSSION........uuviiieiiiiis s s eeeeeeiitisss s s e e e e e e e e s s snaessas s s e e e e e eeaeeeeeeeeeesannnns 105
4.3.1. Characterization of CatalyStS...........uuiiiiiiiiii e 105
4.3.1.1. Xray diffraCtioN..........cuuuuiiiiiii i eeer e 105
Nt O o Tl I o PSP 111
VG J00 G TR 1 = T £ 1 o1 [0 o PP 112
e 0 S I 1Y OSSPSR 124
4.3.1.52"A1 MAS S0lid State NMR........ceoveeeeeeeeeieeeeeeme s eeeee e enenne e 128
Nt O G T AN [ I 15 P 130
4.3.2. Reaction of 2;Butanediol over mesoporous catalySIS.........cccccvvveeiiiieanennenn 135
N 0] T [1 153 o] PP 142
Chapter 5 Conversion of 2,3utanediol over different methlased catalysts.................... 143
Lo 00 O | 0 T ¥ Tox 1 o 5 143
5.2, EXPEINMENTAL ....ooiiiiiiiiiie e 144
5.2.0. SYNENESIS.....oeiiiiiiiiie e ettt e e e e ettt eee e e e e e e e e e e e et e e ettt ——————aaeaaraa——— 144
5.2.2. Catalyst charaCterization..............iiieiiiiiieeeee e eeme e e 145
5.2.3. CatalYtiC FEACTION.......eeiiiiiiiiiiei et eeeees 146
5.3. ReSUItS and diSCUSSION...........eeviiiiiiiiiiimme i e ettt emme e s e e e e e e e e e s ennnns 146
5.3.1. Characterization of CatalyStS..........coouuiiiiiiiiieiee e 146
5.3.1.1. Xray diffraCliON.........cooeiiiiiiiii oo 146

D, 8. L. 2. X P S e —————————aaaa 152



ETRC 700 G TR\ I T T o) £ o IO 154

5.3.2. Reaction of 2;Butanediol over different metal based catalysts...................... 155

Lo N o] o (157 o] L= 158
Chapter 6 FULUIE WOTK........oooiiiiii e e e eeer e 161
RETEIEINCES. ... ittt e e mnne e e e e s e e e e b b aes 162
Appendix A- Supporting information for Chapter.2..............ooovviiiiiicee e e 182
Appendix B- Supporting information fo€hapter 3. e 193
AppendixX C- KiNELIC MOUEL..........uiiiiiiiiiiiii e 195
Appendix D- Supporting information for Chapter.4...........oooovviviiiiiice e e 234

Xi



List of Figures

Figure 1.1Secondary building units of zeoliteS [44]........ccoovrriiiiiiiiiiee e 6
Figure 1.2The ZSM5 structure can be built up successively: (a) the pentasil unit; (b) chains of
pentasil units; (c) layers of the chains; and (d) layers linked across inveesitans. [45] 8

Figure 1.3Y-zeolite framework (left) and its supercage (right) [47]........coiiiiiiiiiiiin ! 9
Figure 1.4 Different structures of MCM1(left)) MCM-48 (middle) and SBALS (right) [55].11
Figure 2.1. XRD patterns of the calcined catalysts with different/8igD; ratios.(a) HZSM
5(280), (b) 9.2%CuO/ZSN5(280), (c) HZSM5(50), (d) 9.7%Cu0O/ZSNb(50), (e) HZSM

5(23), (f) 9.5%CuO/ZSM5(23), (g) CUO, (N) CAD.....cceeeeeeeeeeeeeeee e 21
Figure 2.2. H-TPR profiles of calcined Cu/ZSM with different SiQ/Al,O; ratios. (a)
9.5%Cu0O/ZSM5(23), (b) 9.7%CuO/ZSN5(50), (c) 9.2%CuO/ZSNb(280).................. 22
Figure 2.3. H-TPR profiles of calcined Cu/ZSM(280) with various CuO loadings. (a) 6.0%,
(D) 9.2%, (C) 19.2%0, (A) 29. 100 .uuuieeiiiiieieeee e et e 22
Figure 2.4. NH-TPD profiles of (a) HZSNVb with different SiQ/Al,O3 ratios and (b) reduced
Cu/ZSM-5 with different SIQ/AI 2Oz TALIOS.......ceuiieie e e e eeemeaans 26

Figure 2.5. XPS spectra of the calcined CuO/Z5Mith different SiQ/Al,Os ratios. (a)
9.5%Cu0O/ZSM5(23), (b) 9.7%CuO/ZSM5(50), (c) 9.2%CuO/ZSN5(280). Spetta were
curve fitted by the software CasaXPS..........coooiiiiiiee e 28

Figure 2.6. XPS spectra of 19.2%CuO/ZSK280) catalyst. (a) without reductiaib) after
reduction, (c) after reaction. Spectra were curve fitted by the software CasaXPS...29

Figure 2.7Catalytic results asfanction of time on stream for the conversion of-Bi@anediol
over reduced copper supported on ZSMith different SiQ/Al,Os: (dz) 9.5%CuO/ZSM
5(23), i ) 9.7%CuO/ZSM5(50), § ) 9.2%Cu0O/ZSM5(280). Carbon selectivity to main

products (a) butene, (b) MEKG) 3-hydroxy-2-butanone, (d) 2nethyt1-propanol. Reaction
conditions: feed rate of 23utanediol, 3.0 mL/hour; catalyst weight, 1.0 g{43-

Figure 2.8. Thermogravimetric profile of catalysts after 280 min of reaction. Reaction
conditions: feed rate of 28utanediol, 3.0 mL/hour; catalyst weight, 1.0 g/Z3-
butanediol fnolar ratio), 5:1; temperature: 250 %C...........oovvivvemniiireeeeeeee e 37

Xii


file:///C:/Users/Quanxing/Google%20Drive/dissertation/Quanxing's%20thesis/Thesis/thesis/QuanxingZheng2016.docx%23_Toc465550702
file:///C:/Users/Quanxing/Google%20Drive/dissertation/Quanxing's%20thesis/Thesis/thesis/QuanxingZheng2016.docx%23_Toc465550704

Figure 2.9. Catalytic results for the conversion oft@dj8nediol to butene over different copper
loadings on ZSMb (SiO,/Al,0:=280). (U) 6.0%CuO/ZSM5(280),(G ) 9.2%CuO/ZSM
5(280), €z) 19.2%Cu0O/ZSM5(280), § ) 29.1%CuO/ZSM5(280). Carbon selectivity to
main productga) butene, (b) MEK, (c)-Bydroxy-2-butanone, (d) 2nethyt1-propanol.
Reaction onditions: feed rate of 2\Butanediol, 3.0 mL/hour; catalysiewght, 1.0 g;
H./2,3-butanediol (molar ratio), 5:1; temperature: 250.2C...........ccoeeiiiiiiiieeenieeeeeeee, 40

Figure 2.10. Catalytic results for the conversio Sfbutanediol to butene over 19.2 wt%
copper supported on ZSHI(Si/Al,0,=280) at a hydrogen to 2BDO ratio of: G )0, ....43

Figure2.11. Catalytic results for the conversion of-BiBanediol to butene over 19.2 wt% CuO
supported on ZShb (Si:Al,03=280) at a hydrogen to 2BDO ratio of 5 at different
reaction temperatured:() 2303C, (dz) 2503C, (G ) 2703C, (@ ) 3003C. Carbon
seletivity to main products, (a) butene, (b) MEK, (ehydroxy-2-butanone, (d) 2nethyt
1-propanol. Reactionanditions: feed rate of 2;Butanediol, 3.0 mL/hour; catalyst:
19.2wt%CuO/ZSM5(280); catalyst weight, 1.0 g;22,3-BDO (molar ratio)=5.............46

Figure 2.12.Catalytic results for the conversion ofl#j&anediol over reduced catalysts (a) fresh
catalyst 19.2%CuO/ZShs(280), (b)19.2%CuO/ZSM5(280) after firstegeneration, (c)
19.2%CuO/ZSM5(280) after second regeneration. Selectivity to produdty:butene,

(& )MEK, (¢ ) 3-hydroxy-2-butanone,§ ) 2-methyt1-propanol, §i )2-methylpropanal,
(G) conversion of 2, dutanediol. Reactiooonditions: feed rate of 2f8utanediol, 3.0
mL/hour; catalyst weight, 1.0 g;2f2,3-BDO (molar ratio)=5; reaction temperatugs0 °C.

Figure 2.13.Catalytic results for the conversion of MEK over reduced catalyst 19.2%CuO/ZSM
5(280) with time on streangelectivity to productsdg)butene, i )propylene, Ku)pentene,

(n )Cs -Cs, (& )2-butanol, G )conversion of MEK. Reactioconditions: feed rate of MEK,

3.0 mL/hour; catalyst weight, 1.0 goMEK (molar ratio)=5...........cccoeviiiiiiiiiiieeceiinn 48
Figure 3.1 XRD patterns of the cdleed (a) parent HZSM zeolites with different Si@Al 03
ratios and (b) the corresponding Cu catalyStS..........cceeviiiieiicceciicciiee e eeeeeeeean 55

Figure 3.2 XRD patterns of the calcined parent HY zeolites and the corresponding Cu catalysts.

Xiii



Figure 3.4 H,-TPR profiles of the calcined Cu/ZSMwith different SiQ/Al,O; ratios........... 57
Figure 3.5 H,-TPR profiles of the calcined Cu/Y with different il O3 ratios and the control

(o= 1 =1 )V B O U7 ) PP 58
Figure 3.6 NHs-TPD profiles of (a) HZSMb with different SiQ/Al,O5 ratios and (b) reduced

Cu/ZSM-5 with different SIQ/AIZO3 FatIOS.........coevviiiiiiiiteeer e 61
Figure 3.7 NHs-TPD profiles of (a) HY with different SigdAl,O3 ratios and (b) reduced Cu/HY

With different SIQ/AI 203 FALIOS.......cun it e e eremr e s e eaa e eaaaes 62
Figure 3.8 NHs-TPD profiles of SIQand CUu/SIQ............coovuuiiiiiiiiiieeeeiiiines e 62

Figure 3.9. Catalytic results as a function of space time {)Vfér the conversion of 2;3
butanediol over reduced catalyst 20%CuO/25(280). Reaction conditions: feed rate of
2,3-butanediol, 3.0 mL/h; p2,3-butanediol (molar ratio), 5:1; temperature, 260time on
stream=40 min. All fitting lines were obtained from kinetic model (will be discussed later).

Figure 3.10. Conversion of 2BDO and selectivities of the main products as a function of space
time (W/Fxo) over different catalysts (a) Cu/ZS™280), (b) HZSM5(280), (c) Cu/Y(60),
(d) HY(60), (e) Cu/SiQ Reaction condions: feed rate of 2;Butanediol, 3.0 mL/h; pi2,3
butanediol (molar ratio), 5:1; temperature, 260time on stream=40 min. Other minor
products in (a), (c) and (e): 2itanedione, tetramethylfuran, 3 4rtBnethyl-2-
cyclopentenone, aromatics and notwn products; in (b) and (d): tetramethylfuran, 3,4,5
trimethyl-2-cyclopentenone,-2thyl2,4,5trimethyl-1,3-dioxolane, aromatics and some
UNKNOWN PrOTUCES.... ..ot ettt e e e e e e emmraa s 70

Figure 3.11. Conversion of acetoin and selectivities of the main products as a function of space
time (W/Fao, Fao is the molar flow rate of acetoin) over different catalysts (a) CuZSM
5(280), (b) Cu/Y(60), (c) Cu/SKOReaction conditions: feed rate of acetoin (85 wt%), 3
mL/h; Hy/acetoin (molar ratio), 5.7:1; temperature, 260time on stream=40 min. Other
products: 1,2 drimethylcyclopentene, -ethyt5-methylcyclopentene,-(2-methyl 1-
cyclopenterl-yl)-ethanone, 3,8-trimethyl2-cyclopentenone, tetramethylfuran, aromatics
aNd UNKNOWN PrOTUCTS. .......uuiiiiiiiiiiiiieeeieeeiitbbbbe et e et e e e e e e e eeee e e e e e e e e e e e e e e e e e e e s s s s s ammne e e s 73

Figure 3.12. Conversion of MEK arsélectivities of the main products as a function of space
time (W/Fyo) over different catalysts (a) Cu/ZS#M280), (b) Cu/Y(60), (c) Cu/SKO

Xiv



Reaction conditions: feed rate of MEK, 3.0 mL/B/MEK (molar ratio), 5:1; temperature,
250°C; time on stream=4Min. Other minor product in (a) and (b); CCs 1 Cq. ........... 78
Figure 3.13. Reaction pathways for conversion of MEK over @atialysts...............cccccveeeeeen. 81
Figure 3.14. Conversion ofrdethylpropanal and selectivities of the main products as a function
of space time (W/k) over different catalysts (a) Cu/ZS8280), (b) Cu/Y(60), (c)
Cu/SiG. Reaction conditions: feed rate eh&thylpropanal, 3.0 mL/h; #2-methylpanal
(molar ratio), 5:1; temperature, 280; time on stream=40 min. Acids includenthyk
propanoic acidtrace amount of propanoic acid and acetic acid. Other minor products
include: MEK, acetone, xylene and.@romatic hydrocarbons, and trace amount of
hydrocarbons (€, G5 -Cg"), oxygenated compounds (1,2rBnethytcyclopentene, -1

ethyl5-methylcyclopatene and 2,3;#&rimethyl2-cyclopentenl-one) and other unknown

o100 18 od £SO PP PPPPPPPPPPPP: 82
Figure 3.15. Aciecatalyzed seftondensation of-Pnethylpropanal.............c.ccoovvviviiieeennne. 84
Figure 3.16. Disproportionation ofrBethylpropanal over acid catalyst...................eeeeeeeee 85
Figure 3.17. Probable reaction pathway @héthylpropanal over reduced Cu/SiQ............. 86

Figure 3.18. Conversion oft2utanol and selectivities of the main products as a function of space
time (W/Fyo) over different catalysts (a) Cu/ZS#M280), () HZSM-5(280), (c) Cu/Y(60),
(d) HY(60), (e) Cu/SiQ Reaction conditions: feed rate ebtanol, 3.0 mL/h; KH2-
butanol (molar ratio), 5.1:1; temperature, 260 time on stream=40 min. Other minor
products: 2methyt1-propanol, 2methylpropanal, olefin€C;™ and G°) and aromatics.. 88
Figure 3.19. Conversion ofdethyt1-propanol and selectivities of the main products as a
function of space time (W/k) over different catalysts (a) Cu/ZSH?280), (b) HZSM
5(280), (c) Cu/Y(60), (d) HY(60), (e) Cu/SiCReaction conditions: feed rate ofiiethyt
1-propanol, 3.0 mL/h; W2-methyk1-propanol (molar ratio), 5:1; temperature, 280 time
on stream=40 min. Other minor products: olefing (Cs™-Cg"), aromatics and other
UNKNOWN PPOAUCTES ... ieiiiiiiiis e ettt e e e ettt e e e e e et mmme e e e e e e e e s s e e e e e esmmmeesnaaaeeas 91
Figure 3.20. A comparison of experimental and simulated conversion and selectivities.97
Figure 4.1. (A) Smalangle and (B) widangle XRD patterns of calcined mesoporous materials
(2)AI-MCM-48(23), (b)AIMCM-48(50), (c)AFMCM-48(100), (d)AIMCM-48(200), (e)
purely SIlICEOUS MCIMAS. ... e e e e e e e e e eeaaaann 105

XV



Figure 4.2. (A) Smalangle and (B) widangle XRD patterns of calcined Cuf/MCM-48
catalysts with different Si€DAl ;O3 ratiOS..........coevviiiiiiiiiiimmr e eeerannaes 106
Figure 4.3. (A) Smalangle and (B) widangle XRD patterns of calcined mesoporous materials
(a)purely siliceous SBAS, (b)AI-SBA-15(23), (c) AISBA-15(50), (d) AISBA-15(100),
() I RS =Y A KT 22 00 ) TP 107
Figure 4.4. (A) Smalangle and (B) widangle XRD patterns of calcined Cu//ABA-15
catalysts with different Al contents: (a) Cu/SBA, (b) Cu/AtSBA-15(23), (c) Cu/Al
SBA-15(50), (d) Cu/AISBA-15(100), () Cu/AISBA-15(200).........ccceeeeicnrnrrrrrriennnns 108
Figure 4.5. XRD patterns of me&sM-5 and Cu/mes@SM-5 catalysts. (a)HZSM(280),
(b)meseHZSM-5(280), (c)Cu/mes@SM-5(280), (d)HZSM5(50), (e)mes&Z SM-5(50),
(NCU/MESBZSM-5(50), (G)CUO. . uuiiiiiiiiiiiiiiiiiie ettt 109
Figure 4.6. H-TPR profiles of the calcined (A) Cu/ANCM-48 with various Al contents; (B)
Cu/Al-SBA-15 with various Al contents; (Qu/meseZSM-5(50) and Cu/mesd@SM-

ST (2= 10 ) TR PP PP PPPPPPPP 111
Figure 4.7. Nitrogen adsorptiatesorption isotherm and the pore size distributfonsalcined
MCM-48 and AIMCM-48 with different SIQAI2Oz. ......oeveiiieiiiiiiiieeeee e 112

Figure 4.8. Pore size distributions of calcined mesoporousiaiatebtained from nitrogen
adsorption branch of the isotherm using (A) BJH method, (B) NLDFT method. (a)-MCM
48, (b) AFMCM-48(23), (c) AAMCM-48(50), (d) ALMCM-48(100), (e) AIMCM-48(200).

Figure 4.9. Pore size distributions of calcined copper catalysts obtained from nitrogen adsorption
branch of the isotherm using (A) BJH method, (B) NLDFT method. (a) Cu/M8Mb)
Cu/Al-MCM-48(23), (c) Cu/AIMCM-48(50), (d) Cu/AIMCM-48(100), (e) Cu/AMCM-

G 2410 ) PSS UUURRPRR 114
Figure 4.10. Nitrogen adsorptiatesorption isdterm and the pore size distributions for calcined
SBA-15 and AISBA-15 with different SIG/AI 2Oz, ...cu.veeiieiiee e 117

Figure 4.11. Pore size distributions of calcined mesoporous materials obtained from nitrogen
adsorption branch of the isotherm using (A) BJH method, (B) NLBDEThod. (a) SBAL5,
(b) AlI-SBA-15(23), (c) AISBA-15(50), (d) AISBA-15(100), (e) AISBA-15(200).......119
Figure 4.12. Pore size didbutions of calcined copper catalysts obtained from nitrogen
adsorption branch of the isotherm using (A) BJH method, (B) NLDFT method. (a) Cu/SBA

XVi



15, (b) CU/AFSBA-15(23), (C) CU/AISBA-15(50), (d) Cu/AISBA-15(100), (€) Cu/Al

SBA-L5(200). ..ttt ——— 120
Figure 4.13. Nitrogen adsorpti@esorption isotherms for calcined zeolites (a) HZ5[280),
(b) HZSM-5(50), (c) meseHZSM-5(280) and (d) mE-HZSM-5(50)..........cceceeeeeennnnn. 120

Figure 4.14. Pore size distribution derived from the nitrogen adsomésorption isotherms
using the HK (A)and the BJH (B) methods for the mes8M-5 prepared by NaOH

treatment of the CoONVENTIONAl ZSM ... ... 122
Figure 4.15. TEM images ¢R),(B) MCM-48; (C),(D) AFMCM-48(100); (E),(F) Cu/AMCM-
2 ] 00 ) PSSR 125

Figure 4.16. TEM images of (A),(B) SBA5; (C),(D) AFSBA-15(50); (E),(F) Cu/AISBA-
15(50): (A),(C),(E) in the direction of the pore axis and (B),(D),(F) in the direction
perpendicular to the pore axis, reSPectiVelY...........ooovrii e 126

Figure 4.172’Al MAS NMR spectra for (A) calcined AMCM-48 samples with Si/ADs ratios
of 23, 50, 100, 200, and CuMCM-48(100), (B) calcined AEBA-15 samples with
Si/Al,Og3 ratios of 23, 50, 100, 200, and CWBBA-15(50).......ccccoeiiiiiiiiiiiiieeeee e 128

Figure 4.18. NB-TPD profiles of (A) calcined MCMI8 and AIMCM-48 with different
SiO,/Al,O3 ratios and (B) reduced Cu/MCGHB and Cu/AIMCM-48 with different
Y[ A L@ R = L1 1T 130

Figure 4.19. NB-TPD profiles of (A) catined SBA15 and AISBA-15 with different
SiO,/Al,O3 ratios, and (B) reduced Cu/SBKS and Cu/AISBA-15 with different
Y[ A L@ R = L1 1T 130

Figure 4.20. NB-TPD profiles of (A) mes&SM-5 and the parent zeolite HZSH (B) reduced
Cu/meseZSM-5 catalysts and the corresponding reference catalysts CubZSM.......131

Figure 4.21. Distribution of olefins in the initial 10 min over Cu/ZS{280), Cu/AIMCM-
48(100), Cu/AISBA-15(50) and Cu/mesBSM-5(280)........cccceevirirrririeeeeiimnriiireeneenns 138

Figure 4.22. Catalytic results as a function of time on stream for the conversiorbot@;2diol
over reduced 20%Cu/me&sM-5(280) (solid symbols), argD%Cu/ZSM5(280) (open
symbols). Reaction conditions: feed rate ofl2,8anediol, 3.0 mL/h; catalyst weight, 1.0g;
Ho/2,3-BDO, 5:1; temperature, 280. .........ccceeiiuieeiieeecteeee e eee e et e emeeaaeeeaee s 140

Figure 5.1. XRD patterns of the calcined Ni/Z&{280) catalysts with various Ni loading$48

Figure5.2. XRD patterns of the calcined Pt/ZS{R80) catalysts with various Pt loadingd.49

Xvil



Figure 5.3. XRD patterns of the calcinetd/ZSM-5(280) catalysts with various Rh loadin@S0

Figure 5.4. XRD patterns of the calcined Rd/ZS280) catalysts with vasus Rd loadingsl51

Figure 5.5. XPS spectra of (A) Ni 2p of calcined 15%Ni/Z5{80); (B) Pd 3d of calcined
5%Pd/ZSM5(280); (Q Rh 3d of calcined 5%Rh/ZS14(280); (D) Pt 4¢,of calcined
5%Pt/ZSM5(280). Spectra were curve fitted by the software CasaXPsS................ 152

XVili



List of Tables

Table 2.1. Surface area, pore volume, copper dispersion and ammonia uptake of catalysts and
10 0] 010 1 £ 7P PP UPPRN 25
Table 2.2. Conversion of 2[8utanediol (%) and carbon selectivity of main products (%) on the
parent HZSM-5 with different SiQ/Al O3 ratios in 40min and 100 min (shown in
(O T =T 011 TSEY= S PP 32
Table 2.3. Conversion of 2[8utanediol (%) and carbon selectivity of the products (%) on
reduced Cu/ZSkb with different SiQ/Al,O3 ratios in 40 min and 280 min (shown in
PAFENTNESER).....c.uiiiiiitiite ettt ettt ener et e et eae et 35
Table 3.1 BET surface area and porosity of catalysts...............uvvviiicccrriieeviiiiiciieeeen 60
Table 3.2 Copper loading, copper dispersion and ammonia uptake of catalysts and sug$rts.

Table 3.3. Conversion of 2f8utanediol to the main products on reduced catalysts in 40 min and

190 mMin (ShOWN iN PAreNthESEBS)..........cviiviiiiiiii et 66
Table 3.4. Conversion of acetoin to the main products on zé&alites...................ccoeeeennene.. 76
Table 3.5. Conversion of MEK over HZS®280) and HY(60) ........c...cocveeeveeecvvieeeecereae, 80
Table 3.6. Conversion ofethylpropanal over ZeolitBS..............ccvevvveeiceeeree e 87
Table 3.7 Main reactions and Kinetic parameters............oooouiiiiiiiicce e 95
Table 4.1. Textural properties of the prepared M@B/catalysts.........ccccccceeviiiiiiiicccnnnnnn. 116
Table 4.2. Textural properties of the prepared SIBACatalysts.........cccceeeeeiiiieeiiiieeeceeeenn. 121
Table 4.3. Surface ameand pore volume of catalysts and SUPPOILS.........cccceeeeeeieiicceernnnns 124
Table 4.4. Copper dispersion and ammonia uptake of M@Matalysts..............cccceeeeeeee. 132
Table 4.5. Copper dispersion and ammonia uptake of-BBéatalysts...........cccccvvvviiinnes 132

Table 4.6. Copper loading, copper dispersion and ammonia uptake oZ®kkb catalysts133
Table 4.7. Conversion of 2futanediol to the main products on reduced mesoporous Cu
catalysts in 10 min and 190 min (shown in parenthéses)............ccccovevvveeeeeereenenne. 135
Table 5.1. Textural properties and metal dispersions of the calcined catalysts............. 154
Table 5.2. Carbon selectivity of the products (%) on different reduced metals loaded en ZSM
5(280) in 40 min and 190 min (shown in parenthesSes)..........ccccocvveeicvieeeeceeeeerenenn, 159

XixX



Acknowledgements

First of all,| would like to thank my advisor Dr. Keith Hohn for the continuous support
of my PhD study and research in Kansas State University. His dynamic thooigiad, and
immense knowledge, and patient instructions haffered me great benefits to finish this
project.

| would also like to thank my comme members, Dr. Jennifer Awothy, Dr. Bin Liu,

Dr. Praveen Vadlani, and Dr. Donghai Wang, for their commaamdshelpon my PhD thesis.

| would like to thank Michael Wales for the help with LS, Michael Heidlage for the
help with XRD and BET,and Zahraa Alauda for collectingkPS data. Thanksto Haider
Almkhelfe who helped me a lot in TEM and SEM measuremértianks to Jiayi Xu for the
DFT calculationghat informedmy work. Thank toPhillip Defoe and Joseph Weeks for the help
in the ICP analysis of sampleswould like to hank Dr. Hongwang Wang and Dr. Stefan
Bossmann for the help in TGA analysis. Thanks to all the people for their contributions to my
thesis. Also, | would like to thank my labmates Myles lkenberry, Xiaojiao Sun, Jingyi Xie and
Fan Zeng for their discussi@md help in the lab.

In addition, | would like to thank Dr. Brian Grady in University of Oklahoma for the
analysis of smalangle Xray scattering of samples. Also, | thank Dr. Justin Douglas in the
University of Kansas for the help with scltiate NMR.

| am very grateful to my wife Ling Qiu, my son Zixuan and Ruxuan in China for their
support and love all the time. Special gratitude to my mum and my sisters for their

encouragement and love these years.

XX



Dedication

This thesis is dedicated to my pats, my wife an@hildren

XXi



Chapterl-l nt roducti on

As the crude oil reserves become increasingly deficient, there is a stringent need for
processes that coufgroduce hydrocarbons from renewable resources rather than petidieum
3]. Such processes could produce essentially the same product currently made in petroleum
refineries, eliminating the neddr modifications to vehicles or to the distribution infrastructure.
Hence, he utilization of renewable resources guarantees atEmg supply of hydrocarbons
even when the petroleum reserves are depleted sometime in the #tawenber of routes for
producing hydrocarbons from sustainable resources have been prdgbsddese routes
convert biomasslerived sugars to oxygenated intermediates, which are then upgraded to fuel
range hydrocarbon&i 8]. The key to developing a successful process of this nature is to select
intermediate compounds that can be selectively produced from sugars, and can easily be
converted to fuetange hydrocarbons.

Recently, many chemicals, like 2psitanediol (2,3BDO), could be produced
biologically from renewable resources. A great deal of microorganism species, $liehsaslla
oxytoca [9111], Enterobacter aerogenefl?], Bacillus licheniformis[13] and Enterobacter
cloacae[14] have ber investigatedfor fermentation of glucose and xylose, which can be
obtained through hydrolysis of corn starch, to producéo@t@nediol. 2,3utanediol (2,8BDO)
is an odorless, colorless and transparent liquid at normal temperature, which is widely use
chemical, food, fuel, aeronautical and other fig¢lds.

2,3-butanediol (2,8DO) canbe used to produaaethyl ethyl ketone (MEK)16], which
is the main dehgration product of 2;BDO. MEK can be used foresins, paints and other
solvents. Further dehydration of ZBDO yields 1,3butadieng17], which can be dimerized to
produce tharomatic irermediate styreniey Diels-Alder reaction18].

The goal of this research t® convert 2,3utanediol to another valuable chemical,
butene, which is a basic building block of fuels as well as many chemicals. As a precursor,
butene can be converted toariety of oligomers (dimer, trimer, tetramer,§t®),20], which can
be further converted to saturated hydrocarbons through hydrogenatationgdn this way,
butene can serve as an intermediate to produgegrade liquid fuelwith specific typs of
saturated hydrocarbofiz0,21].



1.1. Production of 2,3butanediol from fermentation

Recently, 2,3utanediol has attracted considerable attertecauset can be produced
via fermentation of sugars with a highoductivity by using a variety of microorganispsich as
Klebsiella oxytoca [9i 11,22] Enterobacter aerogenefl2], Bacillus licheniformis[13] and
Enterobacter cloacafl4].

Ji et al.[9] developed twestage agitation control strategy for efficient production of 2,3
butanediol via fermentation bilebsiella oxytocaln the first phase (15 h), highagitation
speed (300 rpm) was used to accelerate cell growth, during this period of time, glucose was
mainly used for cell growth; in the second phase (after 15 h), lower agitation speed (200 rpm)
was employed to enhance @tanediol production when glose was mainly consumed for
production of 2,dutanediol. By using this strategy, he obtainedmaximum 2,3BDO
concentration of 95.3g with productivity of 1.714 /h by fermentationof media containing
200dL of glucose in a 3 L batch fermentor. bddiion, they used anndustrial medium
containing urea as a sole nitrogen source to produebuaBediolthroughco-fermentation of
glucose and xylose (wt/wt, 2:1) W¥lebsiella oxytocaVlE303, and a maximum yield of 2,3
butanediol and acetoin was 0.428gighse+xylose) Which was 85.6% of theoretical valliel].

Since 2,3butanediol is the endroduct of thefianaerobio pathway, minimizing the
oxygen supply maye favorable for the production of3butanediol.However, the oxygen
supply rate is important because it determines the respiratory pathway, in which xylose is
catabolized, but influences tlfianaerobio pathway for production of 2;Butanediol at the same
time. Jansen et a[23] controlled the oxygen supply rate and the xylose concentration, and they
obtaineda final concentration of 2;BDO of 12.63g/L by fermentationof media containing
50g/L of xylose in a L batch fermentor usinklebsiella oxytocaATCC 8724.

Perego et al[12] investigated the optimizatio of the operating conditions for 2,3
butanediol production binterobacter aerogenes synthetic glucose solutions and also in food
industry wastes. The results show that the optimal temperaturé@& &9 the optimal pH value
is 6.0. In addition, thegbtained the final 2;Butanediol concentration of 33g/L by fermentation
of a glucose solution witla starting concentration of 100g/L in 29.2 days for the different
food industry wastes testen the experiment, they found that the starch hydrolysateing
from corn transformation and whey from cheese manufacture had the best results based on the

product yield and productivity. Perego et [al3] also investigated the effects of carbon sources



(glucose, sucrose and cornstalgturolysate, temperature, inoculum size and starting substrate
concentration on the production of Zh8tanediol byBacillus licheniformis The result show that
the highest 2 ®utanediol yield is 0.87 mol/mol and the average productivity-lfRtdnediol +
acetoin)is 0.58 g/L/h from thdermentationof cornstarchhydrolysateat 37°C with the gH of
6.0, inoculunsize of 10 g/L, starting substrate concentration of 30 §dha and coworkef$4]
obtained a yield of 2;BDO of 0.4g/g arabinose with a corresgang productivity of 0.63g/L/h
by fermentation of media with an initialadosinose concentration of 50g/L by usiBgterobacter
cloacae.

In the past few years, many researchers have attempted to get butanol from fermentation
[24]. Qureshi et al[25] studiedthe production of butanol (acetone+butanol+ethanol, or ABE)
via fermentation byClostridium beijerinckii The results showed that the ABE production from
fermentation of 25¢g/L glucose and 25g/L xylose wast90% and 9.6 0.4 g/L, respectively. In
addtion, Qureshi et al26] also investigated theroduction of butanol (ABE) from wheat straw
hydrolysate in batch cultures usi@dpstridium beijerinckiiP260,and the ABE productivity was
0.63 g/L/h with a yield of 0.42g/g with the starting glucose concentration of 35 g/L. YUZT]al.
investigated th@roductionof butanol (ABE) from fermentation of sweet sorghum bagasse (total
sugar 55¢g/L) viClostridium acetobutylicunand final concentration of 19.21 g/L of ABE was
obtained (butanol 9.34g, ethanol 2.5g and acetone 7.36g). Lu [@8histudied tle butanol
production from fermentation @bncentrated cassava bagalsgdrolysate containing 584.4 g/L
glucose viaClostridium acetobutylicunstrain, and the yield of butanol was 0.234gkgsewith
the productivity of 0.32 g/L/h. In contrast, Zy8taneliol has more advantages than butanol to be

the resource of biofuel, based on the selectivity and productivigrmientation

1.2 Dehydration of 2,3-butanediol to MEK and 1,3-butadiene

Dehydration of 2,8DO to methyl ethyl ketone (MEKand 1,3butadenehas been well
studied, and occurs readily over a number of catal§st22] The first attemptvas published in
1945. Winfieldet al. studied the catalytic dehydration 2f3-butanediolto 1,3-butadieneand
methyl vinyl carbint (3-buter2-ol) overThO, [29], andtheyfound that ThQ@ cancatalyzed the
dehydration 0f2,3-BDO to 3buter2-ol at a temperaturéittle above 50°C, which was then
dehydrated to 1,dutadiene. 1 dutadiene can be dimerized to produce the aromatic

intermediate styrene (Dieklder reaction)]18] and hydrogenated to bugn



Trans and Chambefd6] investigated dehydration of 2f8itanediol (50g/L) to methyl
ethyl ketong MEK) over HSO5/SiO,-Al 05 catalysts at 216C in the packed bed reactor. They
found the catalysts with higher sulfonic groups had higher reaction activity. The results showed
thatthe activity ofthe catalysts decreakever time They attributed the deactivatioh @atalysts
to the loss ofsulfonic groups in the reactipbecausehtey used hydrochloric acid (HCI) to
regenerate the catalysighich, however, did ndmprove the catalyst activityn addition, hey
suggested that the catalysts could lose more extsuifonic groups than the internal ones
during the dehydration reactiomdicaing that the dehydration reaction ihe packed bed
reacto proceeded first with the external, thiater with the internal sulfonic groups. Emerson
and ceworkers[30] used sulfuc acid to dehydrate 25Butanediol to MEK in the liquid phase
The results showed that elevatednperature and higher concentration of acid were beneficial
for conversion oR,3-butanediol to MEK.

Bourns and Nicholls [31] investigated the effect of different combination of -2,3
butanediol/HO and MEK/HO feed rates on the dedmation of 2,3butanediol in the gas phase
over activated Morden bentonite. The results indicated that MEK was obtaitied yield of
86%, but only very small amounts of butadiene were produced when the eoytajsediol was
passed over the catalysButadiene yield were0.8%, 2.0%, 4.1% and 6.7%, 480 °C, 550°C,

650 °C and 700°C, respectively; andhe yield of butadiene was increased when water vapour
was used as diluert. The yield wasl8.8% whenthe 2,3-butanediol to HO molar ratiowas
1:10.02 while the yieldof butadiene increased to 25.3% wttka 2,3-butanediol to HO molar
ratio decreased td:44.95at 700 °C. In the presence of water vapor, butadiene was formed in
considerable quantities from both MEK and-Biganediol (700C, 29.1% othe yield, MEK to
H,O molar ratio 1:13.7; 44.8% of the yield, MEK to®ratio 1:39.9)Hence, they suggested
thatMEK was the intermediate in tle®nversion of 2,dutanediol tdutadiene.

Bucsi[32] investigated the transformation of diols over perfluorinated resinfulfamits a
(Nafion-H) in a fixedbed reactor and compare the catalytic properties of N&fiamd NaHX
zeolite. The resultshowedthat the conversion of 2/3utanediol over Nafioi at 175°C was
greater than that over NaHX at 2%D (100% on NafiorH vs. 59% @ NaHX). They ascribed
this to the stronger acidity of Nafigf. In addition the transformation of 2;Butanediol yielded
a very complex mixture of products via the pinacol rearrangeméet.s€lectiviy to 2-ethyl

2,4,5trimethyt1,3-dioxolane isomers ah 4,5dimethyl2-propyl1,3-dioxolane isomersover



Nafion-H at 125°C was 43% and 13%, respectiveljiowever, when the temperature was
increased td75°C, theselectivily wasdecreasetb 4% and 2% respectivelyhese cyclic ketals
and acetals derivefrom the intermolecular dehydration of unreacted-tj8nediol with
carbonyl compounds MEK or isobutyraldehyde (IBH) formed rytihe primary dehydration
step Harvey et al. developed a pathway to selectively converb@@nediolby acid catalyst
Ambelyst-15 to acomplex mixture of Zthyt2,4,5trimethyl1,3-dioxolanes and 4;8imethyt
2-isopropyl dioxolaneswhich can be used as a gasolinage fuel and diesel oxygenate due to
an antiknock index of 90.5, high combustion value, low solubility inevand full miscibility
with both gasoline and diesel fag].

Zhang et al[34] investigated thedehydrationof 2,3BDO over zeolite HZSM-5 and
HZSM-5 modified with boric acid, and studied the effecfraimeworkSi/Al ratio and addition
of boric acid on 2,8BDO dehydrationThey reported that high SilAatio was beneficial to low
temperature activation of 2BDO and the methyl migration to-rBethylpropanal, andhe
addition of boric acid enhanced the catalytic stability. Lee g8%].utilized in situ DRIFTS to
investigate the dehydration of3BDO over a series of zeolites ZSB] mordenitep- and Y-
type zeolites, and found that dehydration ofR[30 to MEK was favored on ZSM. Duan et al.
[36] investigated the dehydration of ZBDO over monoclinic Zr@and the result showed that
3-buten2-ol was produced with a maximum selectivity of 59.0% along with major byproducts
such as MEK and-8ydroxy-2-butanone.

More recently, Liu et al[37] usedo-alumina to catalyze the direct production of-1,3
butadiene from 2;Butanediol. They suggested that under the optimized kinetic reaction
conditions (trace amount af-alumina, high flev rate), the production of MEK and- 2
methylpropanal was significantly reduced, while the selectivity ofblifadiene could be
obtained up to 80%Sato and coworkers investigated dehydration ofBD® to 1,3butadiene
over SgO0; [38], and dehydration of other diolsiyich asl,3-butanediol and 1;#4utanediol over
rare earth oxidef89,40], ZrO, [41] and Cubased catalys{¢2].



1.3. Zeolites

1.3.1. Zeolite structure

Zeolites are poroushydrated aluminosilicasewith a framework based on an extensive
threedimensional networkconstructed from TQtetrahedra (T= Si or Al). Each oxygen atom
situated athe corners of the tetrahedral unit is shared by two adjacent tetrahedra. The AIO
tetrahedra in the structure determine the framework charge, which is generally balanced by
cations that occupy nefmamework sites. The general chemical composition afealite is
written as:

- ¢/ Q1 QJB/E Y /

whereM is the exchangeable cation (typically N&*, Mg*, C&*, NH,*, H', etc), n
represents the cation valenceaccountsor the SiQ/Al,O; ratio and y is the water content in
the hydrated form of zeolite. Zeol#tedbpenstructure framework contains channels or cavities,

which are occupied by cations and water mole¢d8:44].

Figure 1.1.Secondary building units of zeoliteg44].
As mentioned above, the primary building unit of a zeolite structure is the individual
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tetrahedral TQunit, where T is either Si or Al. The symmetry of zeolite unit cells leads to nine
secondary building units (repeating unit cells), which can be used to describe all of the known
zeolites.Thesecondary building units consist of 4, 6 anch@&mber singleings, 44, 66 and 8
8-member double rings and}4 51, and 44-1 branched ringsFigure 1.1)[43,44] Zeolite
ZSM-5 consists of & building units and ¥ype zeolite can be described byidg, 6-ring and 6
6-double ring building units. Besidesee building units, characteristic chains can be observed
in zeolite structures, such as zgg, sawtooth, crankshaft and pentasil chatgufe 1.2), and

so forth.Typically, zeolites can be discriminated based on their pore size, namely the number of
Si or Al atoms forming the ring openings, such as smath&nber ring), medium (iGember

ring) and large (12nember ring) pore zeolites.

ZSM-5 is classified as a mediupore zeolite, which possesses a zigzag channel system
intersecting a straight 10 ringhannel to form the thregimensional pore systdd#,45] The
structure of ZSMb is built up from the pentasil unitsigure 1.28. These units connect to form
chains Figure 1.2b), which further link to form sheet building unitsSigure 1.29. The ZSM5
crystalline structureHigure 1.2d) is formed when these sheet units are linked across a center of
inversiorj46]. This threedimensional pore system consists of sinusoidakidg (elliptical
openings, 5.85.5 A) and perpendicularly intersecting straightrirf@y (neascircular openings,
5.3x5.6 A) channelsAll of the framework ions (both Al and Sdccupy the sites that define the
channel intersections, and none solely occupies a site withfictiamned{44]. The ypical unit
cell content of ZSVb is.

CAVISE | xpé@ ! 1x o.[43]



(a) (b)

(d)

Figure 1.2.The ZSM-5 structure can be built up successively: (a) the pentasil unit; (b)
chains of pentasil units; (c) layers of the chains; and (d) layers linked across inversion
centers [45]
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Figure 1.3.Y-zeolite framework (eft) and its supercage (right)[47].

Y-type zeolite (Faujasite) is a large pore zeolite containing-mé@bered ring pore
opening.TheY zeolite frameworkconsists ofa hexagonal prism 6 doube ring), the sodalite
cage b cage) and the Type |l 26edron (spherical supercage, approximatey diameter of&)1.4
Sodalite cages areonnectedo one anotheby hexagonal prisms. This creates the supercage
with four tetrahedrally oriented If@embered oxygen ring windows (approxieig diameter of
7.4A) and a &dimensional channel systeifhe 6-membered oxygering on the sodalite cagé (
cage) has an approximately diameter of A6(Figure 1.3[43,47] The combination of
supercage, 1#8ing pore openings and-dmensional channel system makes the Y type zeolite

thermally stable.

1.3.2. Acid sites of zeolite

As is mentioned above, the AlQetrahedran the frameworkimpart an overall negative
charge to the framework. This is balanced by the presence of-fetrawork charge
compensating cation®d\ Bronsted acid site is where the aluminum site is bridged with its
associated silanol grousi-OH). Bronsted acid sites cape convered to Lewis acid sites by

dehydration of zeolite at high temperature, leading to coordinatively unsaturateditas,



which are strong Lewis acid siteSgheme 1.)1[48]. Lewis acid sites are unstabbed can be
converted to Binsted acid sites when water is present. Therefore, the acidity of zeolite is
determined by the content of Al (or SIBI,03) in the zeolite framework. The higher content of

Al (lower SiG,/Al,03) leads to the stronger acidity of theolite.

H
| I -H,0
0] O 0O > > @] (@]
7 873 K, under evac. /
\_Si/ \_AI/ \.Si/ \_AI \_Si+ .AI/ \Si/ \_AI'
SN SN SN SN +H0 SNSN SN SN
O OO0 00 00 0O <« 0 00 00 00 O
room temperature
Bronsted acid sites Lewis acid sites

Schemel.l. Bronsted and Lewis acid sites on zeoli{é8].

1.4. Mesoporous aluminosilicate and hierarchical zeolite

The mesoporous silicate material MCMIL has received widespreattentiondue to its
extremely high surface area (around 116@ncombined with large and uniform pore sizes
since it was invented in 19pM]. It possesses a2 hexagondy arranged megmres with long
range order Kigure 1.4 pore size 15A-100 A), which is synthesized by condensation of
silicates around the sedfissembled micelles by surfactant moleculesHgg1(CHs)sN"). The
carbon chain length plays an important role in determirmiegdimensions of pores of MGHIL.

In comparison to microporous zeolites, ordered mesoporous materials overcome the pore size
constraint of zeolites and could allow the more facile diffusion of bulk molecules. However,
purely siliceous MCM41 has been fountb have low thermal stability in hot water. The
mesoporous structure collapsed in hot water due to the amorphous character of the pore walls
[50]. It is reported that thencorporationof Al in the framework could enhance the thermal
stability; the mesoporous structure remained even after treatment in boiling water foj530.0 h
Moreover, incorporabn of Al leads to acid sites associated with the presence of Al in the
framework position similar to microporous zeolitdence, AIMCM-41 is expected to be a
suitable solid acid in this projecteBides MCM4, mesoporous materials MGH8 (3D cubic
structure,Figure 1.4 and SBA15 (cubic structurelrigure 1.4) can also be used as solid acids
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after incorporation of Al, both of which are reported to exhibit higher thermal stability than
MCM-41[52i 54]. In addition, SBA15 has a ntroporemesopore network, which can lower

diffusion limitations normally observed for microporous zeolite.

Mesopore

Figure 1.4. Different structures of MCM-41(left), MCM-48 (middle) and SBA15 (right)
[55].

1.5.Catalytic performance of different metals

Copper iswell known as dydrogenation catalysBrands et al[56] investigated a series
of CuSIO, catalyss promoted with Mn, Fe, Co, Ni, Mo, Mg and Y(yttrium) in the
hydrogenation reaction of methyl acetate, and the results showed ttaintaining catalysts
have high activity for vapoiphase hydrogenation reaction particularly the selective
hydrogenation of Ci O bonds however, copper catalysts areelatively inactive for
hydrogenolysis oCi C bonds.They found that Ni, Co and Mo promoted catalysts showed high
activity in hydrogenolysis of OC bonds, especiallthe Ni-promoted catalyst, which exhibited
high methane formatio(up to 70%), which was due teCcleavage.

Guo et a[57] investigated hydrogenolysis of glycerol to propanediols ovecatalyss
and found thab-Al,O3 supported Cu catalysts showed excellent performance and successfully
suppressed the scission oiCbonds.The Cu/o-Al,O3 catalyst withan optimized amount of Cu
showed a selectivity to propanediol up to 96.8% with glycerol conversion about 49.6%°@t 220

Sitthisa et a[58] investigated the hydrodeoxygenation foffural over Cu, Pd and Ni
supported on Sig and foundthat the Cu catalyst mainly produced furfuryl alcohol via
hydrogenation of the carbonyl gro@€=0) due to the weak interaction of Cu with C=C.
However, Pd/SiQ catalyst catalyzed the hydrodeoxygematof furfural to producea large
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amount of furan by decarbonylation, which is more favorable than hydrogenation over Pd
catalyss. Ni/SiO, was beneficial for the formation of ring opening products such as butanal,
butanol and butan&@heysuggested thdhe different produatistributionwas due to the strength
of interaction of the furan ring with the metal surface and the type of intermediates on the surface
that each metal can stabilize.

Vasiliadou et aJ59] invedigated the hydrogenolysis of glycerol to propylene glycol over
highly dispersed Cu/Sicatalyss. Thar resuls showed that Cu selectively converted glycerol
to propylene glycol with selectivity of 987% via consecutive dehsation-hydrogenation
reactions with a conversion up to 50% at 280 They demonstrated that the weak activity of Cu
in CI C bond cleavage limited the formation of ethylene gly&ato et a[60] reported that
reduced Cu catalyst could effectively catalyze the dehydration of glycerol to hydroxyacetone in
N>, and the fidrogenation of hydroxyacetonellowed by hydrogenolysis in Ho form ethylene

glycol, acetaldehyde and ethanol
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Chapter2-Conver si-opnmt ahe@i, 8 to buter

bi functional catalysts in a

2.1. Introduction

Because petroleum is a finite resource, there is grointegest inprocesses that produce
hydrocarbons from renewable resources for use as [fLieds6]. Such processes could produce
essentially the same product currently made in petroleum refineries, eliminating the need for
modifications to vehicles or to the hydrocarbon distribution infrastructure. A number of routes
for producing hydrocarbanfrom sustainable resources have been proppséc21l] These
routes convert biomasterived sugars to oxygenated intermediates, which are upgraded-to fuel
range hydrocarbons. The key to developing a successful process of this nature is to select
intermediate compounds thaan be selectely producel from sugars, and can easily be
converted to fuetange hydrocarbons.

A potential intermediate compound that has not previously been considered for
production of hydrocarbons from biomadasrived sugars is 2Butanediol(2,3-BDO). 2,3BDO
is an intriguing intermediate because it can be produced via fermentation of sugars with a high
productivity at high concentratiohy using a variety of microorganisms, such as Klebsiella
oxytoca[9i 11,22] Enterobacter aerogengts2], Bacillus licheniformis[13] and Enterobacter
cloacae[14]. Ji et al. [9] obtaineda maximum 2,3BDO concentration of 95.5g/L with
productivity of 1.71g/L/h byermentationof media containing 200g/L of glucose in a 3 L batch
fermentor using Klebsiella oxytoca. Jansen ef2d] obtaineda final concentration of 2;BDO
of 12.63g/L by fermentation of media containing 50g/L of xylose irLabatch fermentor using
Klebsiella oxytoca ATCC 8724. Saha and cowori&# obtained a yield of 2;8DO of 0.4g/g
arabinose with a correspondirproductivity of 0.63g/L/h by fermentation of media with an
initial arabinose concentration of 50g/L.

Once 2,3putanediol (2,8DO) is produced via fermentation, routes to convert it to
hydrocarbons would be needed. However, there is little researais iaréa. Dehydration of 2,3
BDO to methyl ethyl ketone (MEK) has been well studied, and occurs readily over a number of
catalyst416,22]. Zhang et al[34] investigated thelehydratiorof 2,3BDO overzeoliteHZSM-

5 andHZSM-5 modified with boric acid, and studied the effectfraimework Si/Al ratio and
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addition of boric acid on 2;BDO dehydration.They reported that high Si/Al ratio was
beneficial to lowtemperature activation of 2BDO and the methyl migration to-2
methylpropanal, and addition of boric acid enhanced the catalytic stability. Lee [@5l.
utilized in situ DRIFTS to investigate the dehydration ofB[30 over a series of zeolites ZSM
5, mordenite,b- and Y-type zeolites, and found that dehydoatiof 2,3BDO to MEK was
favored on ZSMb. Duan et al[36] investigated the dehydration of 2ZB2O over monoclinic
ZrO, and the result showed thatb8ten2-ol was produced with a maximum selectivity of 59.0%
along with major byproducts such as MEK andhy8lroxy-2-butanone.In addition, @rther
dehydration of 2,8BDO yields 1,3butadiene[17], which can be dimerized to produce the
aromatic intermediate styrene (Did\der reaction)[18] and hydrogenated to buterf&ato and
coworkers investigated dehydration of -BBO to 1,3butadiene over $©z; [38], and
dehydration of other diols, like HJ3utanediol and 1:$utanediol over rare earth oxidg®,40],
ZrO,[41] and Cubased catalys{#2].

The approda reported here is to convert BBO to butene, which ia basic building
block of fuels as well as many chemicals. As a precursor, butene can be converted to a variety of
oligomers (dimer, trimer, tetramer,etf)9,20], which can be further converted to saturated
hydrocarbons through hydrogenation reactlarthis way, lutene can serve as an intermediate to
producehigh-grade liquid fuelvith specific type of saturated hydrocarb{23,21].

The major challenges to removethe two hydroxyl groups of,3-butanediol (2,8DO)
in asingle step t@roducebutene. This process involves a bifunctional pathway, in which 2,3
butanediol is dehydrated on an acid site to methyl ethyl ketone (MEKEgthylpropanaland
butadiene, which can be further hydrogenated to butene ondtagsites. Copper is interesting
for use as the hydrogenation cataly&t-containing catalystshow high activity for vapephase
hydrogenationreaction particularly the selective hydrogenation of carborygen bonds
however copper catalysts arelatively inative for hydrogenolysis of carberarbon bond§6].

Guo et al57] investigated hydrogenolysis of glycerol to propanediols overc&alyss, and
found that 2-Al,O3 supported Cu catalysts showed excellent performance (selectivity to
propanediol, 96.8%) and successfully suppressed the scissioiCdiddds. Sitthisa et §8]
investigated theéhydrodeoxygenation of furfural over Cu, Pd and Ni supported on, Sidu
found that theCu catalyst mainly produced furfuryl alcohol via hydrogenation of the carbonyl

group due to the weak interaction of Cu with C=C. Vasiliadou €b%l.investigated the
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hydrogenolysis of glycerol to propylene glycol over highly dispersed Cu/Gafalyst. The
result showed that Cu selectively converted glycerol to propylene glycol with selectivity of 92
97% via consecutive dehydratithydrogenation reactions. Sato e{@0] reported that reduced

Cu catalyst could effectively catalyze the dehydration of glycerol to hydroxyacetone amdN

the hydrogenatio of hydroxyacetone followed by hydrogenolysis isntbl form ethylene glycol,
acetaldehyde and ethanol.

Based on the excellent hydrogenation performance of coppehawe studieda high
copper loading catalystupported orSM-5 to convert 2,3utanediolto butens in a single
reactor The impact of reaction conditions (temperature and hydrogen tbuaBediol ratio)
and the Si/Al ratio of the ZSN3 catalyst are reported and it is demonstrated for the first time that

2,3-BDO can be converted to butenes single step at a high yield.

2.2.Experimental section

2.21. Materials

Ammoniumtype ZSM5 with SIO,/Al,Os ratiosof 23, 50 and 280 were obtained from
Zeolyst InternationalZSM-5 is referred to as ZS#¥(n), wheren is theSiO./Al ,0; ratio. 2,3
butanediol (>97%) was purchased from TCI America. CujiNB@H,O (99%) was purchased

from Fisher scientific.

2.2.2. Catalystpreparation

As previouslyreportedthe ion exchange of zeolite ZSMwith Cu(ll) in ammonia could
result in excessively exchged copper on zeolgewith high copper dispersioifi61,62] The
catalysts used in ihwork were synthesized bthe ion exchangenethal as follows which is
similar to the deposition precipitation (DP) methf@B,64] or ammonia evaporation (AE
method [65,66]. First, the ammoniurtlype ZSM5 was calcined at 55{C for 4 hours to convert
it to HZSM-5. Thenthe desiredamount of Cu(NGs),-3H,O was dissolved in 100 mL of
deionized wateat room temperaturéddmmonia was added to the solution until the pH was about
9.1 to form a dark blue cupric ammine complex [CugNfH,O),]**, and then water was added
to make B0 mL of acopperammonia complex solutior20 grams of HZSMb zeolite was

added to the solution and then the container was capped to avoid the evaporation of ammonia
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and stirred for 4 hours at room temperature. After that, the container was transferred to an oil
bah and heated to 68C for 2 hours Then the solution was filtered and the precipitate was
washed at least five times by water and dried at°Cl6vernight followed by calcination at 550

°C for 4 hours. Finally, the calcined catalyst was pelletized, edisind sieved to obtain a
particle size distribution in the range-80 mesh.To make 10%CuO/ZSNs, the amount of
Cu(NGs),-3H,0 added to the solution was 24.16Tde content of CuO was determined to be
9.5wt%, 9.7wt% and 9.2wt%n ZSM5 with SiO,/Al O3 ratios of 23, 50 and 28@espectively,

by the inductively coupled plasma (ICP) method. Two Cu/ZS{280) catalystswith high
loading of CuO were prepared by increasing the amour@udNG;),-3H,0 to 36.24 g, and
extending the time of ion exchange in thié bath to 12 hours and 24 houfSor these two
catalyststhe content of CuO was determined by ICP to be 19.2wt% and 29.1wt%, respectively.
For the catalyst Cu/ZSM(280) with low loading of CuO, themountof Cu(NGs),-3H,O was
decreased to 12.0 g ancetlime of ion exchange was shortened to about 1 hour in the oil bath,

and the content of CuO was determined by ICP to be 6.0wt%.

2.2.3. Catalyticreactions

The catalytic reactions were performed in a conventional continuous flow-tdeed
reactor made fostainless steel (id=8 mm) under atmospheric pressure. Prior to reaction, the
catalyst sample (weight=1.0 g) was reduced in the reactor in i How (flow rate of
H./N,=1/5) at300°C for 2 hours. The Hflow of 24 cn/min (standard ambient temperature and
pressure, SATPand the N flow of 120 cni/min (SATP) were controlled with masiow
controllers (Brooks). 2;BDO was fed via a micropumfEldex 1SMP)at 3 mL/hour together
with a H flow of 67.2 cni/min (SATP) and N flow of 15.4 cn¥min (SATP). Reactor
temperaturavas sebetween 200 and 30C. Product compositions weanalyzedoy an online
gas chromatograph (SRI 8610C) equipped wihVIXT -1 column(nonpolar phase, 60m, ID
0.25 mm, film thickness 0.2%m), TCD andFID detectos for theanalysis of hydrocarbons and
oxygenated chemicals, and quantified by injecting calibration standatlle ®&C system. The
temperature of the tubing from the bottom of the reactor to the inlet of GC was maintained at 230
°C to avoid thecondensation of liquid products. The products were injected through the sample
loop (0.2 mL), which was controlled by a high temperaturep@ahvalve. The oven was kept at
40°C for 5 min, and then raised to 120 at a ramp rate of 4@&/min, finally raised to 250C at
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a rate of 20C/min, andheld at this temperatufer 10 min. As MXT1 column is not capable of
separating some hydrocarbons, such -asiténe and isobuene, to determine the distribution of
butens (1-butene, isobutene, tra@sbutene ad cis2-butene) over catalysts with different
SiO,/AIO3 ratios, additional experiments were performed where the MIXdolumn was
replaced with an MXJAlumina BOND/MAPD column (30m, ID 0.53 mm, film thickness 10
pum), which is capable of separatitite four isomers of butenes. To ensure the identification of
products, GEMS analyses were also carried out by using an Agilent 7890A GC system
equippedwith an Agilent 5975C MS detector and HRcapillary columnThe carbon selectivity

[67,68]and conversion of 2;BDO were calculated in the following methods.

- Moles of carbon in specific produc
Carbon selectivity = — & — P 5 100¢
Total carbon atoms in identified prodsict

(moles of 2,3-BDQ) - (moles of 2,3-BDQ))

Conversion = _ 3 100¢
(moles of 2,3-butanediq])

Two repeat runs werperformedat each raction conditionand the two trials were
generally within 5% of each other. The relative difference between the sum of butene selectivity
from MXT-1 columnand MXT-Alumina BOND/MAPD column is about 5%%. The carbon

balance closed with above 90% for allns in this paper.

2.2.4 Catalyst characterization
2.2.4.1.NH3 temperature-programed desorption NH3-TPD)

The surface acidity of catalysts was investigated by temperature programmed desorption
of ammonia (NH-TPD). NH;-TPD was carried oun an Altamira AMI-200 systemPrior to
adsorption, 0.2 g of copper catalyst i@aded in a quartz {tube reactoandpre-treated at 550
°C in helium for 1 hour followed by cooling to 180. Then the catalyst was redudeca flow of
Ho/Ar (10v/v% ) at a consant rate of10°C/min to 300°C and then maintained for 2 hours
followed by cooling tal00°C. 10 mL/min of ammonia(anhydrous, 99.99%jyas therintroduced
at 100°C for 30 min Physisorbed Nkimolecules were removed by flowing pure helium at 100
°C for 2 hours. Finally, the temperature wassel to700 °C at10°C/min. Desorbed ammonia

was detected with thermal conductivity detect@i CD).
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2.2.4.2 H, temperature-programed reduction (H,-TPR)

H,-TPR was measured the same system as NHPD. 0.1 gof samplewasloaded in a
quartz Utube reactor and treated at S&0in Ar (99.999%) at a flow of 40 mL/mifor an hour
After cooling, the temperature was ramped fronfGQo 900°C at aramprate of 5°C/min in
Ho/Ar flow (10v/v% 40 mL/min) H, consumpion wasrecorced by a thermal conductivity

detector (TCD)H, consumption was calibrated bgducing0.03 g of pure CuO

2.2.4.3Brunauer-Emmett-Teller (BET)

Surface area measurements of catalysts were conducted according to the Brunauer
Emmett Teller (BET) gas (nitrogen) @sorption method. About 0.06 g of catalyst powder was
poured into the sample cell and degassed af@36r 4 hoursdefore determining the exact mass
of the sample, which waken confirmed after degassing. The adsorption/desorpsiotherms
were measured using a Quantachrome Autosorbl instruated96 °C and analyzed with
Autosorbl softwareThe total surfaceareawas determined from Nadsorption branch in the
linear range of relative pressure from 0.007 to 0.03. The micropdeeswarea and micropore
volume were evaluated by th@lbt method69]. The toal pore volume was evaluated by single

point pore volume at a relative pressure of 0.95.

2.2.4.4 X-ray diffraction ( XRD)

XRD analysis was conducted using a Rigaku Miniflex Il desktapyxdiffractometer.
Scans of two theta angles were frofnt® 9¢ for all catalysts with a step size of of 2Gnd
scan speed of 0.7fmin. All samples were well ground before analysis in order to provide a

significant number of oriented particles to fulfill the Bragg condition of reflection.

2.2.4.5.Scanning electron microscopy (SEM)

Scanning electron microscopy (SEMxperimentswere performedon a FEI Nova
NanoSEM 430 to identify the morphology of Cu/ZS\tatalysts.

2.2.4.6.X-ray photoelectronspectroscopy (XPS)

18



XPS data were obtained with a PerkinElmer BBI0O using achromatic Al Mradiation
(1486.60 eV). The pressure in the analysis chamber was typicady8 dorr. Cu 2p, (932.7
eV) and Au 4§, (84.0 eV) were used as standards to calibratditinding energy BE) range,
and the binding energy ahirbon 284.6 eWas used athe BE standard to correct for charging
on the substrat§70]. XPS spectra were curve fitted by the software Casab@®d on the
centered position, full width at half maximum (FWHM) grehkintensity.

2.2.4.7.N,O adsorption

Copper surface area (g4 and dispersion (&) were determined by dissociative@
adsorption method at $C [71,72] using the same systeas H-TPR and NH-TPD. Prior to
N,O adsorption, the catalysts (0.1 g) were firsated at 558C in Ar at a flow of 40 mL/mirfor
an hour After cooling, the temperature was ramped fronfG@o 400 °C at aramprate of 5
°C/min in H/Ar flow (10v/v% 40 mL/min) by the H,-TPR procedure described above and
decreased to 96C in Ar (99.999%, 30 mL/min). In this step, the amount of hydrogen
consumption was denoted as X. Then therpdeiced catalysts were exposed ®@NHe (5 v/iv%,

40 mL/min) isothermally a®0 °C for 1 hour to oxidize surface copper atoms to@éollowed

by cooling to 5C°C in Ar (30 mL/min). After this process, the secong PR was carried out on
the freshly oxidized catalysts from 5Q to 400 °C at aramprate of 5°C/min in H/Ar flow
(10v/iv% 40 mL/min) in order to reduce gD back to metallic Cu. The hydrogen consumption
in this step was denoted as Y. Copper dispersian) (s calculated as & =2Y/X, which is
defined as the ratio of the surface copper atoms to the total copper @@sent in the catalyst.
Copper surface area SA(m?/gey) is calculated as described in literatuf@d,72] by the
following equation:
20 N,

SACu -
XM, SO,

°1353 Y/X (nf /g, )

where N, = Avogadrds constant = 6.0210°> atoms/mol, M, = Atomic weight of Cu = 63.546
g/mol, SQx, = copper surface density =1410"° atoms/mi (the average value for Cu(111),
Cu(110), and Cu(100) crystal surfaces).

2.2.4.8.Thermogravimetric analysis (TGA)
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Thermogravimetric analysis (TGA) was performed wdthithermogravimetric analyzer
(Shimadzu TGASL0). The used catalyst samples were collected after a specific reaction time (40
min or 280 min). After the feed of 2BDO was stopped, the flow of hydrogen and nitrogen (the
same flow rate as reaction) was ntained for about 30 min to remove residuatB[30 in the
reactor and the products adsorbed on the catalysts aQatdlyst was recovered after cooling
to room temperatureélrior to TGA analysis, the used catalysts were kept in the oven &C100
for 3 days so that the copper in catalysts could be oxidibaapletely Typically, about 20 mg
of used catalyst sample was heated iffairflow: 10 mL/min) from room temperature to 680
at a ramp rate of 1@/min. The coke content for each sample was tietermined from the
weight loss between 30C and600°C [73].

2.3. Characterization ofcatalyst

2.3.1 X-ray diffraction

Figure 2.1shows the XRD patterns of the Z&M-5 catalysts with different SKDAI O3
ratios and those of the parent HZS\talcined at 558C, andFigure A.1 andA.2 display the
XRD patterns and relative crystallinity, respectively, of the calcined catalysts with different CuO
loadings on zeolite HZSNB(280). As seen in theséigures, although a slight decrease in the
intensity ofthe main peaks was noticed after wdiuction of copper, all the characteristic peaks
of the parent HZSM5 were observed in Cu/ZSHBl catalysts, which indicated that the
introduction of copper did natestroythe structure othe parent HZSM5. In addition, two
characteristic peaks related @O (35.7 and 38.55 were only observed 08.5%CuO/ZSM
5(23), which indicatedhat Cu speciesvere well dispersedn HZSM-5(50) and HZSM5(280).
This is in accordance with the SEM result (Bégure A.3), copper clusters were observed only
on 9.5%Cu0/ZSM5(23) with the size of 0.5um-1.0um and the weight percent of CuO in these

clusters wagstimated at 43% obtained by EDS detector.
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Figure 2.1. XRD patterns of the calcined catalysts with different SiQ/Al,O3 ratios.(a)

HZSM-5(280), (b) 9.29%CuO/ZSM5(280), (c) HZSM5(50), (d) 9.7%CuO/ZSM5(50), (e)
HZSM-5(23), (f) 9.5%Cu0/ZSM5(23), (g) CuO, (h) CuO.
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2.3.2.H, temperature-programmed reduction
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Figure 2.2. H,-TPR profiles of calcined Cu/ZSM5 with different SiO,/Al O3 ratios. (a)
9.5%Cu0O/ZSM-5(23), (b) 9.7%CuO/ZSM5(50), (c) 9.2%CuO/ZSM5(280).
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Figure 2.3. H,-TPR profiles of calcined Cu/ZSM5(280 with various CuO loadings. (a)
6.0%, (b) 9.2%, (c) 19.2%, (d) 29.1%.
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In order to investigate the reducibility of Cu on zeolite ZSMH,-TPR measurements
were performedFigure 2.2 showsthe H-TPR profiles of Cu/ZSMb with SiG/Al,Os ratios of
23, 50 and 280t is reported that Cu/ZSM catalysts undergo a stepwise reduction progess
77). Generally, the peak at the low temperature (420210 °C ) may be attributed to the
reduction of CuO in one step toetallic Cl’, and the reduction of isolated €tons to CU as
well; and thehigh temperature peak (normally > 3%) may be ascribed to the reduction of Cu
to metallic Cu’. However, inFigure 2.2and Figure 2.3 the hightemperature peak was not
observedAs seen irFigure 2.2 catalyst 9.5%CuO/ZSN8(23) was seen to exhibit tveeparate
reduction peaks. The main peak at low temperature peak (2T1.#% assigned to the well
dispersed CuO on zeolite ZSMand the small peak at higher temperature (2%3.2s assigned
to the reduction of bulk CuO. The assignment of the reduction peaks is similar to the catalyst
Cu/SiG prepared byammonia evaporatio(AE) method[63,66,78] The main reduction peaks
of CuO/ZSM5 catalysts with SigdAl,O3 ratios of 50 and 280 (séegure 2.® andFigure 2.2)
became sharper tham Cu/ZSM-5(23)and shift to a lower temperatur208.7°C). The shoulder
peak at high temperatufer 9.7%CuO/ZSM5(50) was smaller than that of CuO/ZS\R3).
For the catalyst 9.2%Cu/ZS8I(280), only one lowemperature reduction peak was identified.
Figure 2.3 exhibits the HTPR profiles of catalysts CuO/ZSB{280) with various CuO
loadings.With increasing CuO loadings from 6.0% to 29.1%, the intensity of the main reduction
peak was observed to increase and the temperature was shifted from 208.1 #& 28 ]all
trials, the H consumption of catalysts isrgportional to the CuO loading and the ratio of
H,/CuO is almost close to(see supplementary informatiohable A.J), which indicates that Cu
is divalent. Onthe catalystavith CuO loadings of 19.2% and 29.1%idure 2.8 andFigure
2.3d), the shouldergnk at high temperature related to bulk Cugswbserved. From the result
of TPR measurement, dan beconcludel that most Cu species on zeolite HZSVare well

dispersed Cibased on the large reduction peak at low temperature

2.3.3. N adsorption

The structure properties of the zeolites and copper catalysts can be derived from the
results of N adsorptiordesorption measurements-496°C. The surface area and pore volume
are summarized ifable 2.1 As is shown inTable 2.1 both mesoposeand micrgores existfor
the zeolites. The external surface area and mesopore volume of HZ&3)1 (148 rilg, 0.199
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cm’/g) are higher than those of HZS5(50) (115 Mg, 0.150 cr¥g ) and HZSM5(280) (105

m?/g, 0.121 cn¥g). It is seen that introduction of coppetd zeolite HZSM5(23) leads to nearly
unchanged micropore area, but lowers both external area and mesopore volume. The external
surface area dropped from 148/gto 130 M/g and mesopore volume decreased from 0.199
cm’/g to 0.165 crifg, which indicatedhtat most of the copper specie®re depositedin the
mesopores, reducing the contributions of these pores to the total surface area and total pore
volume as a result. However, introduction of copper on zeolite HBEA) and HZSM5(280)

lowers the microp@ surface area (203%yg and 220 rfig for 9.7%CuO/ZSM5(50) and
9.2%Cu0/ZSM5(280), respectively), and micropore volume (0.107/grand 0.146 critg for
9.7%Cu0O/ZSM5(50) and 9.2%CuO/ZSNa(280), respectively) (se€able 2.1). Moreover, as

shown inTable 2.1, when the addition of CuO was increased from 6.0% to 29.1% on zeolite
HZSM-5(280), the BET surface area remained alnuosthangephowever, the micropore area
dropped from 258 to 198 %y, which is assumed to be caused dmpperdeposition in the
micropores ofthe zeolite The external surface area increased from 167 to 224 amdthe

mesoporevolume increased froi.214 to 0.298 crfg.
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Table 2.1. Surface area, pore volume, copper dispersioand ammonia uptake of catalysts and supports

surface area pore volume
NH; uptake SAc,
sam ple SBET Smi(:ro Sexternal Vtotal Vmicro Vmeso 2 DCu
2, na 2, b 21 \C 3, \d 3, b 3, e (mmol/g)  (m*/gcu)
(m“g)y” (m“g)” (m“g) (cm’/g)” (cm’/g)” (cm’g)

HZSM-5(23) 431 283 148 0.411 0.212 0.199 1.167 ] 1

HZSM-5(50) 447 333 115 0.319 0.169 0.150 0.746 ] 1

HZSM-5(280) 437 332 105 0.301 0.180 0.121 0.145 T T
9.5%Cu0O/ZSM5(23) 414 284 130 0.299 0.134 0.165 1.462 20.3 0.03
9.7%Cu0O/ZSM5(50) 423 203 220 0.426 0.107 0.319 0.922 155.6 0.23
6.0%CuO/ZSM5(280) 425 258 167 0.358 0.144 0.214 0.314 209.7 0.31
9.2%Cu0O/ZSM5(280) 445 220 226 0.426 0.146 0.280 0.356 162.4 0.24
19.2%CuO/ZSM5(280) 437 215 222 0.455 0.173 0.282 0.487 148.8 0.22
29.1%CuO/ZSM5(280) 429 198 231 0.482 0.184 0.298 0.668 67.7 0.10

2The BrunaueEmmettTeller (BET) surface area £S;) was calculated from the linear part of BET plot from 0.007 to 0.03.

®The micropore area (%) and volume (Vo) Were obtained by theplot method.

¢ The external surface ar&aemar SseT-Smicro-

“The total pore volume (\,) was evaluated by single point total pore volume at a relative pressure of 0.95.
€ The mesopore volume¥s=ViotarV micro-
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2.3.4. NK-TPD
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Figure 2.4. NH3-TPD profiles of (a) HZSM-5 with different SiO,/Al O3 ratios and (b)
reduced Cu/ZSM-5 with different SiO»/Al>,O3 ratios.

Theacidity of the zeolites and reduced copper catalysts were determinedsbyANIH as
shown inFigure 2.4 Figure A.4 displays the NRTPD profiles of reduced Cu/ZSig(280)
catalysts with various CuO loadingghe amount of ammonia uptake is givermable 21. NH;-
TPD curves with regard to the temperature can provide information of the strength of acid sites
of the zeolites. As seen Ifgure 2.4a, the NH-TPD profiles of parent zeolite HZS8 with
different SiQ/Al,0; ratios exhibited two distinct desorptiggeaks centering at around 250 and
450 °C, which are the characteristic peaks of zeolite with MFI stru¢f®je However, in
Nan b a 6 she soorgsponding two desorption temperature of Kbim HZSM-5 were 200
and about 400 °(80]. The temperature difference (50 °C) was probably due to the different flow
rate of carrier gas and different ramp rate of heating whep D was performed (in this work,
the flow rate of He is 25 mL/mj ramp rate is 10 °C/min). The peak at low temperature is
assigned to ammonia weakly held or physically adsorbed on the Lewis acid sites of zeolite,
whereas the peak at high temperature is ascribable to the desorption of ammonia strongly
adsorbed on andf/ointeracting with the dislodged Al, and decomposition of,;Nidn the
Bronsted acid site81i 84]. As is shown, with increasing Sil\l,0; ratios of the zeolite from
23 to 280, the peak intensity of ammonia desorption, especially the peak at loaraeme
decreased dramatically and the total acid concentration dropped from 1.167 mmol/gcat to 0.145
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mmol/gcat (se€Table 2.1), which is consistent with the idea that the acidity of a zeolite is
inversely proportional to the Syl ,Os ratio.

As is repoted, copper catalyst exhibits a strong capability of oxidizing ddHNO or N
[85,86]. However, Nanba et al. demonstrated that onlyvbis fomed over Cti" species, which
was accompanied by the reduction oo CU" [80]. Therefore, to reduce the possibility of
oxidization of NH prior to an NH3-TPD experiment, all copper catalysts in this work were
reduced by K at temperature of 300C for two hours.As seen inFigure 2.4b, NH3-TPD
profiles of reduced Cu/ZSh with various SiQAI,O;3 ratios also exhibited two distinct peaks,
both of which shifted to higher temperatures (about30°C and 6060650 °C) compared to
characteristic peaks of the parent zeolites; meanwhile, the peaksvdéinperature became
larger and broader, which can be ascribable to the combination ptdéidrption from both
Lewis acid sites of zeolites and copper sites on the suifadeshigher temperature peak above
600 °C is not shown in the NHTPD profiles ofparent zeolites, which indicates that some
copper species strongly adsorb §)\End is probably due to NHdsorbed on Cu that only binds
to one Al[86]. The high temperature peak exhibits a slight shift to tlemvpeaturefrom 650 to
600°C with increasing Si@/Al,Os ratios from 23 to 280. In addition, the total acid concentration
of Cu/ZSM5 catalyst is higher than that of the corresponding parent zeolite and decreases with

increasing Si@QAI,Os ratio (from 1.462 mnol/g.,:to 0.356 mmol/gy, seeTable 2.1).

2.3.5. Xray photoelectron spectroscopy
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Figure 2.5. XPS spectra of the calcined CuO/ZSMb with different SiO,/Al O3 ratios. (a)
9.5%Cu0/ZSM-5(23), (b) 9.7%CuO/ZSM5(50), (c) 9.2%CuO/ZSM5(280). Spectra were
curve fitted by the software CasaXPS.

XPS analysis was employed to elucidate the chemical states of copper on the &u/ZSM
catalysts The Cu 2p photoelectron spectof the calcined Cu/ZSM with various SiQ/AI;O3
ratios are shown ifrigure 2.5 The asymmetric peaks of Cuszpvere deconvoluted into two
peaks centering about 935.2 and 933.2 eV. It is seenRigure 2.5thatthe Cu 2p, peak of
CuO/ZSM5(23) is centeed around 933.2 eV; however, the peaks of the other two catalysts
CuO/ZSM5(50) and CuO/ZSM280) are at 935.2 eV. Typicallpeaksobserved at 935.2 eV
areassigned to well dispersed Cu(ll) spedig]. The binding energy of the bulk CuO species is
933.6 eV (Cu 2§,), andthe shift to higher binding energy of well dispeatsCu(ll) species is
indicativeof a chargdransferfrom the metal ion to the support oxif¥]. The presence dhe
Cu 2p shakeip satellite peak (94944 eV) is characteristic of Guwith electroncorfiguration
of (d°) [66]. However, the Cu 2p at about 933.2 eV is difficult to discriminate between Cu(l)
and Cu(ll). It was reported thatpay irradiation from XPS could cause the reduction of the CuO
particles[70] and Xray sensitivity to metal ion reduction depends strongly on the chemical
environment of the metal igi88]. Gervasini et &l87] suggested that the peak of lower binding
energy (Cu 2§, 933.15 eV) could be attributed to Cu(l) when they compared the valence state
of Cu on the catalysts Cu/&b; and Cu/SiQ-Al,Os. Interestingly, one peak at 933.&V was
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observed on Cu/SiAl,03, which is similar to our Cu/ZSNb(23) (seeFigure 2.5a) and two

peaks (932 and 935.3 eV) were displayed on Cuy/Sikbich is analogous to our Cu/ZSM
catalystswith SiO,/Al,O3 ratios of 50 and 280Fgure 2.5 and 59. Contarini et a[88]
reported that the lower binding energy peak (933 eV) andhe higher binding energpeak
(935936 eV) were assigned to the tetrahedrally and octahedrally coordinatedeSpectively,

and the shakep satellites have a stronger correlation with the octahedrally species when they
studied the valence state of Cudehydratechnd hydrat¢d coppetexchanged Xand Y-zeolite

In addition, they pointed out that different Si/Al ratio zeolites might affect the symmetry and
water coordination around the exchanged Cu ion. Bspat al.[89] pointed out that, for the
same oxidation state of Cu, the binding energy can change depending on theodisjegste.

They suggested that the higher binding energy (935.4 eV) and lower binding energy (933.6 eV)
were related to the dispersed and bulk Cu species, respectideke Bt a[90] investigated the
binding energy of various cuprate crystals by higsolution XPS and found out that the Cu
2ps2 peakvarieddue to the changes with the linking arrangement of0Ouetworks within the
lattice, like linear chain, zigzag chain and Guiane, which resulted in the shifts in the position

of binding energy and the relative intensity between the satellite and the main peak.

)70 960 950 940 930 920
Binding Energy (eV)

Figure 2.6. XPS spectra of 19.2%CuO/ZSM5(280) catalyst. (a) without reduction, (b) after
reduction, (c) after reaction. Spectra were curve fitted by theoftware CasaXPS.

In this work, if the peak at 933&¥/ is ascribable to Cu(l), the Atonsumptiorof catalyst
9.5%CuOZSM-5(23) should be much smaller than the other two cata{@gs®oCuO/ZSM5(50)
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and 9.2%CuO/ZSM5(280). However, fom the TPR resultsit is clearly seen that the,H
consunption area of catalyst 9.5%CuZ¥M-5(23) is very close to the other two catalysts and
the molar ratio of HCu is close to 1 (se€able A.1). Basedon theresults of XPS, TPR and
XRD, we can safely conclude that the difference between the binding energy of Cu onrdHZSM
with various SiQ/Al,Os ratios is due to the dispersion of Cu or the structural environwiesre

Cu is locatedThe binding energy of Cu aiSM-5(23) tends to shift to the lower energy level
(seeFigure A.6a for 18.6%CuO/ZSM5(23)); however, the binding energy of Cu on Z5M
with SiO,/Al,Os ratios of 50 and 280 shsfto the higher energy level.

XPS results foCu/ZSM5(280) withhigherCuOloadings(seeFigure A.5) showno
significant chang@ the Cu binding energyigure 2.6displaysthe XPS spectra of reduced and
used 19.2%CuO/ZSM(280) compared to the fresh ofiée satellite peaks (943.2 eV)
disappearetbr the reduced and used casdlyFor the used catalysie peak of Cu 2 was
symmetric and found at 932.4 eV, which is assigned fospecieg66]. Thisindicates that the

valence state of Cu on the catalyst did not chalugmgreaction.

2.3.6. NO adsorption

Copper surface area (34 and dispersion (&) were calculated bythe N,O
decomposition methof@1,72] As is shown inTable 2.1 the catalys9.5%CuO/ZSM5(23) has
the worst copper dispersion (0.03) and lowest copper surface area (26:3,mvhich is in
agreement with the results of,HIPR, SEM Figure A.3) and XPS.On ZSM-5(280), the
dispersion of copper decreases slightly from 0.30.2@ with increasing CuO loadings from 6.0%
to 19.2%, and the copper surface area decreases from 209.7 to 148.8owever, when the
CuO loading was increased to 29.1%, the copper dispersion and the copper surface area
drastically decreased to 0.10da67.7 nf/gc,, respectively. This is in accordance wikie result
of Ho-TPR Figure 2.3). High loading of copper is not favorable for the copper dispefSin
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2.4. Results andliscussion

2.4.1.Reaction of 2,3butanediol over catalysts with different SO,/Al,O3 ratio

Prior to study the effect of Si@Al,Os ratio on the conversion of 2futanediol, the
control experiments were performed on the parent zeolites HZSNh different SiQ/Al,O3
ratios (23, 50 and 280)n the absence of hydrogdil, flow: 82.6 cm¥/min, SATP) and th
presence of hydroge(H,: 67.2 cm/min, SATP; No: 15.4 cni/min, SATP), respectivelyat
temperature 250C. The conversion of 2;Butanediol and selectivities of the main products
taken a40 min andLO0 min are shown iflable 22. As is reported16,34 36], the dehydration
reaction of 2,3utanediol occuy readily on acid catalysts. It can be seenTiable 2.2, the
conversions of 2;Butanediol over HZSM under all conditions are very high (>0%), and the
main products are MEK,-&hethylpropanal and 1;Butadiene, which is in accordance with the
result reported in the literatuf®4]. In addition, the minor products includingnethyl-1-
propanol, 3hydroxy-2-butanoneand 2ethy}2,4,5trimethyl1,3-dioxolane were detected, but
the selectivities were much lower than the main products mentioned aboviafdee.2). 3
hydroxy-2-butanone was produced via dehydrogenation ofb@tdnedol, while 2methyt1-
propanol was from hydrogenation ofn®thylpropanal. The formation of the cyclic ketal 2
ethyl2,4,5trimethyl-1,3-dioxolane was reported from the intermolecular condensation ef 2,3
butanediol and MEK[32]. However, the selectivities of butenes, which areinbérest, are
negligible through the conversion of A8tanediol over HZSM. Moreover, it can be seen,
running the reactions of 2futanediol over each HZSH® in the absence or presence of
hydrogen led to almost the same result, which indicates tlthbdpn is not involved in the
conversion of 2,butanediol over HZSN5.

To explore the effect of the framework Si/Al ratio on the catalytic performance in the
conversion of 2,utanediol to butenes, the reactions were performed over reduced catalysts
with about 10wt% of CuO loaded on ZSMzeolites with silica to alumina (Si@l,03) ratios
of 23, 50 and 280 at the same reaction conditions (feed rate-biaBediol of 3.0 mL/hour,
hydrogen to 2,3utanediol molar ratio of 5, and a reaction temperd662C). The selectivities
of the major reaction products as a function of time on stream for the catalysts with different
SiO,/Al ;O3 ratios are shown iRigure 2.7, and the conversion of 2[8itanediol and selectivities

to the products taken at 40 min &80 min are shown imable 2.3
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Table 2.2. Conversion of 2,3butanediol (%) and carbon selectivity of main products (%) on the parent HZSM-5 with
different SiO4/Al,03 ratios in 40min and 100 min (shown in parentheses).

zeolite (without H)?

zeolite (with H)°

HZSM-5(23) HZSM-5(50) HZSM-5(280)

HZSM-5(23) HZSM-5(50) HZSM-5(280)

1,3-butadiene (GHe)

butenes (GHsg)

MEK (C4HgO)
2-methylpropanal (gHsO)
2-methyt1-propanol (GH100)
3-hydroxy-2-butanone
(C4HgOy)
2-ethyt-2,4,5trimethyt1,3
dioxolane (GH160>)

others

conversion

10.05 (10.42) 11.11 (11.32) 13.87 (15.36)
0.85(0.65) 0.64 (0.51) 0.80 (0.50)
55.30 (54.69) 56.21 (54.36) 52.77 (49.87)
27.95 (27.30) 29.25(28.21) 29.38 (26.00)

0.53(1.23) 0.68 (0.98) 0.68 (1.02)
0.71(1.68) 0.60 (1.04)  0.76 (1.30)
0.36(0.62) 0.24 (1.71) 0.38(3.39)
4.25(3.41) 1.27(1.87) 1.36 (2.56)
100 (99.65) 100(99.70) 100 (99.50)

10.61 (11.06) 10.42(12.08) 14.00 (14.48)
0.85(0.67) 0.67 (0.48)  0.81 (0.48)
56.32 (55.1) 56.13 (53.65) 53.69 (51.51)

28.79 (28.62) 29.80 (28.44) 28.41 (25.59)

0.77 (1.24) 0.71(1.02)  0.67 (0.95)
0.64 (1.37) 0.62(1.01)  0.81 (1.27)
0.10 (0.53)  0.29 (1.36)  0.36 (3.24)
1.92 (1.41) 136 (1.96)  1.25 (2.48)
100 (99.71) 100 (99.81) 100 (99.00)

2Reaction conditionfeed rate of 2,utanediol, 3.0 mL/hour; catalyst weight, 1.0 g; temperature®@5R, flow, 82.6cm/min.
P Reaction conditionfeed rate of 2,dutanediol, 3.0 mL/hour; catalyst weight, 1.0 g; temperature®@56, flow, 67.2 cni/min; N, flow, 15.4cm/min.
°Other products: acetone, tetramethylfuran, 3tdrBethyl-2-cyclopentenone and aromatics.
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It can be seen ifable 2.3 the conversion of 2;Butanediol on all three catalysts were
extremely high, especially in the beginning of the reacti@causehe dehydration reaction of
2,3-butanediol occwereadily on acid catalyst$16,34 36]. It is reported, dehydration of diols
will occur on silicasupported copper catalysts since Cu is a Lewis [@dil Hence, Cu in the
catalysts will be the active sites for both hydrogenaf{ai 60] and dehydration reactions.
Interestingly, it is observed that the conversion ofl#jBanediol on 9.5%CuO/ZSI4(23) is
98.95% at 40 min, which is lower than that of the other two catalgbteost 100% at 40 mjn
and the control data of HZSM(23) as well (se@able 2.2). This is probably due to the
deactivation of the Cu/ZSN catalyst.

It can be observed that tlselectiviles of MEK (Figure 2.7b) and 2-methylpropanal
(Table 2.3, both of which are the main products from dehydrateectionof 2,3-butanediol
(seeTable 2.2) by a pinacol rearrangemed6,30,34 36], decreased with increasing S8 ;053
ratio in the beginning of reaction (40 min), which is inconsistent with the réyadrttigh Si/Al
ratio is favorable for the high yield of MEK and highesgivity of 22methylpropanaj34]. As we
can see,on the catalyst witha SiO,/Al, O3 ratio of 23, the MEK Figure 2.70) selectivity
decreased slightly from 35% to 276wer timeand the selectivity of -nethylpropanal Table
2.3 was extremely high (10.65% at 40 min, 9.03% at 280 min); however, on catalyst with
SiO,/AlO3 of 280, the selectivity of MEK was found b about 20% and the selectivity of 2
methylpropanal was negligdoeven at 280 min of time on stream. In addition, as seEmgure
2.7a, the catalyst with Si@Al,O; of 280 was found to have significantly higher butene
selectivity, which is the sum of the selectivities ebutene, ci-butene, trang-butene and
isobutene, than the other two catalysts; butaiectivityincreasedrom 48% at initial 10 min to
65% at 100 min and then tended to be relatively st&tdeever, the highest butene selectivity
over catalysts with SigAl,0O5 ratios of 50 and 23 was apprmately 50% and 40%, which

dropped slightly to 45% and dramatically to 10%, respectively, in 280 min of time on stream.
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Figure 2.7.Catalytic results as a functiommn of time on stream for the conversion of 2;3
butanediol over reduced copper supported on ZSM with different SiO,/Al,O3: (dz)
9.5%Cu0O/ZSM-5(23), (h ) 9.7%CuO/ZSM-5(50), (@ ) 9.2%CuO/ZSM-5(280). Carbon
selectivity to main praducts (a) butene, (b) MEK, (c) 3-hydroxy-2-butanone, (d) 2methyl-1-
propanol. Reaction conditions: feed rate of 2;butanediol, 3.0 mL/hour; catalyst weight,
1.0 g; H/2,3-butanediol (molar ratio), 5:1; temperature: 250°C.
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Table 2.3. Conversion of 2,3butanediol (%) and carbon selectivity of the products (%) on
reduced Cu/ZSM-5 with different SiO,/Al,O3 ratios in 40 min and 280 min (shown in

parentheses).

catalysts

9.5%CUO/ZSM-5(23)

9.7%CuO/ZSM-5(50)

9.2%CuO/ZSM-5(280)

ethylene (GH,)

propylene (GHe)

isobuneand butane (§H1¢)
butenes C,Hs)

Cs olefins (GH4g)

Cs olefins (GH1o)

C; olefins (GH14)

Cg olefins (GHae)

MEK (C,HgO)
2-methylpropanal (§HgO)
2-methyt1-propanol C4H140)
2,3-butanedione (§150.)
3-hydroxy-2-butanone C4;HgO,)
2-butanol (GH1¢0)
2-ethyl2,4,5trimethyl1,3-dioxolane
(CSHlGOZ)

ethylbenzene (§,0)

p-xylene (GH1o)
tetramethylfuran (gH;,0)
1-ethyl3-methyltbenzene (6H1,)
1,3,5trimethylkbenzene (6H;y)
conversionof 2,3-butanediol

Distribution of buteng
1-butene (GHg)
isobutene (GHs)
trans2-butene (GHg)
cis-2-butene (GHs)

0.04 (0.01)
0.38 (0.13)
0.04 (0.03)
24.30 (7.23)
0.16 (0.02)
0.05 (0.02)
0.10 (0.02)
062 0.27)
33.07 (26.31)
10.65 (9.03)
10.23 (11.40)
0.21 (1.41)
5.14 (24.53)
0.87 (1.64)

1.84 (3.52)

0.45 (0.79)
0(0)
9.36 (8.37)
0.03 (0.88)
0.12 (0.07)
98.95 (91.69)

3.85 (2.40)
6.82 (0.43)
7.58 (2.27)
5.97 (1.80)

0.36 (0.13)
2.80 (0.79)
0.32 (0.09)
44.13 (42.41)
6.02 (0.66)
0.16 (0.34)
052 (0.19)
3.37 (1.61)
25.62 (32.52)
0.03 (4.21)
0.80 (3.46)
0.35 (0.02)
1.24 (0.20)
1.00 0.41)

0.05 (0.03)

1.07 0.71)
1.12 0.58)
2.75 (7.25)
0 (0.10)
0.42 (0.15)
100 (99.80)

4.61 (3.67)
11.03 (10.90)
14.45 (13.17)
12.20(12.95)

0.21 (0.15)
1.90 (0.75)
0.18 (0.11)
58.65 (62.84)
3.74 (0.79)
2.10 (0.12)
0.38 (0.19)
124 0.72)
19.06 (24.30)
0(0.17)

0 (0.46)
0.14 (0.01)
0.22 (0)
057 (0.22)

0.15 (0.01)

0.5 (0.57)
0.72 (043)
0.98 (3.43)
0.19 (0.08)
0.19 (0.00)
100 (99.67)

7.62 (7.97)
11.54 (12.80)
20.22 (21.43)
16.91 (18.12)

#Reaction conditions: feed rate of ZhBtanediol, 3.0 mL/hour; catalyst weight, 1.0 giZB-butanediol (mol ratio),

5:1; temperature, 25C.
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Table 2.3 also shows the distribution of the different butene isomers made over all
catalysts. All four isomers of buten&-ljutene, tran®-butene cis-2-buteng and isobutene) were
detected.The selectivity of dbutene is much smaller than the other three isorfisobutene,
trans2-butene and ci2-butene) in the initial 40 minin this work, 1,3butadiene, which is a
major product from dehydration of 2f8utanediol(seeTable 2.2), was not detecteduggesting
that either it is not formed over the Cu/ZS\tataysts, or that it was immediately hydrogenated
to butens after forming In addition, the selectivities of butane asdbutene which could be
produced by further hydrogenation of the butenes, were very smallTésde 2.3, which
indicates that copper tdysts are not favorable for the hydrogenation of buteneg &k&nes in
this work.

As discussed above,there is a trend that increasing the Si/Al ratio (lowering acidity of
HZSM-5) increasedutene selectivityHowever, it was also observékat during the first ten
minutes of reactiorthe selectivity of butene over catalyst with §i®,03; of 23 (40%) is higher
than with ratio of 50 (25%)This is likely due tothe influence of dimerization and cracking
reactionghat occurrealuring thisperiod of time As we can see ihable 2.3 the catalyst witha
SiO,/AI;053 of 50 showed the highest selectivity ofg @lefins (3.37%), which is from
dimerization of butere[19], and highest selectivities of propylene (2.80%) andoléfins
(6.02%, the sum of the selectivities oirethytl-butene,3-methytl-butene and -2nethyt2-
butene), both of which are from cracking reac$i¢h9]. It seens that catalyst with modest
acidity (SiQ/Al,03=50, acidity 0.746nmol/g) is beneficial for the oligomerization of butenes to
form dimers, with subsequent cracking reaction to form ethylene, propylen&s@nd G
olefins, which reduced the production of buteaspecially at the beginning of reaction. It has to
be mentioned that the selectivities of products from dimerization and cracking reactions
decreased over time due to the deactivation of casalys

As mentioned above, a small amounBdfydroxy-2-butanonecan be seen in the control
experiment of conversion of 2[futanediol over HZShb (seeTable 2). which is a productrom
the dehydrogenation reaction of 2h8itanediol[36]. Over Cu/ZSM5 catalyst 3-hydroxy-2-
butanone waslso observed (se€&igure 2.7c) even inthe excess of hydrogen present the
reactor(molar ratio of H/2,3-BD0O=5). Over the catalyst with SiQYAl, O3 of 23, theselectivity
of 3-hydroxy-2-butanone increadedramatically with increasing time on stream (increased from

almost 0% to about 25%), which is probably duedaeactivationof catalyst. However, the
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catalyst with SiQ/Al,O;3 ratio of 50 presentedctivity for dehydrogenation reaction only in the
first 70 min on streamwhile the selectivity of 3-hydroxy-2-butanone ovethe catalyst with

SiO,/AlO3 ratio of 280 was negligible. The reaction mechanism willliseussediter.
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Figure 2.8. Thermogravimetric profile of catalysts after 280 min of reaction. Reaction
conditions: feed rate of 2,3butanediol, 3.0 mL/hour; catalyst weight, 1.0 g; H2,3
butanediol (molar ratio), 5:1; temperature: 250 °C.

Over the catalyst with a SAI,O; ratio of 23, the increase ofrBethytl-propanol
selectivity is a result of deactivation of catalysigure 2.7d). Deactivation of zeolitdased
catalysts is maily due to the formation of coki®2,93], which is a nordesorbed product that
preventsaccess to the acid sites of catalysts. To determine the coke content of the used catalysts,
a quantitative analysis of coke formation over the used catalysts after the reaction was
investigated by thermogravimetric analysis (TGKjgure 2.8 shows the TGA results of the
catalysts after 280 min of reaction. As is shote,coke content 0®.5%CuO/ZSM5(23) was
5.81%, which was higher than that on 9.7%CuO/ZS{@80) (4.97%6) and 9.2%CuO/ZSNb(280)

(2.5®%). This indicatesthat the acidity ofcatalystis an imprtant cause in coke formation.
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Indeed, vith more acid sitesthe coke formation will occur faster. The coke content on
9.5%Cu0O/ZSM5(23)was 4.29% after 40 min of reaction, which was much higher than the other
two catalysts (se€igure A.7). Hence, the dalyst will deactivate sooner as a result. For this
reason, the catalyst with a SI@I,0; ratio of 23 deactivated faster than the other two catalysts.
As is shown inrable 2.3 the conversion of 2;Butanediol over 9.5%CuO/ZS#(23) decreased
from 98.95%at 40 min to 91.69%at 280 min, while conversion over the other two catalysts
remained above 99.0% evafter280 min. In addition, deactivation o&talystresults in the loss

of acid sites, decreasing the possibility of dehydration reaction over aeg] sierefore, the
selectivity of MEK overthe catalyst witha SiO)/Al,O3 ratio of 23 decreased over time
Meanwhile, the selectivity of-ehethytl-propanol increased dramatically from 3.5% to 12.0%
with time on streamKRigure 2.7d), which was accompaniedy the decreasef isobutene
selectivity from 6.82% at 40 min to 0.43% at 280 min (Seble 2.3. Consequently, the
selectivity of butengon 9.5%CuO/ZSMb(23) showed a decreasing trend over timbat been
reported that copper catalysts are also active in dehydrogerdfbnHence, as is seen in
Figure 2.7c andTable 2.3 when deactivatiomccurred Cu on 9.5%CuO/ZSN5(23) turnednto

the active sites in conversion of ZhBtanediol to shydroxy-2-butanone an@,3-butanediong
both of which showed an increasing trend in selectivity with time on stream.

As is mentioned abovelarge copper clusters were observed on the surface of
9.5%Cu0O/ZSM5(23) (see SEM imagdsigure A.3), which is in accordance with the copper
dispersion result (0.03) shown Trable 2.1 It is possiblethat poor copper dispersion alaige
Cu patrticle sizexould affect the catalytic reactigms shown in thetkrature[59,94] However,
in this work, we believe that thdifferences nad for the differenBiO./Al,O5 ratios are due to
differences in catalyst acidity rather th@a dispersion or Cu size, since the activity of catalyst
9.7%Cu0O/ZSM5(50) was not good as catalyst 92e@/ZSM-5(280)eventhoughit exhibited a
good dispersion of Cu on the surface (0.23, Balde 2.1). Over a catalyst with SiQ/Al,O3 of
280, only a trace amount ofrgethyl1-propanol and dydroxy-2-butanone were found in 280
min of time on streamAlso, it was seen to exhibit theghest selectivity of buteseand lowest
selectivites to other byproducts, such as aromatiethy-2,4,5trimethyl-1,3-dioxolane and
tetramethylfuran(Table 2.3. Based on the discussion above, it can be concluded that zeolite

ZSM-5 with SiQ/Al,O5 ratio of 280 can be chosen as the best support for catalyzing the
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hydrodeoxygenation of 25Butanediol to butene ia single reactorNext, we will focus on this

zeolite to examine other catalytic properties of catalyst.

2.4.2. Effect of copper content

Figure 2.9shows the impact of copper loading catalytic conversion of 2;Butanediol
to main products aa function oftime on stream under the samg&actionconditiors as used in
Figure 2.7andTable 2.3for ZSM-5(280) withfour different CuOloadings:6.0%,9.2%, 19.2%,
and 29.1% The conversion of 2;Butanediol and selectivities the products are shown in
Table A.2. As is seen, theonversion of 2,dutanediolwas high(> 99%) over all four catalysts

As is shown inFigure 2.9, the selectivity of butene increased with increasing copper
loading, and the catalyst with 19.2wt% of CuO showed the highest catatyitity toward the
production of butene; the selectivity gradually increased from BO#te initial 10 min to reach
amaximum of approximately 71% at 70 min and then dropped slightly toa8&¥310 min on
stream. Howeverf idoes appear that the catalyst with leigweight loading(29.1wt%) of CuO
deactivated faster than tlwatalysts withlower loadings of CuO (9.2wt%and 19.2wt%).This
suggestthat it is not necessary to have excessively high loadinGsiOfto get high selectivities
of butenes.

As =enin Figure 2.9, the selectivity of MEK showed a decraws trend with
increasing weight loading of coppeks copr is the active site of hydrogenation reaction,
higher copper loading is expected to favor the hydrogenation of MEK to kButesalting ina
lower selectivity of MEK It canalsobe seen that the selectivity of MEK over catalysts showed a
general tenday to increase gradually with increasing time on stream, which can be ascribed to
the deactivation of catalysts.
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Figure 2.9. Catalytic results for the conversion of 2,3utanediol to butene over different
copper loadings on ZSM5 (SiOJ/AI;05=280). (Hu) 6.0%CuO/ZSM-5(280), (G )
9.2%Cu0O/ZSM-5(280), fiz) 19.2%CuO/ZSM-5(280), § ) 29.1%CuO/ZSM-5(280).Carbon
selectivity to main products(a) butene, ) MEK, (c) 3-hydroxy-2-butanone, @) 2-methyl-1-
propanol. Reaction onditions: feed rate of 2,3butanediol, 3.0 mL/hour; catalyst weight,
1.0 g; H/2,3-butanediol (molar ratio), 5:1; temperature: 250 .

Figure 2.9d shows the selectivity of-thethytl-propanol over catalysts with time on
stream.With the exception ofthe catalyst with 29.1wt% of CuO loading, catalysts showed
similar behaviors towards the selectivity efrethyt1-propanol, which increasedightly from 0%
to about 0.6% with time on stream. However, otrer catalyst with highest loading of CuO
(29.1wt%) in this work, the selectivity ofr@ethyll-propanol increased dramatically from O to
8.5%. In addition, the selectivity ofrdethylpropanik(Table A.2) was negligible except on the
catalyst with highest CuO loading (29.1wt%)hese trends may beue to the low copper
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dispersion (0.10, se€able 2.1 on the catalyst with 29.1% CuO, which is not favorable for
dehydration of alcohols to butehand hydrogenation of-hethylpropanal, leading to high
selectivities of 2nethyt1-propanol and 2nethylpropanal.

The selectivity of hydroxy-2-butanone with time on steam is depicted-igure 2.9c.

As seen inFigure 2.9, in the initial 10 minthe catalyst withthe lowest CuO loading (6wt%)
exhibited the highest selectivity oft8/droxy-2-butanone (1.8%however, catalyst with 19.2wt%
of copper loading presented the lowest, Q.B¥% comparison with the control data of HZSM
5(280) (seeTable 2.2), we siggest that the formation @&hydroxy-2-butanonein the initial
reaction is probably from the dehydrogenation of-j8anediol over HZSM5(280). The
selectivities of 2hydroxy-2-butanone tended to decrease with time on streaatching0 after
100 min with the exception ofthe catalyst with 29.1wt% CuOpn which selectivity was
observed to decrease from 0.5% to 0.1% at 100 min, and then increased steadily to 1.2% at 310
min, which probably can be attributed to low copper dispersion. Torresi et al gatedtithe
conversion of 1,dutanediol by dehydrogenation and dehydration reactions on CuQ810
found that dehydrogenation predominated over catalyisih high copper loadind91], which is
similar to our finding in this work.

In addition, over catalysts with different coppleadings, it can be seen that the
selectivities of @, C;, Gs and G olefins and Zbutanol Table A.2) were higher on the catalyst
with lower CuO loading$6.0% and 9.2% which indicateghatlower copper loadings favored
the dimerization of butenes, astdbsequent cracking reaction and the formation-b@itanol
(the intermediate to form butes)eespeciallyin the first 40 min of streanThe optimal amount
of copperis not yet clearAs discussed in the literatuf@l], on SiQ, the copper monolayer
surface coverage is about 13.5wt% @u (e.g. 16.9wt of CuO), which is close to the CuO
loading (19.2wt%) on the catalyshat gave the highest butene selectiviljhe optinal

performance is the result abalancebetweercopper and acidatalytic functions

2.4.3. Effect of hydrogerto 2,3-butanediol ratio

The impact of hydrogen to 2,3utanediol ratioon the catalytic performance of
19.2wt%CuO/ZSM5(280) for conversion of 2utanediol to main products with time on

stream is depicted iRigure 2.10and the selectivities of the products are showmahle A.3.
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All conditions exhibit high conversion of 2;Butanediol thoughthese isa general increasing
trend with increasing hydrogen to Zy8tanediol ratio.

As expectedthe dehydrogenation reactias an important reaction at low,/2,3-BDO
ratio, especially when the ratio is below 2 (Ségure 2.1Q and 2,3butanedione iMable A.3).

The selectivity of shydroxy-2-butanonegenerallyincreasd with increasing time on stream and
decreased when J2,3-BDO ratio was increased from O to Fhe selectivities of 2;3
butanedione at 40 min and 280 min also decckadgéh increasing H2,3-BDO ratios. At
H./2,3-BDO of 5, it can be seen that the dehydrogenation was supprassedicated bythe
negligible anount of 3hydroxy-2-butanone and 2;Butanedione present.

The main trend of interest is that butene selectivity increases,/2s3-BDO ratio
increases (sekigure 2.1(), which is attributed to the fact that hydrogen has a positive impact
on catalyticactivity towardghe hydrogenation reaction. Also,wasobserved that the selectivity
of butenedecreasewith increasing time on stream, which is due to the deactivation of catalysts
especially with low H2,3-BDO ratios of 0 and linterestingly, butees can be formed even in
the absence of H(H./2,3-BDO=0), which are higher than the control data of HZ5(280)
without H, (seeTable 2.2). As mentioned above, the dehydrogenation reaction became the main
reaction at low K2,3-BDO ratios. We sugge#ttat H, formed in the process of dehydrogenation
of 2,3BDO is involved in the hydrogenation reactions to produce the butenes.

The impact of H2,3-BDO ratio towards MEK selectivity is shown kigure 2.1M. It is
observed that the selectivity of MEK deases with increasing.f2,3-BDO ratios from 2 to 5,
and H/2,3-BDO ratio of 2 exhibits the highest amibst stableselectivity (about 30934%) of
MEK. At H./2,3-BDO ratios of 0 and 1, the selectivities of MEK decreased dramatically over
time due to the ehctivation of catalystsvhich leadto decreasing catalytic activityor
dehydration. Meanwhile, the selectivities ofhgdroxy-2-butanone and 2;Butanedione
increased dramatically over time in such conditions. This indicates that the dehydrogenation

readion becamealominant at the conditions with low hydrogen.
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Figure 2.10. Catalytic results for the conversion of 2,3butanediol to butene over 19.2 wt%
copper supported on ZSM5 (Si/Al,03=280) at a hydrogen to 2,8DO ratio of: (G )0,
M )1, &) 2 H) 3, [0 )4 dz) 5. Carbon selectivity to main products (a) butene, (b) MEK,
(c) 3-hydroxy-2-butanone, @) 2-methyl-1-propanol. Reaction ©nditions: feed rate of 2,3
butanediol, 3.0 mL/hour; catalyst: 19.2wt%CuO/ZSM-5(280); catalyst weight, 1.0 g;
temperature, 250 C.

The selectivity of 2nethyt1-propanol with time on stream is depictedrigure 2.10d.
This selectivityincrease with decreasing W2,3-BDO ratio from 5 to 2It is well known that
hydrogen can improve the catalytic stabilifyzeolitecatalystsdue to the inhibition effect of the
hydrogen on coke formatio®5i 97] by reacting with carbenium ions to limit the formation of
carbonaceous compounds responsible for deactivatich is in agreement with the TGA
results (seé&igure A.8). With decreasing b2,3-BDO ratio,more coke is formed=gure A.8),
and fastercatalyst deactivadn is observed, resulting imcreasingselectivity of 2-methy}h1-

propanol over timeAt the H,/2,3-BDO ratio of 5, the catalyst exhibited extremely high catalytic
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activity for hydrogenation and dehydration reactions, resulting in negligible selectivity of 2
methyl1-propanol, which is expected be converedto isobutene. As is shown kigure 2.10d,
however, wherthe H,/2,3-BDO ratio is decreased from 1 to O, the selectivity -whéthy}1-
propanol decreaseshis is becausalehydrogenation of 2;Butanediol to dhydroxy-2-butanone
and 2,3butanedbne becomes the dominant reaction pathwmder the conditions with low
hydrogen. As is seen ifable A.3, with different H/2,3-BDO ratios, it can be seen that lower H
partial pressureis not favorable for the cracking reaction. Another product from dehydration
reaction, 2methylpropanal, exhibited a decrewstrend of selectivity with increasing Jf2,3-
BDO ratios from 0 to 5decreasingrom 13.15% to 0 at 40 min, which is the souné@-methyt
1-propanol and isobutene.

In conclusion, hydrogenation reactions aressentialtowards getting high butene
selectivities Higher H/2,3-BDO ratics arebetter for catalyzing hydrogenation reactions because

hydrogen can improve catalystabilty of zeolitecatalysts

2.4.4. Effect of temperature

The impact of temperature on the selectivities of the main product on
19.2wt%CuO/ZSM5(280) as functions of time on stream depicted inFigure 2.11 The
conversion of 2 dutaneliol and selegvities of the products in 40 min and 310 min are shown
in Table A.4. All temperatures except 23T exhibit the stable and high conversion of 2,3
butanediol,with conversions of nearl{t00%. However, at lower temperature (2%T), the
conversion is relativeliower at 310 min (93.11%) due to deactivation.

As seen irFigure 2.11a, with the exception of 238C, the selectivity of butene decreased
with increasing temperature, which is mainly due to oligomerization of butenes, and subsequent
cracking reactiongesulting in lower selectivity of butene and higher seletivities HfGg, G,

C; and G olefins (se€Table A.4). In particular, antemperature of 258C, the catalyst exhibits
the highest selectivity of buten@. high butene selectivity (55%) isitially observed forthe
lowest temperature (23Q), but it dramaticallydecreasetb 10%over310 min.

Figure 2.11b displays the selectivity of MEK at various reaction temperatdites.initial
selectivity of MEK decreasawith increasing temperature. Hove, at 300°C, the selectivity of
MEK increased from Oduring theinitial 10 min to 26% at 310 minindicating catalyst
deactivation. & we can see, low temperature (28) favored the production of-@ethyk1-
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propanol over time Kigure 2.11d) and formabn of 2methylpropanal Table A.4),
accompanied by low selectivity of buten&his is also due to the deactivationaattalyst From

TGA resuls (seeFigure A.9), we can see the sharp weight lo€s§%) between 228C and 300

°C on the used catalyst after reaction at Z30which is reported due to the formation of heavy
oligomers from butenes that do not evaporate on ze¢li§s However, at higher temperature,

the heavy products can evaporate or be cracked into smaller molecules, reducing coke deposition
[19]. And atextremelyhigher temperatures (27G and $0°C), the deactivation of catalyst is

due to hard coke formation at high temperaf@@. From the TGAigure A.9), we can see the

weight loss on the used catalysts after reaction at@and 300C are mainly between 40

and 600°C, whicharedue to the combustion @hard coké [98i 100].

The selectivity of dhydroxy-2-butanone at various temperatures with time on stream is
depicted inFigure 2.11c. Clearly, low temperatusgavor the dehydrogenation reaction of 2,3
butanediol to lose one hydrogen atom from one hydroxyl group, especially after 100 min of
stream.However, at higher temperatures like 2@0and 300C, 2,3buanediol is likely to lose
two hydrogen atoms from bottydroxyl groups to form 2 dutanedione (s€kable A.4).

As discussed above, higher temperau@70°C and 300°C) are beneficial for the
oligomerization and cracking reactions, resulting in significantly higher selectivities ahdC
Cs' olefins. Moreoverit should be noted that higher temperatures lead to higher selectivities of
heavy products, such asomaticcompoundsTable A.4) and G alkanesi§obuteneand butane,
seeTable A.4).
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Figure 2.11. Catalytic results for the conversion of 2,autanediol to butene over 19.2 wt%
CuO supported on ZSM5 (Si:Al,03=280) at a hydrogen to 2,8BDO ratio of 5 at different
reaction temperatures: () 230 UC, (y) 250 UcC, (1) 2@o0
main products, (a) butene, (b) MEK, (c) 3hydroxy-2-butanone, (d) 2methyl-1-propanol.
Reaction @onditions: feed rate of 2,3butanediol, 3.0 mL/hour; -catalyst:
192wt%CuO/ZSM -5(280); catalyst weight, 1.0 g; H2,3-BDO (molar ratio)=5.
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2.4.5. Regeneration of catalysts
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Figure 2.12.Catalytic results for the conversion of 2,3utanediol over reduced catalysts (a)
fresh catalyst 19.2%CuO/ZSM5(280), (b) 19.2%CuO/ZSM5(280) after first regeneration,

(c) 19.2%CuO/ZSM5 ( 2 8 0)

after

second

regeneration.

Se

( 6) ME K, -hydraxy-2-b@itanone, @ ) 2zmethyl-1-p r o pan orhet h(y3l)p2r opanal ,
conversion of 2,3butanediol. Reaction conditions: feed rate of 2;Butanediol, 3.0 mL/hour;
catalyst weight, 1.0 g; H/2,3-BDO (molar ratio)=5; reaction temperature, 250 °C.

Since deactivation of the catalyst was shown to be an issue, we have investigated whether

the catalyst can be regenerated by heating inDmactivation by coke is reversible, because

generally coke can be removed by oxida{ib®l,102] This would be expected to regenerate the

catalyst if cokedepositionis the main source of deactivatifi03], but not if sintering or other

structural rearrangement was responsible. Experiments were run where Q9Q&n ZSM5

(280, Si/Al,0;5 ratio) was regenerated twice undenaith air flow 120 cni/min at %0 °C for 3
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hours Figure 2.12a shows the initial catalytic performance, whiegure 2.12 and Figure

2.1Z show the performance after the first and second regenerations, respectively. As seen by
comparison of these three Higs, regeneration under air is capable to yielding aysitavith

almost identicaperformance as the initial fresh catalyistis remarkable that high conversion of
2,3butanediol (almost 100%) is exhibited by the catalystven ones displaying signs of
deactivation However, aftera second regeneration, theatalytic activity, especially the
selectivity of butene, is shown to drop faster than the fresh or used catalysthaftest
regeneration, which is probabigeto theformationof stable or hard coke species agglomerated

on the zeolite in the firsand second runs which cannot be removedth®y regeneration
procedure.

2.4.6. Hydrogenation of MEK

80 100

H\E\E\B\Q_E_B_Q_E 190
L)
—~ 60| i O\o
(}0 <
; 480 X
3 L
s W ] S

5

S a0 170 ©
—_— C
] o
0 D
C S
8 - 60 q>)
C
5 20 —H‘F—'—v__v_v_v__v_v 1 8

A_—é‘é‘é\ A A\ FA_A - 50

o) Fan\ Jaa o) o o o
0 40
0 50 100 150 200 250 300
Time (min)

Figure 2.13.Catalytic results for the conversion of MEK over reduced -catalyst
19.2%CuO/ZSM-5(280) with time on stream. Sel ect i vi ty to produc:H

(3) propylpeennet,eng-Cs, ( pA@t2anol , (T)conversion of
conditions: feed rate of MEK, 3.0 mL/hour; catalyst weight, 1.0 g; H/MEK (molar ratio)=5.

As discussed above, the resufisggestthat MEK and 2methylpropanal are the
intermediates in the conversion of zh@tanediol to butene. To explore the roles of the

intermediate in conversion of 2fR&itanediol, hydrogenation reactions of MEK and 2
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methylpropanal were conducted under similaaation conditionsto those used for 2,3
butanediol conversionFigure 2.13 shows the catalytic results of conversion of MEK over
19.2wt% CuO/ZSM5(280) with time on stream. As we can see, the selectivity of butene is high
(about 50%), although it is nas highaswhen2,3-butanediolwas the reactaninterestinglythe
resuls showthatthe selectivities of £Cg olefins are significantly higher in comparison with the
result from 2,3butanedial Similar results are also observed in hydrogenation reaaifo®
methylpropanal, in which, the oligomerization and crackeartiondbecame dominant catalytic
processes (sdegure A.10), with selectivities ofCs-Cg olefins higher than butenes. The reason
why the formation of gC;g olefins are favorable when MEkKnd 2methylpropanal are used as
reactantsis likely because no acid sites are required to dehydrat®R2(3 to MEK and 2
methylpropanal, so more acid sites are available for dehydrationmetti2yl1-propanol and 2
butanol to butenesnd thesubsequerligomerization and cracking reactions as well.
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Scheme2.1. Probable reaction pathways in the hydrodeoxygenation of 2sButanediol to

products.

Based on the results discussed above, we summarize the probable reaction pathways in
the hydrodeoxygenation of 2[futanediolin Scheme 2.1 The primary pathways involve
dehydration and hydrogenation reactions. Over acid @itekiding Cu site 2,3butanediolis
dehydrated to form primarily MEK andethylpropanal34]. MEK and 2methylpropanal are

converted to zutanol and zZnethykl-propanol, respectively, over copper sitesotigh
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hydrogenation Finally, 2-butanol is dehydrated to formbutene, tran®-butene and cig-
butene and -2nethyt1-propanol is converted to isobutene through dehydrationbutgdiene,
which is a product from dehydration of 2BDO [34], is undetectable in this worlkor this
reason, a route tbutenesvia 1,3butadiene as an intermediate is possible, but likely not very
important.Once butenes are formdtieycan be oligomerized to foraimers,trimers etc, viaa
carbeniumion mechanisnj104], which can further be cracked to other olefins like propylene,
pentene, etc. In addition, 2[Ritanediol can be converted tol¥droxy-2-butanone and 2;3

butandione via dehydrogenation reactionsopper sites

2.5. Conclusiors

The conversion of 2;Butanediol to butenes in a single reactor has been demonstrated
with a 70% yield over Cu/ZSNs. Enhanced butene yields were achieved with a high/&i,0;
ratio, with the best results achieved aD$Al,03;=280. This is attributed to the lower acidity of
the high silica catalysts. Increasing copper loading had a relatively minor impact on catalytic
results, though in general butene yield increased with copper loading. Deactivation of the
catalysts due to coke formation was noted on all catalysts as product selectivities changed over a
five-hour run time, but the original activity could be restoredhégting the catalyst in air.

The impact of reaction conditions showed that the opttemaperature is around 25G.
Lower temperature (236C) is beneficial for dehydrogenation of 2;Butanediol; higher
temperatures (27T and 300°C) favor the oligomeration and cracking reactions, resulting in
significantly higher selectivities of £and G* olefins. The results showhat hydrogenation
reactions are essential towards getting high butene selectivities, and higher hydrogen to 2,3
butanediol ratios areaforable for catalyzing hydrogenation reactiom®ehydrogenation
reactions become dominafdr conditions with low hydrogen, especially when/243-BDO
ratios are below 2. The reaction mechanism demonstrated that MEK-rapth@lpropanal are
the intermedites in the conversion of 2futanediol to buterse The optinal performance
toward the production of butene is the resultadfalancebetweencopper and acidatalytic

functions
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Chapter3-Ki net i ¢ shhwtdaynedi a&2l, 3t o but

3.1 Introduction

Recently 2,3butanediol (2,8BDO) has attracted substantial interest as a potential
renewable feedstock for the production of fuels and chemicla#ng et al[34] investigatedhe
dehydrationof 2,3BDO overzeoliteHZSM-5 and HZSM5 modified with boric acidand hey
reported that high Si/Al ratio was beneficial to kewnperature activation of 2BDO and the
methyl migration to Znethylpropanal, andhe addition of boric acidenhanced the catalytic
stability. Duan et al36] investigated the dehydration of ZBDO over monoclinic Zr@and the
result showed that-Buten2-ol was produced with a maximum selectivity of 59.0% along with
major byproducts such as MEK andhgdroxy-2-butanone.Duan and coworkerg38] also
investigated dehydration of 2BDO to 1,3butadiene over $0; andthe maximumbutadiene
selectivitythey obtainedvas 94 % with 100 % BDO conversion on a tled catalyst system
(Se0s +Al203) [38]. More recently, Liu et al]37] usedo-alumina to catalyze the direct
production of 1,3utadiene from 2;Butanedioland they suggested that under the optimized
kinetic reaction conditions (trace amountoedélumina, high flow rate), the production of MEK
and 2methylpropanal was significantly reduced, while the selectivity oblifddiene could be
obtained up to 80%-arvey et al[33] developed a pathway to selectively converttdganediol
by acid catalyst Amberlysfl5 to acomplex mixture of zthyl2,4,5trimethyt1,3-dioxolanes
and 4,5dimethyl2-isopropyl dioxolaneswhich can be used as a gasoliaage fuel and diesel
oxygenate due to an afinock index of 90.5, high combustion value, low solubility in water and
full miscibility with both gasoline and diesel fu€@ur previous work has shown thlaifunctional
catalystCu/ZSM5 can convert 2;Butanediol to butersewith high selecitivty (~70%)in the
presence of Hat 250°C, and he optinal performance is the result afoalancebetweencopper
and acidcatalytic functiong105].

The functionalized nature of 2[8itanediol neans that a variety of reactions can occur,
especially when multiple catalyst functionalities are present. For example, our recent work to
produce butene from 2f3utanediol in the presence of hydrogen over an-mathl bifunctional
catalyst involved conlpx chemistry where 2;BDO could be dehydrogenated to acetoin and
butanedione, dehydrated to MEK anan2thylpropanal which could in turn be hydrogenated to

butanol which can then be dehydrated to butenes. Even further reactions are possible from the
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butenes. This complicated reaction scheme suggests a need for a systematic measurement of
reaction kinetics for 2;BDO and its products over catalysts of interest. Such work could impact
not only our approach of producing butenes fromBIXD, but also otheresearch to produce
butadieneand MEK.

This research studies the reaction kinetics ofB® and other key intermediates in 2,3
BDO chemistry (including methyl ethyl ketone;ni&thylpropanal, acetoin,-Butanol, and 2
methyl1-propanol) over acidic zedds (ZSM5 and Y-type), supported copper zeolites, and
copper supported on silica. Through these experiments, the roles of acid and metal sites can be

elucidated and possible reaction pathways to specific products can be proposed.

3.2. Experimental

3.2.1 Materials

Commercial zeolites NP-ZSM-5 (CBV 2314, SiGQAI,0s=23; CBV 5524G,
SiO/AlI,03=50; CBV 28014, SigJAl,03=280, Zeolyst International), ASM-5 (Zeocat PZ
2/500H, SiQ/AlI,03=500, Zeochem), HSM-5 (HSZ890HOA, SiQ/AlI,03=1500, Tosoh
Corporation) HY (CBV 400, SiGQ/Al,03=5.1; CBV 760, SiQAI,0;=60, Zeolyst International),

HY (HSZ-390HUA, SiQ/Al,03=500, Tosoh Corporation) and commercial fumed,FCabO-

Sil EH-5, Cabot Corporation) were employed as supports or catalysts-5Z8ml HY are
referredto as ZSM5(n) and HY(n), respectively, where stands forthe SiQ/Al,Os ratio.
Cu(NGs)2-3H,0 (99%, Fisher scientificwas used as metal precursor.-Biu@anediol (>97%,

TCI America), acetoin (96%, Fisher Scientific), methyl ethyl ketone (>99%, Fishentific),
2-methylpropanal (>99%, Fisher Scientific}pRtanol (99.5%, Sigmaldrich) and 2methyt1-
propanol (99.5%, SigmAldrich) were used as reactants to investigate the reaction rate of each
reaction. As acetoin exists as a solid dimer (2,3&ré&methyltl,4-dioxane2,5-diol) at room
temperature, acetoin was used in the reaction as aqueous solution with concentration of 85 wt%
in order to avoid clogging the pum@uartz sand (480 mesh X-fine, Quartz Plus, Inc) was
used asn inert to dilute theatalysts.
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3.2.2. Catalyst preparation

Preparation of catalysts has been described in the previous [[EgitTo make 20wt%
of CuO loading catalysts, typically86.24 gof Cu(NQO;),-3H,O was dissolved ill00 mL of
deionized waterat room temperature, followed by adding ammonia hydroxide3(®R&%,
Fisher Scientific) until the pH reached 9.1 to formdark blue cupric ammine complex
[Cu(NHs)4(H20)]?*, and then water was added to malk@ L of a coppeammonia complex
solution. 20 g of zeolitéor Si0,) was added to the solution and then the container was capped to
avoid the evaporation of ammonia and stirfor 4 hours at room temperature. After that, the
container was transferred to an oil bath and heated 16 @0r Cu/Y zeolites, the temperature is
room temperaturefpr 2 hours Then the solid was recovered by filtration, washed, driedLat
°C, andcalcined in air a650°C for 4 h Finally, the calcined catalyst was pelletized, crushed and
sieved to obtain a particle size distribution in the rangéGonesh.The content of CuO was
determined (shown iftable 3.2) by the inductively coupled plasma@P) method The copper
catalysts were named as Cu/ZS&h), Cu/Y(n) and Cu/Si®wheren is the SiIQYAl,O; ratio.

3.2.3. Catalyst characterization

BET surface area and porosity of catalysts were determined from
Brunauer 1 Emmet t1 Tel | alsorptionBriethgdneasared oiQuantachroong e n )
Autosorbl instrumentat -196°C and analyzed with Autosorb software Before measurement,
the samples were evacuated 50 3C for 4 h. The acid properties of samples were investigated
by temperature programmedabrption of ammonia (Ng-TPD) in an Altamira AMi200 system
equippedwith a thermal conductivity detector. Powdenra§ diffraction (XRD) patterns of the
samples were recorded usiRgyaku Miniflex Il desktop xray diffractometerScans of two theta
angles were from 5to 90 for all catalysts with a step size of 2°G&ndscan speed of 0.75nin.

The reducibility of the calcined catalysts was determined by temperature programmed reduction
(H2-TPR), which was carried out dhe same system as NHPD. Copper surface area and
dispersion were determined by dissociativeDNadsorption method at $C using the same
system as HTPR and NH-TPD. (The detailed procedures of all characterizatiordeseribed

in ref[105].)
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3.2.4. Catalytic reaction

The catalytic reactions were performed in a conventional continuous flow-eed
reactor made of stainless st@dE8 mm) under atmospheric press[ik65]. Prior to reaction, the
catalyst sample was reduced in the reait the H/N; flow (flow rate ofH,/N»,=1/5) at300°C
for 2 h. The H flow of 24 cn/min (standard ambient temperature and pressure, SAfdPjhe
N flow of 120 cni/min (SATP)were controlled with masow controllers (Brooks)Different
chemicals, sut as 2,3butanediol, acetoin, MEK,-thethylpropanal, -butanol and Znethy}1-
propanol, were employed as reactants to investigate the reaction rate or turnover frequency
(TOF) of each reaction over various catalysts (or supports). Typically, the reaatafed via a
micropump(Eldex 1SMP)at 3 mL/h together with a +flow of 67.2 cni/min (SATP)and N
flow of 15.4 cni/min (SATP). The reactiontemperaturevas setat 250 °C according to the
previous reporf105]. For the kinetic study, the catalyst was diluted with inert quartz sand to a
total weight of 1 g to adjust the conversion to a comparable level -883% Product
compositions wexr analyzedby an onrline gas chromatograph (SRI 8610C) equipped with a
MXT-1 column(nonpolar phase, 60m, ID 0.25 mm, film thickness Quab, TCD andFID
detectos for theanalysis of hydrocarbons and oxygenated chemicals, and quantified by injecting
calibration standards tthe GC system. The temperature of the tubing from the bottom of the
reactor to the inlet of GC was maintained at 28@o avoid the condensation ofjliid products.

The detailed procedure see the previous rgi0]. To confirm the identification of prodcts,
GC-MS analyses were also carried out by using an Agilent 7890A GC sgsf@ippedwith an
Agilent 5975C MS detector and HPcapillary column.The carbon selectivity and conversion

were calculated in the following methods.

- Moles of carbon in specific produc
Carbon selectivity = — P — P b 100¢
Total carbon atoms in identified prodsict

les of - (moles of
Conversion (moles of reactanf) - (moles of reac)gpt, 1000
(moles of reactant)

The carborbalance were maintainedbove 90% for all runs in this paper.
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3.3. Results andliscussion

3.3.1. Characterization of catalysts

3.3.1.1. Xray diffraction
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Figure 3.1. XRD patterns of the calcined (a) parent HZSM5 zeolites wih different
SiO,/Al, O3 ratios and (b) the corresponding Cu catalysts.

Figure 3.1 shows the XRD patterns of the parent HZSMvith different SiQ/Al,Os
ratios fFigure 3.1a) and the corresponding Cu/ZSBAwith approximately 20wt% of CuO
loadings Figure 3.1b) calcined at 556C. By comparison, the addition of Cu slightly decreased
the intensity of the main peaks of zeolites, which is in good agreement with the previous study
[105]. However, the introduction of Cu did not significantly destroy the structutieeqgfarent
HZSM-5 since all characteristic peaks were observed in CufBSidtalysts. Additionally,wo
characteristic peaks related to Cu@stallite (35.7” and 38.559 were observed on Cu/ZSM
5(23) because zeolite ZSBwith high acidity is not favorable for the dispersion of CuO on the
surface[105]. In addition, no diffraction peaks for any crystalline phases of CuO were observed
on Cu/ZSM5 with SiG/Al,O3 ratios of 50, 280, 500 and 1500, indicating that the copper species

are well dispersed on ZSBleven the loadings are approximately 20%.
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Figure 3.2. XRD patterns of the calcined parent HY zeolites and the corresponding Cu
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Figure 3.3. XRD patterns of the calcined SiQ and Cu/SiO; catalyst.
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Figure 3.2 shows the XRD patterns of the parent HY zeolites with different/8IgD;
ratios and the corresponding 20wt% Cu/Y zeolites. Similar to that observed on CulZSM
catalysts, the charactstic peaks of Cu@35.7 and 38.55 were only observed on Cu/Y with
the highest acidity (SigAl,03=5.1). The XRD patterns of SiGand Cu/SiQ are shown in
Figure 3.3. As seen, the broad diffraction peak dtdt 22° was exhibited on Cu/SiQwhich
was the characteristic of amorphous si[i88,106] Apart from that, no discernible characéc
peaks related to CuO were observed, which indicated the presence of CuO with high dispersion
on Cu/SiQ prepared by the method we suggested. As seEmgume 3.2, the slightly increased
background of XRD patterns at around® 2Bere observed on theatalysts Cu/Y(60) and
Cu/Y(500), which were caused by the formed amorphous silidv]. As reported,
decaonposition of structure occurs on-&th HY zeolite (SiQ/Al,03=60 and 500 in this study)
when it is treated by steafh07i 109] or alkali [109] at high temperature (> 15C) due to he
hydrothermally instability of HY zeolite. In this case, part of the HY framework will be
collapsed and transformed into the amorphous species)($iénce, when Cu/Y zeolites were
prepared, the temperature should be carefully controlled beloWC6@r even at room

temperature.

3.3.1.2. B-TPR

Cu/ZSM-5(1500)

Cu/ZSM-5(500)

Cu/ZSM-5(280)

H, uptake (a.u.)

Cu/ZSM-5(50)

Cu/ZSM-5(23)

1 1 1 1 1
100 200 300 400 500 600

Temperature (°C)

Figure 3.4. H,-TPR profiles of the calcined Cu/ZSM5 with different SiO,/Al,O3 ratios.
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Figure 3.5. H,-TPR profiles of the calcined Cu/Y with different SiGy/Al O3 ratios and the
control catalyst Cu/SiQ,.

Figure 3.4 shows the RHTPR profilesof Cu/ZSM5 with different SiQ/Al 05 ratios. As
reported in the previous study05], for Cu/ZSM5(280), he peak at the low temperature
(around 201.2C) is assigned to the well dispersed CuO on zeolite ZSMhile the peak at
high temperature (2729C) is assigned to the reduction of bulk CuO. As seen, on the catalysts
Cu/ZSM5 with SiG/Al,0O5 of 50, 500 ad 1500, the low reduction peak was shiftectound
220 °C. However, on Cu/ZSM(23), the reduction peak was shifted to 2%2 more
importantly, the peak was not as sharphes of the other catalyst#As shown inFigure 3.1b,

CuO crystallite was detectedon the XRD pattern of Cu/ZSM(23), we can conclude that the
reduction peak at 23Z should be attributed to the combined contribution of well dispersed and
bulk CuO species on ZSI9(23).

Figure 3.5 shows H-TPR profiles of Cu/Y with different i®,/Al,O3 ratios and the
control catalyst Cu/Sipas well. As seen, the control catalyst Cu/Si@as seen to exhibit two
separate reduction peaks. The main peak at low temperature ?2)7s8ascribed to the well
dispersed CuO on SiOand the small pea#it high temperature (307%) is attributed to the
reduction of the bulk Cu@63,66,78] Interestingly, the HTPR profiles are different for all the
Cu/Y catalysts. As seen, the reduction profile of Cu/Y(60) is similar to those of CuZSM
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catalysts, and also, the reduction temperature of the main peak i@1@ltich is close to that

of Cu/ZSM5 catalysts; bycomparison, TPR profile of Cu/Y(500) is much broader, even
though the reduction temperature is 22C1However, the catalyst Cu/Y(5.1) displayed a main
reduction peak at 263.4C together with a shoulder peak at low temperature 288.2As
discussedabove, the lowemperature shoulder peak @ssignedto the reduction of well
dispersed CuO, while the reduction peak at high temperature is assigned to the bulk CuO on
HY(5.1), which is accordance to the XRD pattern of Cu/Y(5.1) shoviigare 3.2. This result
confirmed the fact that zeolite with high acidity is not favorable for the dispersion of CuO on the

surface further.

3.3.1.3. N adsorption

The structual properties of the zeolites and copper catalysts can be derived from the
results of N adsoption-desorption measurements-206 °C. The surface area armbrosityare
summarized imable 3.1. As shown, over Cu/ZShB catalysts, the introduction of copper lowers
the micropore surface area and volume, but increases the mesopore surface area and volume,
which is assumed to be caused by copper deposition in the micropores €5.28Mever, on
Cu/Y catalysts, the addition of copper not only decreases the micropore surface area and volume,
but also lowers the mesopore area and volume, and the BET surface areauwdssiadicating
that most of copper species were deposited in both micropores asmpares, reducing the
contributions of these pores to the total surface area and volume as a whole. Moreover, it is seen
that the existence of micropore is negligible on Si€urface area: 26 #y). The addition of
copper leads to significantly decreadethe total pore volume, which decreases from 1.352 to

0.834cm’/g, indicating that most of copper species deposited on the mesoporeof SiO
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Table 3.1. BET surface area and porosity of catalysts

Surface area Pore volume

Sampe Seer . Smoo Sexema Vi . Voo Vieso

(Mg  (m%g)l° (m*g’  (cmg) (cm’lg)’ (cm’ig)°
HZSM-5(23) 431 283 148 0411 0212  0.199
HZSM-5(50) 447 333 115 0.319 0.169 0.15
HZSM-5(280} 437 332 105 0.301 0.180 0.121
HZSM-5(500) 415 325 90 0.305 0.188 0.117
HZSM-5(1500) 424 385 39 0.225  0.168  0.057
20%CuO/ZSM5(23) 357 160 197 0297  0.07  0.227
20%CuO/ZSM5(50) 438 244 194 0479  0.161 0.318
20%CuO/ZSM5(280§ 437 215 222 0.455  0.173  0.282
20%Cu0O/ZSM5(500) 411 226 185 0.392  0.157 0.235
20%Cu0O/ZSM5(1500) 427 312 115 035  0.155  0.195
HY(5.1) 773 638 135 041  0.253  0.157
HY(60) 898 671 227 0.593  0.296  0.297
HY(500) 928 743 185 0.599 0.311 0.288
20%Cu0/Y(5.1) 633 511 122 0.398 0211  0.187
20%Cu0/Y(60) 725 590 135 0.465 0.254 0.211
20%Cu0/Y(500) 738 571 167 0511  0.244  0.267
SiO; 505 26 479 1.352  0.008  1.344
20%Cu0/SiQ 482 0 482 0.834  0.000 0.834

#The BrunaueEmmettTeller (BET) surface area £S;) was calculated from the linepart of BET plot from 0.007
to 0.03.

®The micropore area (2 and volume (Vo) were obtained by theglot method.

“ The external surface area.Snar SsetSmicro-

4 The total pore volume (M.) was evaluated by single point total pore voluahe relative pressure of 0.95.

® The mesopore volumeWs=ViotarV micro-

"It is reproduced from refL05].
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3.3.1.4. N®B-TPD
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Figure 3.6. NH3-TPD profiles of (a) HZSM-5 with different SiO,/Al O3 ratios and (b)
reduced Cu/ZSM-5 with different SiO»/Al>,O3 ratios.

The acidity of ZSM5 zeolites and the reduced Cu/ZS€M(~20wt% of CuO) was
determined by NETPD, as shown ifrigure 3.6. The amount of Nkluptake issummarizedn
Table 3.2. As shown, two distinct desorption peaks centering at ar@d06dand 450C were
exhibited on the parent zeolit€igure 3.6a), which are the characteristic of zeolite with MFI
structure [79,105] The peak at low temperature is assigned to ammonia weakly held or
physically adsorbed on the Lewis acid sites of zeoliteie the peak at high temperature is
ascribableto the desorption of ammonia strongly adsorbed on and/or interaeith the
dislodged Al, and decomposition of KHon the Bobnsted acid site§81i 83]. As own in
Figure 3.6a, with increasing SigJAl,O3 ratios from 23 to 280, the peak intensity of ammonia
desorption decreased significantly, especially the peak at high temperature nearly vanished on
HZSM-5 with SiGJ/Al,Os3 ratio of 1500 and the total acid concentration dropped from 1.167 to
0.046 mmol/gy: (see Table 3.2). Figure 3.6b shows the NRTPD profiles of reduced
20wt%Cu/ZSM5 with various SiQAI,O; ratios. As seen, 20wt%Cu/ZSBIwith SiGy/Al O3 of
23, 50 and 280gexhibited two distinct peaks, however, both of which shifted to higher
temperature compared to the parent zeolites, which is similar to the previous report regarding the
samples with 10wt% of CuO loading on the same zedit@S]. As reported, the peak at low

temperature is attributed to the combined contributibNH3; desorption from both Lewis acid
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sites @ zeolites and copper sites on thaface, whilghe higher temperature peak above 600
is probably due to NHadsorbed on Cu that only binds to one[86]. As shown, the shift of
temperatures not obvious for the NHTPD profiles of Cu/ZSMb6(500) and Cu/ZSh5(1500)
becausef the weak acidity of the parent zeolites (0.092 mmalfigr HZSM-5(500) and 0.046
mmol/gs for HZSM-5(1500), seelable 3.2); however, the intensity of the desorptiorake
became stronger and broader, and the acidity increased to 0.614 and 0.564.4mnol/g
Cu/ZSM5(500) and Cu/ZSM(1500), respectively.
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Figure 3.7. NH3-TPD profiles of (a) HY with different SiO,/Al,O3 ratios and (b) reduced
Cu/HY with different SiO ,/Al ;O3 ratios.
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Figure 3.8. NH3-TPD profiles of SiO, and Cu/SiO.
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Table 3.2. Copper loading, copper dispersion an&ammonia uptake of catalysts and supports.

CuO loading (%)

NH; uptake (mmob™®)P

Cu area (ge,b)°

Cu Dispersioh

HZSM-5(23)
HZSM-5(50)
HZSM-5(280)
HZSM-5(500)
HZSM-5(1500)
20%CuO/ZSM5(23)
20%CuO/ZSM5(50)
20%CuO/ZSM5(280)
20%CuO/ZSM5(500)
20%Cu0O/ZSM5(1500)
HY(5.1)

HY(60)

HY(500)
20%CuO/Y(5.1)
20%CuO/Y (60)
20%CuO/Y (500)
Sio;

20%CuO/SiQ

20.2
20.3
22.4
b
17.6

1.167
0.746
0.145
0.092
0.046
1.549
1.144
0.487
0.614
0.564
1.218
0.360
0.017
1.801
0.722
0.568
0
0.524

oo oo

o

28.2
50.5
209.7
85.2
76.0

49.3
55.6
69.1

83.2

@The CuO loading was determined by ICP.
® NH; uptake was obtained by NHPD.
¢ Cudispersion and Cu area were calculated b9 Necomposition method.
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Figure 3.7 shows the NBTPD curves of HY with different Si€Al,Os ratios together
with the corresponding Cu/Y catalyst&s shown, the NEHTPD profile of HY(5.1) zeolite
exhibited a major desorption peak at around Z5@vith a shoulder peak at about 40 The
low- temperature peak is assigned to desorption of fiin weak Bronstedand/or Lewis) acid
sites, while the highlemperature péa(shoulder) is due to strorronstedacid sited110,111]

By comparison, the lostemperature peak of HY(60) is much smaller than the one of HY(5.1),
indicating that the lower concentration of the weak acid sitest ex HY(60). Note that, the
NHs3-TPD curve of HY(500) is almost flat due to the high #KD,O; ratio, and the acidity is
0.017 mmol/gy (shown inTable 3.2).

Figure 3.7b shows the NRTPD curves of the reduced 20%Cu/Y with different
SiO,/AlLO3 ratios. As seen, Cu/Y(5.1) exhibits a broadiMldsorption peak, and the maximum
temperature is shifted to higher temperature (8)0compared to the parent HY(5.1). Clearly,
the peaks related to the weak and strong acid sites owstiaghy makes it dficult to distinguish
from each other; however, it can be considered as a combined contributior; afeBibption
from both acid sites of zeolite and copper sites on the surface TRB profiles of Cu/Y(60)
shows two distinct peaks, both of which shifhigher temperature, which can also be ascribable
to the combination of NEldesorption from both acid sites of zeolite and copper sites on the
surface. As shown, the NHPD curve of Cu/Y(500) is similar tthat of Cu/Y(60). However,
most of NH desorbecatould becontributedfrom the interaction of Nkland copper species since
the acidity of zeolite Y(500) is negligible.

Figure 3.8 shows the NBTPD profiles of the control catalyst Cu/Si@dthe support
SiO,. No obvious desorption peak of MEould be observed on Si®ince it is a relatively inert
support. FromFigure 3.8, it can be seen that three desorption peaks existed on GuUISI®
peak at low temperature (36Q) was attributed to the weak acid sites, while the peak at high
temperature (around 50C) was assigned to the strong acid sites. For the third peak with the
temperature of 626C, the reason is still unclear. However, based on our previous report, we
swggested it is probably due to the formation of, Mhich is from oxidation of Nl over
unreduced CU specieg80,105]
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3.3.1.5. NO adsorption

Copper surface area and dispen were calculated by the,® decomposition method
[71,72]) As shown inTable 3.2, Cu/ZSM5(23) has the worse copper dispersion (0.04) and
lowest copper surface area (28.Z/gp,) amongCu/ZSM5 series catalysts, and Cu/Y(5.1)
presents the lowest coppeispersion (0.07) and copper surface area (43/8cg) among Cu/Y
catalysts, both of which are in agreement with the results,6fFHR and XRD. Hence, it is
concluded that high acidity of zeolite is not good for the dispersion of copper. CtBZZH)

exhbited the best dispersion of copper and copper surface area as well.

3.3.2. Conversion of 2,butanediol over Cu loaded on different supports

In our previous study, the impact of reaction conditions (temperature and hydrogen to
2,3-butanediol ratio) ath CuO loading were investigated, and 20 wt% of CuO loaded on zeolite
ZSM-5 with SiQy/AI,O3 ratio of 280 presented the best catalytic activity on the conversion of
2,3-butanediol to butend405]. To get further insights into the catalytic performance of catalyst
in the hydrodeoxygenation process of -BiBanediol to butenes, additional reactions were
carried ot over reduced catalysts with approximately 20 wt% of CuO loaded onZ&Ml Y
zeolites with different Si@dAl O3 ratios, and the reference support & well. The conversion
of 2,3-butanediol and selectivities of the main products taken at 40 min%hdih are shown
in Table 3.3.
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Table 3.3. Conversion of 2,3butanediol to the main products on reduced catalysts in 40
min and 190 min (shown in parentheses).

) Selectivity(%)
Catalysts Conversion (%) 5 S ,
Butenes MEK 2-MPA" IBA 2-Butanol Acetoin Other$
20%CuO/ZSM5(23) 99.86 46.26  37.30 2.38 1.57 0.00 0.00 12.49
(99.58) (26.32) (35.55) (8.45) (14.90) (0.81) (0.40) (13.57)
20%CuO/ZSM5(50) 100.00 53.11 28.90 0.03 0.34 0.00 0.00 17.62
(99.57) (47.32) (32.64) (1.25) (1.65) (0.00) (0.00) (17.14)
20%Cu0O/ZSM5(280f  100.00 70.30 17.16 0.00 0.00 0.00 0.00 12.54
(100.00) (70.10) (18.86) (0.16) (0.33) (0.00) (0.00) (10.55)
20%Cu0O/ZSM5(500) 100.00 61.41 2296 0.36 1.27 0.70 0.00 13.3
(99.48) (39.48) (30.69) (3.76) (12.25) (1.58) (0.93) (11.31)
20%Cu0O/ZSM5(1500) 93.59 10.28 3353 5.36 11.74 2.44 2420 12.45
(85.10) (3.47) (28.16) (3.00) (7.98) (3.86) (45.00) (8.53)
20%Cu0O/Y(5.1) 94.30 3.04 2499 9.65 1293 151 23.97 2391
(88.54) (1.83) (19.56) (9.86) (11.46) (1.73) (35.87) (19.69)
20%Cu0/Y(60) 100.00 2190 43.97 5.61 0.81 0.00 0.17 27.54
(99.47) (9.76) (38.06) (10.54) (5.35) (0.00) (5.14) (31.15)
20%Cu0/Y(500) 93.08 3.03 37.20 2.27 9.84 8.63 21.32 17.71
(89.57) (1.12) (38.77) (1.85) (7.73) (9.09) (27.35) (14.09)
20%Cu0/SiQ 88.23 0.81 39.83 1.09 4.70 9.52 31.21 12.84
(86.23) (0.72) (38.64) (0.78) (3.03) (8.95) (34.20) (13.68)

@ Reaction conditions: feed rate of Zh@tanediol, 3.0 mL/h; catalyst weight, 1.0g#23-butanediol (molar ratio),
5:1; temperature, 25, space time W/&E=30 g h mof.

® 2-MPA: 2-methylpropanal.

¢ IBA: 2-methyt1-propanol.

91t is reproduced from refL05].

“Other products: Including tetramethylfuran, aromatics-acétyt2-methytl-cyclopentene, 1-ethyk5-
methylcyclopentene, propylene, TES'.

It can be seen imable 3.3 that the conversion of 2/8utanediol was almost 100% on all
Cu/ZSM5 catalysts with different SKDAI O3 ratios except the one with the ratio of 1500: the
conversion dropped dramatically from 93.59% at 40 min to 85.10% at 190 min. It should be
noted that the catalyst 20%CuO/ZS&Mwith SiQ/Al,O; of 280 presented the highest selectivity
of butenes (>70%) in I min of stream; in contrast, the catalysts with lower or higher
SIO,/Al,O3 ratios (23, 50, 500 and 1500) exhibited lower butene selectivityand higher MEK
selectivity. As demonstrated in the previous study, the catalytic performance of G&/ZSM
catalyst oward the formation of butenes is highly dependent on the balance between copper and
acid catalyst function§105]; the deactivation of zeolikased catalysts is mainly due to the

formation of coke: with more acid sites on the zeolite, the coke formation will occur faster
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[92,93,105] hence, zeolite catalyst with higher acidity tends to deactivate faster. However,
Cu/ZSM5(1500) with the lowest acidity (0.564 mmol dbl, seeTable 3.2) was observed to
show the lowesselectivity of butenes, 10.28% and 3.47% at 40 min and 190 min, respectively.
This is probably due to the extremely low acidity of zeolite HZS#500) (0.046 mmol Nig,
seeTable 3.2). As we know, deactivation of zeolite will result in the loss of adiels, leading to
insufficient acid sites for dehydration over the zeolite HZS#500). In this case, Cu sites on
Cu/ZSM5(1500) will be the active sites for dehydrogenation when deactivation takes place
[105]. Therefore, it is concluded that moderate acidity in a zeolite is beneficial for selective
conversion of 2,dutanediolto butenes.

The trend relating Utene selectivity to zeolite selectivity is also born out on Cu/Y
catalyst. As shown iffable 3.3, 20%Cu/Y(60) with moderate acidity (0.722 mmol M see
Table 3.2) presented the higher activity than the other two catalysts with higher or lower acidity.
The conversion of 2;Butanediol at 40 min and 190 min over Cu/Y(60) were 100% and 99.47%,
respectively, which were higher than those on Cu/Y(5.1) (94.30% and 88.54%) and Cu/Y(500)
(93.08% and 89.57%). In addition, catalyst Cu/Y(60) exhibited the highemtiséy of butenes
(21.9% and 9.76% at 40 min and 190 min, respectively) than the other two Cu/Y catalysts.
However, in comparison with the selectivity of butenes over CuiBStatalysts with similar
acidity, Cu/Y catalysts gave lowselectivityof butenes, especially the catalysts 20%Cu/Y(5.1)
and 20%Cu/Y(500) are shown to be nearly inactive in producing butenes: the selectivity of
butenes is lower than 4% even in the initial 40 min of reaction. Interestingly, Cu/Y(5.1) and
Cu/Y(500) are observed to betive in the production of acetoin-(droxy-2-butanone), which
is a side product from dehydrogenation of-Bu@anediol over Cu catalyst. This jgobably
because Cu sites on catalysts can be the active sites for dehydrogenatiebutérze8iol when
deactivation occurred105]. As seen inTable 3.3, the selectivity of acetoin over these two
catalysts are ore than 20% even in the initial 40 min of reaction.

Additionally, a control catalyst Cu/SpQvas employed to examine the behavior of the
metal function during 2;Butanediol conversion. Torresi reported that dehydration of diols will
occur on Cu/SiQ cdalyst since Cu is a Lewis aci®1]. Hence, the products MEK and 2
methylpropanal, which are from dehydration of-Bi8anediol, can be found over Cu/iO
catalyst, and the selectivities are 39.83% and 1.09% at 40 min of reaction, respectively. In

addition, 2butanol and anethytl-propanol can be seen in the conversion oft®jg&anediol
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over Cu/SiQ, which are from hydrogenation of MEK anehithylpropanal, and the selectivities

are 9.52% and 4.7%, respectively. However, by comparison, the significantly lower selectivity of
butenes (<%) and conversion of 2;Butanediol (<88.23%) observed when approximately 20%

of CuO loaded on the inert SIQ0 NHs/g, seeTable 3.2) compared to the acidic HZSBl and

HY zeolites, highlights the crucial rold=dhe acid sites of zeolite in the processcofverting
2,3butanediol to butenes. Furthermore, acetoin is seen to be a main product in reaeting 2,3
butanediol over Cu/Si§ and the selectivities are 31.21% and 34.20% at 40 min and 190 min,
respectively. It should be noted that the conversion &b@tanediol over Si@at the same

reaction conditions was less than 1%, which is not shown here.
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Figure 3.9. Catalytic results as a function of space time (Wi/k) for the conversion of 2,3
butanediol over reduced catalyst 20%CuO/ZSM5(280). Reaction conditions: feed rate of
2,3-butanediol, 3.0 mL/h; Hy/2,3-butanediol (molar ratio), 5:1; temperature, 250°C; time
on stream=40 min. All fitting lines were obtained from kineticmodel (will be discussed
later).

To better understand the reaction mechanism, we evaluated the effect of space time

W/Fao (Where W is the weight of catalyst (in unit of gram), angi& the molar flow rate of 2;3
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butanediol (in unit of mol 1)) on cawversion of 2,3utanediol and the distribution of products

over reduced catalyst 20%CuO/ZSBR80) at a feed rate & 3-butanediol of 3nL h™ in the
presence of kat 250°C (seeFigure 3.9). As seen inFigure 3.9, the conversion of 2;3
butanediol wasxhibited to increase dramatically from 37% to 92% when the space time was
increased from 0.36 to 3 g h ripland then tended to increase slowly unti-ByBanediol was
completely consumed when space time MWyAeached 22.5 g h mdl Interestingly, wecan see

that low space times are beneficial for the production of acetoin (the mechanism will be
discussed later). At the space time of 0.36 g h™matetoin (3hydroxy-2-butanone) was
observed to be the dominant product, and the selectivity was apptekirA2%. However, with
increasing space time, acetoin selectivity was seen to decrease dramatically to 0 when the space
time reached 22.5 g h mblwhich was accompanied by the increase of the selectivities of the
other products, such as MEK, butenesn&hylpropanal and-thethyl1-propanol. It should be

noted that the selectivities of MEK;fethylpropanal and-ghethyl1-propanol increased with
increasing space time, reaching amaximum of 33.3%, 4.9% and 7.5%, respectively, at the space
time of 7.5 g hmol™. The selectivities of butenes, which are of interest, showed an increasing
trend with increasing space time, reaching the maximum selectivity 68.4% at the space time of
30 g h mot', followed by decreasing to 56.8% at the space time of 45 g . Bglcomparison,

its decrease was accompanied by an increase of selectivities in the products from cracking
reaction (G, G5, Gs and G°) and oligomerization (). Clearly, these results indicate that

high space time increases the possibility that, gsefficient time, butenes react with each
other over the acid sites of catalyst, producing the dimer) (@rough oligomerization and
cracking products (§ GCs, G and G olefins) by the subsequent cracking of the dimer.
Interestingly, the selectivity oP-butanol, which is thought to be a kaéytermediate in the
pathway of MEK to butenes, is negligible under all W/H his result will be discussed later.

Apart from the reaction of 2;Butanediol over 20%Cu/ZS¥(280) mentioned above, a
series of reaabns were carried out by varying space time (\y®ver HZSM5(280), HY(60),
20%CuO/Y(60) and the control catalyst 20%CuO/Si{®ee Figure 3.10) under the same
reaction conditions, in order to discern the role of the individual function (metallic or acidic) of
the catalyst, and further determine the Hateting step of the reaction and the effect of the
catalyst structure on the reaction. Thgace time over each catalyst was adjusted in the low

range to obtain a comparable conversion level (B0%).
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Figure 3.10. Conversion of 2,3BDO and selectivities of the main products as a function of
space time (W/Ro) over different catalysts (a) Cu/ZSM5(280), (b) HZSM5(280), (c)
Cu/Y(60), (d) HY(60), (e) Cu/SiQ. Reaction conditions: feed rate of 2;putanediol, 3.0
mL/h; H »/2,3-butanediol (molar ratio), 5:1; temperature, 250°C; time on stream=40 min.
Other minor products in (a), (c) and (e): 2,3butanedione, tetramethylfuran, 3,4,5
trimethyl -2-cyclopentenone, aromatics and unknown products; in (b) and (d):
tetramethylfuran, 3,4,5-trimethyl -2-cyclopentenone, zethyl-2,4,5trimethyl -1,3-dioxolane,
aromatics and some unknown products.
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Figure 3.10 shows the conversion of 2[fitanediol and the selectivities of the main
products over different catalysts as a functionpzfce time under the same reaction conditions.
As shown inFigure 3.10, the conversion of 2;Butanediol on all catalysts increased with
increasing space time. Note that, for conversion lower than 80%, a similar behavior was
observed on all copper catalygtsee Figure 3.10a, Figure 3.10c and Figure 3.10e) and no
significant production of butenes was seen; in contrast, the main product obtained was acetoin. In
this case, we can see that the predominant reaction at the low space time was dehydrogenation,
which indicates that the metallic function (Cu) ofatgst was performing the catalysis at low
space time. In addition, the low selectivity of MEK implied that dehydration eb@{&nediol
over Cu catalysts at low space times occurred only to a limited extent.

The data irFigure 3.10can also be used t@lculate the reaction rate of Zatanediol.
The mole balance for a packed bed reactor can be represerigddtion 3.1[112]:

dF,

dw

where W is the catalyst weight, I5 themolar flow rate of 2,3utanediol, and,’ is the reaction

=, (Equation 3.1)

rate for the reactanExpressing the molar flow rate asfunction of reactant conversion, X,
gives:

dX

F —

AO dW

where R is the initial molar flow rate of the reactant.

=1, (Equation 3.2

Rearranging this equation gives:

. dX
A d(WI F)

(Equation 3.3

Equation 3.3 shows that the reaction rate of the reactant can be calculated by plotting the
conversion versus the space time (W¢JFand finding the slope. This equation wesed to find
reaction rates in the kinetic studies.

Figure 3.10b andFigure 3.10d display the conversion of 2futanediol together with
the product distribution over parent zeolites HZS{280) and HY(60), respectively. As shown,
the product distribution is different at low space times. The major products over {37Z28d)
are MEK (sebctivity >50%), 2methylpropanal (>20%) and tRitadiene (>10%), which are
from dehydration of 2;®Butanediol34,105} however, over zeolite HY(60) , the major products

are MEK and other heavy products. By comparison, it seems that Y type zeolite is beneficial for
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the production of heavy products at low space time, such as oxggearat aromatics. This is
probably because HY zeolite could provide sufficient space with large channels (0.74 nm) and
super cage (1.3 nnfgr the reactants or intermediat@g comparison to HZSM (channels with
diameter of 0.51 nm, channel intersection®.9 nm)[113,114] which makes it easier for 253
butanediol or MEK to proceed further reaction to produce heavy products such as
tetramethylfuran,  3,4;&imethyt2-cyclopentenone, -Bthyt2,4,5trimethyt1,3-dioxolane,
xylene and other aromatics. In addition, the total react@esrover zeolites (HZSH, 0.594

mol g* h?*, HY: 0.694 mol @ h™) are smaller than the corresponding copper loaded zeolite
catalysts Figure 3.10a and Figure 3.1@) and copper loaded SjCratalyst Figure 3.1(),

which suggests that the reaction ratelehydration of 2,3utanediol over zeolite is slower than

the dehydrogenation of 2{8utanediol over copper catalysts.
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3.3.3. Conversion of acetoin
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Figure 3.11. Conversion of acetoin and selectivities of the main products as a functiaf

space time (W/ko, Fao Is the molar flow rate of acetoin) over different catalysts (a)
Cu/ZSM-5(280), (b) Cu/Y(60), (c) Cu/Si@ Reaction conditions: feed rate of acetoir{85

wt%), 3 mL/h; H »/acetoin (molar ratio), 5.7:1; temperature, 250°C; time on stream=40
min. Other products: 1,2,3trimethyl -cyclopentene, 31ethyl-5-methylcyclopentene, 1(2-

methyl-1-cyclopenter1-yl)-ethanone, 3,4,8rimethyl -2-cyclopentenone, tetramethylfuran,
aromatics and unknown products.

As mentioned above, acetoin can be elely produced by dehydrogenation of 2,3
butanediol over copper catalysts even in the excess, @résent in the reactor at low space
times; however, at high space time (3eble 3.3 and W/fa;>20 g h mot in Figure 3.9), in the
initial 40 min, the salctivity of acetoin decreased dramatically, essentially to 0% over Cuw/ZSM
5 catalysts. To investigate the reaction mechanism betweebu@®Bediol and acetoin,

additional reactions were carried out over the same reduced catalysts by using acetoin as the
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reactant. As acetoin exists as a solid dimer (2,3drf&@methyll,4-dioxane2,5-diol) at room
temperature, acetoin was used in the reaction as aqueous solution with concentration of 85 wt%
in order to avoid clogging the pump.

Figure 3.11displays the corersion of acetoin and the selectivities of the main products
as functions of space time (W#J over the reduced copper catalysts. As sedfigare 3.11a,
over Cu/ZSM5(280) catalyst, the overall reaction rate is about 0.469 thdi'gwith the main
product 2,3butanediol, which shows a decreasing trend in selectivity from 62% to 35% when the
space time increased from 0.42 to 1.14 g h mBksides 2,®utanediol, some other products
obtained over Cu/ZSN6(280) are similar to those observed in conwersf 2,3butanediol over
copper catalysts (sdegure 3.10 as discussed above, which include MEKm&thylpropanal
and 2methytl-propanol. All of these products showed an increasing trend of selectivity with
increasing space time, which was accompatigdn decreasing selectivity of Z)8tanediol
(seeFigure 3.11a). This indicates that, over Cu/ZS™280), acetoin was firstly hydrogenated to
2,3-butanediol, which was further converted to MEKm2thylpropanal and some other products
by dehydration ohydrogenation subsequently. In addition, the selectivity ofbRidnedione,
which is from dehydrogenation of acetoin, decreased with increasing space time. It should be
noted, only trace amounts of butene (<1.6%) athditanol (<0.7%) were observed at lspace
time (W/Fxo<1.14 g h mot), which is in agreement with the results obtained from conversion of
2,3-butanediol over Cu/ZSN6(280) (sed-igure 3.1(n).

Figure 3.11b showed the catalytic performance of catalyst Cu/Y(60) in the conversion of
acetoin. A seen, similar to the behavior observed over Cu/B8M80), 2,3butanediol was
observed to be the main product over catalyst Cu/Y(60) as well, especially at the low space time
of 0.42 g h mof. The selectivity decreased from 49% to 32% with increasirage time from
0.42 to 1.14 g h mdl Meanwhile, the selectivities of MEK;ethylpropanal and-ghethyl1-
propanol were seen to increase with the increasing space time. Similarlyut2r&dione
showed an decreasing trend over catalyst Cu/Y(60) asobserved over Cu/ZSN(280). By
comparison, Cu/Y(60) exhibited lower reaction rate (0.414 rmoh§) than Cu/ZSM5(280)
under the same reaction conditions. In addition, Cu/Y(60) was seen to present a higher selectivity
of heavy products. Note that bote was not formed over Cu/Y(60) at low space times
(W/Fao<1.14 g h mot).
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As seen irFigure 3.11c, over the catalyst Cu/SiOthe predominant product is also 2,3
butanediol, which showed a decreasing selectivity from 78% to 65% when the space time
increased from 0.42 to 1.10 g h mbl Unlike the results obtained from the catalysts Cu/ZSM
5(280) and Cu/Y(60), -nethylpropanal and -thethyll-propanol were not observed in the
products at the low space time. As reportethe2hylpropanal can be obtainedrfraehydration
of 2,3butanediol by a pinacol rearrangement over acid catf3ys86] Hence, without acid
sites of the catgsts, the obtained 2;Butanediol from hydrogenation of acetoin was difficult to
convert to 2methylpropanal, and-ghethyt1-propanol by subsequent hydrogenation, which is in
a good agreement with the result of Cu/SéBown inTable 3.3. As shown inTable 3.3, even at
high space time (W/&=30 g h mof), the selectivities of -inethylpropanal and-thethyt1-
propanol over Cu/SiPare only 1.09% and 4.70%, respectively, both of which are significantly
lower than the selectivity of MEK (39.83%, s@&able 3.3) because MEK can be selectively
produced over copper sites of Cu catal@dtp Additionally, the selectivity of -butanol, which
is the intermediate of MEK to butenes, is negligible (<1%) at the low space time (the reason will
be discussed later).

In conclusion, as discussed abovejsi obvious that conversion of 2&itanediol to
acetoin is a reversible process. As seeffrigure 3.9, at low space time, 2Butandiol can
readily be converted to acetoin by dehydrogenation over Cu catalysts. With increasing space
time (W/Fy), the fomed acetoin can react withyltb convert to 2,3utanediol, which can be
further convert to MEK, Znethylpropanal, -butanol, 2Zmethyt1-propanol, and then butenes as

a result.
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Table 3.4. Conversion of acetoin to the main products on zeolités

Catalvsts W/Fag Conversion Selectivity (%)

y (ghmol) (%) MEK MVK® 2 3butanedione dimethytphenof aromatic§ other$
HZSM-5(280) 34.6 34.7 5680 3.44 2.71 23.16 35.20 29.89
HZSM-5(280) 3.5 9.91 356 31.6 8.85 4.28 22.80 28.91
HY(60) 34.6 33.5 2.28 2.08 3.22 35.55 41.60 15.27
HY(60) 3.5 8.67 1.34 8.52 2.98 29.5 33.77 23.89

@Reaction conditions: feed rate of acetoin (85%), 3.0 mLifaddtoin (molar ratio), 5.7:1; temperature, 260time on stream=40 min.

® MVK: methyl vinyl ketone.

“Including: 3,4dimethykphenol, 3,5dimethytphenol and 2 @limethytphenol .

41t mainly includes: xylene, -ethyl-3-methytbenzene 1,3;:&imethykbenzene, 1,3;&iethylbenzene and hexamettyénzene.

“Other products: Including,2,3trimethylcyclopentene, -[2-methyt1-cyclopenterl-yl)-ethanone, 3,4;&imethyl2-cyclopentenone and tetramethylfuran and
some unknown products.

76



In addition, the control experiments of acetoin over the parent zeolites Fi{&30) and
HY(60) were carried out under the same reaction conditibaisle 3.4 shows the conversion of
acetoin to the main products over HZS(280) and HY(60) at the space &rof 3.5 and 34.6 g
h mol*. As seen ifTable 34, the conversion of acetoin over zeolites is about 34% at the space
time of 34.6 g h mal, and less than 10% at the space time of 3.5 g H.ridlis indicates that
the overall reaction rate of acetoin oweolite is significantly lower than that over Cu catalyst,
since the conversion of acetoin over the corresponding Cu catalyst is more than 60% even at the
low space time of 1.14 g h mb(seeFigure 3.11a andFigure 3.11b). Additionally, aside from
the ame products (MEK, 2;Butanedione, aromatics and other heavy products) observed over
Cu catalysts, new products were obtained from the reaction of acetoin over zeolites, such as
methyl vinyl ketone (MVK) and dimethyphenol (3,4dimethytphenol, 3,5dimetyl-phenol and
2,3-dimethylphenol). As reported by Torrefd1], MVK can be produced by dehydration of 4
hydroxy-2-butanone, which is from dehydrogenation of-tifdanediol. Similarly, it is clear that
MVK can be formed by the dehydration of acetoirh{@®iroxy-2-butanone)[115]. As for
dimethylphenol, the reaction mechanism is still unclear. One possible reaction pathway
Robinson annulation reaction between MVK itself or MVK and MEK to form a C8 molecule,
because MVK is an excellent Michael addition reag&h6]. Both acid and base catalysts have
been extensively used in the Robinson annulation readlibd 119]. Robinson annulation
reaction consists of three consecutive processes: firstly, Michael addition of a carbonyl
compound (MVK or MEK) t o-unaaturatéd, kétone (MVK); secondly, an intramolecular
aldol condensation reaction; lastly, dehydratidd7]. The possible reaction mechanism is
described irFigure B.1 andFigure B.2 (in Appendix B).

As shown inTable 3.4, over zeolite HY(60), the selectivity of dimethylphenol is 29.5%
even at the low space time of 3.5 gnbl™}, which is probably due to the sufficient space of HY
with large channels (0.74 nm) and super cage (1.3 frh3,114] for the reactants or
intermediates, makes it easier to proceed further reaction to produce the heavy products.
However, over the zeolite ZSB(280), at the low sgre time of 3.5 g h md] the selectivity of
MVK is more than 30%, while the selectivity of dimetipienol is lower than 5%, which
indicates that low space time is not enough for MVK to produce dimptiemol over ZSM
5(280). However, when the space ¢imcreased to 34.6 g h rifplthe selectivity of dimethyl
phenol over ZSMb(280) significantly increased to 23.16%, while the selectivity of MVK
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decreased to 3.44% as a resHlbwever, WK and dimethylphenol were not detected in the

previous reactionsver Cu catalysts consequently due to the competitive reaction pathways of

acetoin over Cu sites and acid sites of zeolite.

3.3.4. Conversion of MEK
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Figure 3.12. Conversion of MEK and selectivities of the main products as a function of
space time (W/FRo) over different catalysts (a) Cu/ZSM5(280), (b) Cu/Y(60), (c) Cu/SiQ
Reaction conditions: feed rate of MEK, 3.0 mL/h; H/MEK (molar ratio), 5:1; temperature ,
250°C; time on stream=40 min. Other minor product in (a) and (b): G~, Cs 1 Cg .

The conversions of MEK together with the selectivities of the main products over
different copper catalysts are showrFigure 3.12 It is seen that the conversion of MEK on all
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Cu catalysts increased with increasing space time Q)if the rangeof 0.9 to 1.8 g h mal.
The total reaction rate of Cu/ZSB{280) Figure 3.123, 0.272 mol & hY) is almost the same as
the one of Cu/Y(60)Rigure 3.1, 0.286 mol g h™), both of which are slightly higher than the
reaction rate on Cu/SidFigure 3.12c, 0.212 mol ¢ h™).

As shown inFigure 3.1z, the predominant product of conversion of MEK over CuSiO
is 2-butanol with the selectivity of about 100% between the space time of 0.9 to 1.8 ¢ h mol
which is formed from direct hydrogenation of MEKn our previous repoitLl05], 2-butanol is
the intermediate in the process of conversion of MEK to butelmsvever, over Cu/Si©
catalyst, the butene selectivity was negligible, as showfigare 3.1Z. From Table 3.2, we
can see the acidity of Sj@nd Cu/SiQ, which is 0 and 0.524 mmol NH).., respectively. This
indicates that the addition of copper doest favor the dehydration of-lutanol to butene.
Consequently, -butanol becomes the final product due to the lack of acid sites ont&dce,
we can safely draw the conclusion that the dehydrationtaft@nol to butenes can only take
place on the acidites of zeolites.

By comparison, over Cu/ZS¥(280) catalyst, the dominant products are butenes. As
seen inFigure 3.1, the selectivities of butenes increase from 82% to 88% with the increasing
space time (W/k) from 0.9 to 1.8 g h md| which is acompanied by an increase in the
conversion of MEK from 22% to 50%; meanwhile, the selectivity -bufanol decreases from
13% to 7% with the increasing space time (M¥JFBase on the discussion above, we knew 2
butanol can be formed readily from the corsven of MEK on the Cu sites of the catalyst, which
then convert to butenes by the subsequent dehydration over the adjacent acid sites of the zeolite.
Figure 3.12 shows the conversion of MEK and the selectivities of the main products over
catalyst Cu/Y (6D Similar to the behavior observed over Cu/ZS[280) catalyst, butenes can
be seen as the main products over Cu/Y(60) as expected: the selectivity of butenes was almost
the same (86%) as that of Cu/ZSR80) at the space time of 1.8 g h tholHowever,at the
space time of 0.9 g h mil Cu/Y(60) was seen to exhibit much lower selectivity of butenes
(50%), which was accompanied by an much higher selectivityboit2nol (48%). This indicates
that dehydration of -butanol to butenes occurs more readilyer Cu/ZSM5(280) than over
Cu/Y(60).

In contrast, it is seen that the overall reaction rates of MEK are much smaller than the

reaction rates of 2;Butanediol or acetoin over the same catalysts.
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Table 3.5. Conversion of MEK over HZSM-5(280) and HY (60§.

Catalysts HZSM-5(280) HY(60)
W/Fao (g h mot')  30.1 30.1
Conversion (%) 17.4 18.6
Selectivity (%)

hydrocarbons

C,-Cs 18 0.5
Cy 0.9 34
Cs 32.9 26.7
Ces 27.1 22.8
C;-Cg 0 0.4
propanoicacid 22.3 17.6
acetic acid 10.1 8.3
2-methylpropanal 0O 0.4
aromatic8 2.9 11.2
other$ 2.0 8.7

% Reaction conditions: feed rate of MEK, 3.0 mL/hy/MEK (molar ratio), 5:1; temperature, 25C; time on
stream=40 min.

® Aromatics include: xylene, & aromatic hydrocarbons.

“Others include: acetone, oxygenated compounds (such-(@sméthytl-cyclopenterl-yl)-ethanone, 3,4;5
trimethyl2-cyclopentenone, tetramethylfurran) and some other unknown products.

In addition, control experiments for the reaction of MEK over the parent zeolites were
conducted under the same reaction conditidia®le 3.5 shows the conversion of MEK to the
main products over HZSN§(280) and HY(60) at the space time of 30.1 g h'mdis showni
Table 3.5, the conversion of MEK over zeolites are less than 19%, indicating that the reaction of
MEK over acid sites of zeolites are significantly slower than the reaction of MEK over the
corresponding Cu catalysts (déigure 3.12a andFigure 3.12). However, an interesting point
to draw attention is that propanoic acid, acetic acid, together witar@ G- were observed to
be the primary products instead of butenes abdtanol. This behavior is clearly different from
that observed in the conversiohMEK over Cu catalysts mentioned above. The conversion of
ketones to carboxylic acids has been reported for reactions over acid cftdlyst20 123]. As
reported, the reaction mechanism involves the-highmp er at ur e hydrol-yti c
unsaturated ketone obtained from aldol condensation of ketones over acid catalyst, which
proceeds with the condensation of MEK (carbonyl compound) with ah wich can be
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converted from MEK by the ketenol tautomerization reactigd24i 126]. However, in this
process, two different enols;kuten2-ol and 2buter2-ol, could be formed by MEK, hence,

two different aldol addition products -{B/droxy-5-methyt3-heptanone and -Aydroxy-3,4-
dimethylhexar2-one) were prodced accordingly, both of which then underwent dehydration
react i on -uhsaturdted ketones(j.emBethyt4-hepten3-one or 3,4dimethylhex3-en
2-one). The ketones could further undergo hydrolytic cleavage, producing carboxylic acids
(propanoicacid and acetic acid) and olefinss{@nd G"). The reaction pathways are depicted in
Figure 3.13 In addition to the acids and olefins, aromatics could be formed bycatatyzed
condensation of ketones as weéll121,127,128]

)CL/ )1/
Aldol condensation )\/

Aldol condensation
OH / 1-buten-2-ol & ‘\ 2-buten-2-ol
(7
[%)

%
%, @‘
(0]
o)
5-hydroxy-5-methyl-3-heptanone H0
4-hydroxy-3,4-dimethylhexan-2-one
H*

5-methyl-4-hepten-3-one 3,4-dimethylhex-3-en-2-one

w0 /H' . +H,0

hydrolytic cleavage hydrolytic cleavage

J\/ +HO)OJ\/ )\/ HO)J\

Cs~ propanoic acid cr acetic acid

Figure 3.13. Reaction pathways for conversion of MEK over acid catalysts
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3.3.5. Conversion of Znethylpropanal
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Figure 3.14. Conversion of 2-methylpropanal and selectivities of the main products as a
function of space time (W/Ro) over different catalysts (a) Cu/ZSM5(280), (b) Cu/Y(60), (c)
Cu/SiO,. Reaction conditions: feed rate of Znethylpropanal, 3.0 mL/h; Hy/2-methylpanal
(molar rati 0), 5:1; temperature, 250°C; time on stream=40 min. Acids include:2-methyl-
propanoic acid, trace amount of propanoic acid and acetic acid. Other minor products
include: MEK, acetone, xylene and G. aromatic hydrocarbons, and trace amount of
hydrocarbons (C3~, Cs™-Cg"), oxygenated compounds (1,2;8imethyl -cyclopentene, lethyl-
5-methylcyclopentene and 2,3A4rimethyl -2-cyclopentenl-one) and other unknown
products.

Figure 3.14shows the conversion ofrBethylpropanal together with the selectivities to

the main products over different Cu catalysts as a function of space timgW/is seen that,
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when the conversion is lower than 55%, the total reaction rate-rétBylpropanal over
Cu/ZSM5(280) (0.685 mol gh™) is about 2 times higher than that the catalyst Cu/Y(60) and
Cu/SiQs, which is 0.318 mol gh* and 0.354 mol gh™, respectively.

As seen inFigure 3.14a, the primary products of conversion ofriethylpropanal over
Cu/ZSM5(280) are butenes,rBethytl-propanol and acids (mainly-r@ethytpropanoic acid,
with trace amounts of propanoic acid and acetic acid). As mentioned above, butenes were
produced from dehydration of -rBethytl-propanol, which could be produced from
hydrogenation of 2Znethylpropanal. The selectivities of butenesr@ased from 42% to 60%
with the increasing space time from 0.3 to 0.9 g h'mwhich was accompanied by a decreasing
selectivity of 2methyt1-propanol from 23% to 19%. Interestingly, the selectivities of acids were
significant, decreasing from 26% t@% when the spacénte increased from 0.3 to 0.9gmol™.
This behavior is clearly different from that observed in MEK reaction over Cu catalysts. In the
case of MEK reaction, the production of acids were negligible over Cu catalysts; nevertheless,
the famation of acids could take place via highe mper at ur e hydrol-ytic ¢
unsaturated ketone obtained from aldol condensation of ketones over acid sites of zeolite as
discussed above. However, as seefrigure 3.15 the selfcondensation of -2nethylpropanal
[129) cannot prumcwdeair Bt Bd ket one ( aMH ihetheyatlia ) due
condensation product {3ydroxy-2,2,4trimethylpentanal). Such a significant difference
indicates that the formation of acids should be from a different pathway otherhthahdol
condensation. It is reported that disproportionation of aldehyde can produce an acid and an
alcohol via Tishchenko reaction over acid catalysts or Cannizzaro reaction over base catalysts
[130i 132]. In Tishchenko mechanism, an ester is produced in the first step, followed by the
subsequent hydrolysis rapidly at the present reaction conflltd®)132] Since zeolites are solid
acids, it is possible that the carboxylic acids could be formed in the conversion of 2
methylpropanal over Cu/ZS¥ or Cu/Y via a Tishchenktype reaction, wich is confirmed by
the results of the control experiments conducted over the parent zeolitdal$e8.6). Table
3.6 showed the conversion ofriethylpropanal to the main products over HZS[280) and
HY(60) at the space time of 30.4 g h fhohcids (mainly 2methytpropanoic acid, trace amount
of propanoic acid and acetic acid) and butenes were seen to be the primary products; by
comparison. Znethytl-propanol was negligible because it was immediately dehydrated to

butenes after forming since the caan of dehydration was extremely fast (will be discussed
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later). In addition, the conversion ofi2ethylpropanal are 34.5% and 25.3% over HZS(280)
and HY(60) at the space time of 30.4 g h Makspectively, which indicates that the reaction
rate isconsiderably slower than the reaction over the corresponding Cu catalyst. Note that, in
Table 3.6, the selectivity of butenes was much smaller than that of acids. With respect to this, we
believed that part of butenes converted to aromatic products aradéfies (G-, C3~, G -Cg™ )
since aromatizatiofl33,134] oligomerization[19] and cracking reactiofiL35] of olefins are
very easy to occur ovéine acid sites of zeolites.

Based on the discussion abovem@thylpropanal can disproportionate inten2thyt
propanoic acid and -thethytl-propanol via Tishchenko reaction consequently (Biegire
3.16, both of which are the primary products in thenersion of 2methylpropanal over
Cu/ZSM5(280) (seeFigure 3.14a). This indicates that the formation ofn2ethyl1-propanol
could be from either hydrogenation or disproportionation -ofezhylpropanal over Cu/ZSM
5(280) catalyst. Similar behavior was ohv&sl over the catalyst Cu/Y(60):rethyl1-propanol
and acids (especially-@ethylpropanoic acid) were produced simultaneously (Bagire
3.140). However, by comparison, the clearly lower activity for the formation of butenes was
exhibited in the reaain over Cu/Y(60). As seen iRigure 3.14, the selectivity of butenes
increased from 4% to 15% with the increasing space time from 0.94 to 2.1 g"hwhath was
accompanied by the decreasing selectivity -ohethyl1l-propanol from 59% to 44%. Such a
significant difference with respect to the selectivity of butenes indicates that the intermediate 2
methyt1-propanol is much harder to dehydrate to butenes over the acid sitety/pé Yeolite
than ZSM5, which probably can be attributed to the differenicttires of these two zeolites.

o OH OH

OB

2-methylpropanal 2-methyl-1-propenol 3-hydroxy-2,2,4-trimethylpentanal

8

Figure 3.15. Acid-catalyzed selfcondensation of 2methylpropanal.
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O W)}\OH 2-methyl-propanoic acid
2 | Acid o hydrolysis
— /Y o X oH
ﬁ) 2-methyl-1-propanol

(0]

2-methylpropanal isobutyl isobutyrate

Figure 3.16. Disproportionation of 2-methylpropanal over acid catalyst

Figure 3.14 shows the catalytic performance of the reduced Cu/Bi@he conversion
of 2-methylpropanal to the main products. As showfigure 3.14, only 2methyt1-propanol
and acid (2methytpropanoic acid) were seen in the conversion -@he2hylpropanal over
Cu/SiG. It should be noted that the selectivity ofn2thyl-1-propanol increased over space
time, while the acid was seen to decrease with increasing space time. It is apparent that butenes
were not produced due to a lack of acid sites for dehydratiornwétByt1-propanol, which is
similar to that observednothe reaction of MEK over Cu/SjOAs SiQ is a relatively inert
support, it is unlikely for Cu/Si@to catalyze the disproportionation ofnZethylpropanal to 2
methytl-propanol and acid via Tishchenko reaction mentioned above. However, some
researcherbave investigated the reaction of aldehyde over reduced copper catalysts and found
that only alcohol and acid were formed. Takeshita ef{1d6] and Kawamoto et al[137]
reported that conversion of propionaldehyde over reduced copper (strppd@u was prepared
by precipitation of copper nitrate, followed by reduction at Z5@rior to the reaction) can only
produce propionic acid and propyl alcohol at 280 which is similar to the result we present.
However, when they used ethanol or the tom& of ethanol and propionaldehyde as reactants to
run the reaction under the same conditions, they found a significant amount of esters were
formed. They suggested that the esters were formed by a hemiacetal mechanism, in which
aldehyde would be the intaeediate. Inui et al. held the same opinion and believed that ethanol
was first dehydrogenated to acetaldehyde, followed by nucleophilic addition of ethanol to
acetaldehyde to form a hemiacetal, which was further dehydrogenated to ethyl H&8hte
lwasaet al.[139] investigated the steam reforming of ethanol over reduced CurSgdesence

of H,O; they reported that acetic acid was produced together with the dehydrogenated product
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acetaldehyde; meanwhile, the formation of ethyl acetate was sigrificatarded by the
presence of bD. However, when the reaction of acetaldehyde was carried out over the same
reduced catalyst Cu/Siin the presence of @, they noticed that acetic acid was produced at

the same level compared to that in the steam refgyiwi ethanol. They did not mention whether
ethanol was produced or not, nevertheless, no ethyl acetate was detected in the effluent. Hence,
they suggested that the formation of acetic acid was from the reaction between acetaldehyde and
water. Based on thdiscussion above, it seems that it is complicated for the reaction process of
2-methylpropanal over reduced Cu/Sithdeed, the acid,-ehethykpropanoic acid we obtained,

could be produced from either the direct reaction betwemetBylpropanal and watéthe trace

amount in 2methylpropanal) or the reaction mechanism of hemiacetal, in whidetBy}1-

propanol acts as an intermediate (Begure 3.17). As seen irFigure 3.17, 2-methylpropanal

was hydrogenated to-rdethyll-propanol in the first step, part of which then attacked 2
methylpropanal by nucleophilic addition to form a hemiacetasg¢hbutoxy2-methylproparil-

ol), which was then transformed to the ester (isobutpusyrate) immediately; after that, the
formed ester was converted tentethylpropanoic acid and -éhethyll-propanol by the

subsequent hydrolysis in the presence of trace amount of watenath®lpropanal.

O\)\+ B — HO\)\

2-methylpropanal 2-methyl-1-propanol

(0]
T T SN
Ox + HO —’>—< —»>—< 2 HO
(0] (0]

hydrolysis
D _% HOL<

1-isobutoxy-2-methylpropan-1-ol isobutyl isobutyrate

Figure 3.17. Probable reaction pathway of 2methylpropanal over reduced Cu/SiQ.
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Table 3.6. Conversion of 2methylpropanal over zeolites.

Catalysts HZSM-5(280) HY(60)
W/Fao (g h mol')  30.4 30.4
Conversion (%) 34.5 25.3
Selectivity (%)

hydrocarbons

C,-Cs 7.8 2.7
Cs 22.6 25.6
Cs 1.3 0.5
Cs 0.9 0.5
C;-Cqg 0.2 0.7
acids 34.8 48.8
MEK 8.2 6.8
2-methyt1-propanol 0.3 0.5
aromatic$ 17.4 9.1
otherd 6.5 4.8

@Reaction conditions: feed rate oha@ethylpropanal, 3.0 mL/h; #2-methylpropanal (molar ratio), 5:1; temperature,
250°C; time on stream=40 min.

® Acids include: 2methylpropanoic acid, trace amount of propanoic acid and acetic acid.

¢ Aromatics include: xylene, & aromatic hydrocarbons.

dOther minor products include: acetone, oxygenated compound -(ifAe3hylcyclopentene, -kthyl5-
methykyclopentene and 2,3tdimethyl2-cyclopenterl-one) and some other unknown products.
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3.3.6. Conversion of Zoutanol

100 100 100 100
—f—*f
() (b)
L R ]
80 - 80 80 | - 80
g g =
© S
& 6ol = 160 = & 60 {60 =
E g 3 g
2 s 2 g
N £ ~ £
“— =
S _ =] ] slope=14.749 R
s af slope=10.171 140 § s 4wl - 4 40 E
2 $ ) 3
E L) g
s 3 :
O 20} E Conversion 120 O 2 W conversion 420
O butenes g :Auéines
O MEK
A\ others
A others G‘H
0 L 1 0 0 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.00 0.01 0.02 0.03 0.04 0.05 0.06
1, 1,
WIF,, (@ hmol) WIF, (g hmol’)
40 O\—O\O 100 T————" 100
© {80 @
80 -1 80
—~ 30}
g g
3> - 60 =
<]
S slope=5.595 = S el 460 ~
E g 2 g
< = a slope=12.666 <
o~ 20 e q >
5 = & B
S H40F 5 ] 2
c . @ L H40 §
2 . B Conversion [} g 40 %
2 O butenes o ® [}
g 5]
>
g 10 2 thf:rs 20 E H Conversion
) 7 8 L O butenes 420
O MEK
a8 A others
A\A—A
0 : L L 0 0 . et Ho
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
1,
W/F,; (g hmol) WI/F, (g h mor)
0 c————o ——>o 100
(e)
-1 80
—~ 30|
S
e
o] 460 —~
F g
< >
o~ 20 -— = 3
5 slope=3.137 s
= - 40 g
i<l a
g W Conversion n
= O butenes
c -
s 10 O MEK 120
© A\ others
S re—— = e i
0 1 1 1 1 1 1 A 1 0

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

1,
WIF, (g hmol)

Figure 3.18. Conversion of 2butanol and selectivities of the main products as a function of
space time (W/Ro) over different catalysts (a) Cu/ZSM5(280), (b) HZSM-5(280), (c)
Cu/Y(60), (d) HY(60), (e) Cu/SiQ. Reaction conditions: feed rate of butanol, 3.0 mL/h;
H,/2-butanol (molar ratio), 5.1:1; temperature, 250°C; time on stream=40 min. Other
minor products: 2-methyl-1-propanol, 2-methylpropanal, olefins (G~ and Cs°) and
aromatics.
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Figure 3.18shows the conversion oftiutanol and the selectivities to the main products
over different catalysts as a function of space time. As showigire 3.18 the total reaction
rate of 2butanol over each catalyst is more than 10 timgser than that of 2;Butanediol,
acetoin, MEK and 2nethylpropanal over the same catalyst. As displayeéigare 3.18, we
can see the reaction rate eb@tanol over the catalyst Cu/ZS8280) is 10.171 mol jh™* with
the conversion increased frd30% to 60% in the range of space time between 0.025 and 0.062 g
h mol?, and the predominant products are butenes, which nearly remain the selectivity of 88%.
This indicates that dehydration ofb2itanol occurs readily on the acid sites of zeolite, wrsch i
evidenced by the result of reaction eb@tanol over HZSMb5(280) shown irFigure 3.18. Note
that butenes are exclusively produced over HZRRBO) with selectivity up to 96%. Only a
trace amount of other products (MEK anan2thyt1-propanol) are seein this process, which
is similar to that observed over HY(60) shownFigure 3.181. The reaction rate over HZSM
5(280) is up to 14.749 mol™gh™, which is significantly higher than dehydration of 2,3
butanediol over HZSM5(280) (0.594 mol § h). In addition, inFigure 3.18a, we can see the
selectivity of MEK over Cu/ZSMb increased slightly from 2.9% to 10.6% with the increasing
space time. This implies thatlfitanol undergoes two competitive reaction pathways, namely
dehydration and dehydrogenation, over Cu/Z25(280). Obvously, the dehydration process is
overwhelminglyfavoredover dehydrogenation.

Figure 3.1& shows the catalytic performance of Cu/Y(60) in the reactionmitanol.
Unlike the results on Cu/ZSM(280), MEK becomes the predominant product with a seigctiv
up to 89% in the range of space time between 0.025 and 0.062 g™h imditating that
dehydrogenation of -Butanol is the primary process over Cu/Y(60), which is similar to that
observed over the control catalyst Cu/SgDown inFigure 3.18. Over Q/SIO,, it is shown
that the selectivity of MEK is up to 98.5% in the space time of 0.025 to 0.062 g*h inis
reasonable that dehydrogenation is the exclusive pathway since only Cu sites play an important
role in the reaction of-Butanol over Cu/Si® However, HY(60) presents excellent activity in
dehydration of Zutanol to butenes as mentioned above. Hence, probably the precipitation of
copper blocks the acid sites of Y zeolite, which prevertsitanol getting access to the acid
sites. This coul@xplain the low activity of Cu/Y(60) toward production of butenes. However, as
shown inTable 3.2, the acidity of Cu/Y(60) (0.722 mmol/g NHis higher than that of Cu/S}O
(0.524 mmol/g NH), which indicates that most acid sites of HY(60) over Cu/Y(6Qjcatill
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play an important role in dehydration ofoRtanol. In view of the low selectivities of butenes
over Cu/(5.1) and Cu/Y(500) (shown iRable 3.3) by comparison to those of Cu/ZSH/
catalysts, we suggests that the low activity of Cu/Y(60) towaedptioduction of butenes is

probably due to the different structure of zeolite.
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3.3.7. Conversion of 2nethyl-1-propanol
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Figure 3.19. Conversion of 2methyl-1-propanol and selectivities of the main products as a
function of space time (W/FRo) over different catalysts (a) Cu/ZSM5(280), (b) HZSM-
5(280), (c) Cu/Y(60), (d) HY(60), (e) Cu/Si® Reaction conditions: feed rate of anethyl-1-
propanol, 3.0 mL/h; Hy/2-methyl-1-propanol (molar ratio), 5:1; temperature, 250°C; time
on stream=40 min. Other minor products: olefins (G-, Cs -Cg’), aromatics and other
unknown products.

91



Figure 3.19shows the conversion ofraethyl1-propanol together with the selectivities
of the main products over different catalysts as a function of space time. The total reaction rate
for 2-methyt1-propanol was considerably smaller than that-bluganol over thesame catalyst.

As shown inFigure 3.1%, the total reaction rate of-rBethytl-propanol over the catalyst
Cu/ZSM5(280) is 1.462 mol gh?, and the primary products are butenes antkthylpropanal,

which are obtained from dehydration and dehydrogenati@-methyl1-propanol, respectively.

This indicates that-EZnethyl1-propanol undergoes two main competitive reaction pathways over
the bifunctional Cu/ZSMb5(280). As seenthe selectivity of butenes is seen to increase from
70.7% to 84.7% with the incasing space time from 0.20 to 0.46 g h ThoWwhich is
accompanied by the decreasing selectivity-aiéthylpropanal from 26.5% to 10.3%. Figure

3.1%, we can see the main product oim2thyll-propanol reaction over HZSM¥(280) is
butenes, with the settivity decreased from 94.0% to 77.5% when the space time increased
from 0.20 to 0.45 g h md| which was accompanied by the conversion increased from 45.3% to
87.4%. However, the dehydrogenated produetie2hylpropanal, was almost undetected in the
products. Note that the selectivities of the minor products such as olefinsGGCg™) and
aromatics increased with increasing space time, which is because aromatization, oligomerization
and cracking reaction of butenes are very easy to take place over acid sites of zeolites as
discussed abov{l9,133 135]. Figure 3.1% displays the conversion of-r@ethyl1-propanol

over the control catalyst Cu/SiOAs seen, dehydrogenation is the exclusive reaction pathway
since only Cu sites play an important role in the reactionmethyl1-propanol over Cu/Sig)

which is similar to that of -butanol mentioned above.

In addition, similar to that observed in the reaction dfufanol, 2methy}t1-propanol
conversion over Cu/Y(60) (sdeéigure 3.1) led to quite substantial numbers of oxygenated
product 2methylpropaal between the space time from 0.31 to 1.24 g h™'msélectivity
decreased from 78.5% to 54.7%, which is accompanied by the increasing selectivity of butenes
from 6.8% to 33.0%. Likewise, as shownHRigure 3.19, butenes were seen to be the primary
products in 2methyl1-propanol reaction over HY(60) zeolite, which is similar to that observed
in 2-butanol conversion over the same zeolite. By comparison, the total reaction rate of 2
methytl-propanol over Cu/Y(60) or HY(60) is significantly smaller thhattover the catalyst
Cu/ZSM5(280) or HZSM5(280). Such a significant difference in the catalytic performance of
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Y-type and ZSMb catalysts in dehydration ofr@ethyt1-propanol as well as-Butanol further
confirm that catalyst structure plays a vitalercn dehydration of alcohols, even the conversion

of 2,3-butanediol to butenes as a whole.

3.3.8. Kinetic model for 2,3buanediol conversion to butenes and other products

A kinetic model employing Langmulinshelwood kinetics was constructed in ortte
predict 2,3butanediol chemistry over Cu/ZS®(280). The goal of this model was to predict the
trends forall species as shown iRigure 3.9, Twenty-one reactions(see Appendix C) were
included in the final mechanism in order to fit the dafable 3.7 shows the Langmuir
Hinshelwood rate laws and kinetic parameterstti@ mainreactions All the other parameters
are shown imable C.1(seeAppendix C). To obtain the kinetic parameters, the sum of squares
of the error between predicted and experiraemtolar flow rategor selectivities and conversion)
for all species was minimigeusingthe nonlinear least square regression in the Excel solver
[140,141] A comparison of the simulated and experimental conversiwh slectivities of
products is shown ifrigure 3.2Q As seen in this figure, the simulated results from-inoear
least square regression were similar to the experimental values, which were evidenced’by the R
(coefficient of determinatignof eachspecies.

Reactions wer@assumed to occur on two sites (acid and metal sites) with competitive
adsorption between all species on those sites. The kinetic measurements above guided the
selection of which reactions occurred on which sites. In addition, tie¢ikimeasurements also
provided insight into which reactions should be included in the mechanism. However, the kinetic
information in those studiesasnot used in constructing the final model. Instead, fitting the
model to the data iRigure 3.9was used

As seen irFigure 3.9, the kinetic model fits the experimental data extremely well for all
WI/Fao. This fact, along with the insight provided by the kinetic measurements described above,
allows us to infer several important features about the reactiohanen for 2,38BDO reaction
in the presence of hydrogen on medeid bifunctional catalysts.

First of all, chemistry on the metal sitessgenerally much faster than that on acid sites.
This means that the first step for BBO conversion is generally dgdrogenation to acetoin,
rather thardehydration to MEK or 2nethypropanal. This is somewhat surprising, since steady
state results for large values of \Wéfpreviously reported show little acetoin production except
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when the catalyst is deactivatifig05]. In addition, dehydration of 2.BDO to MEK is well
known to readily occur on acid sit§s6,31,34,35,105]This research shows that when copper
sites are added, those metal sites generally dominate reaction.

Once acetoin is produced, the metal sites can further dehydrogertign do prodae
2,3butanedione. Indeed, 2ifitanedione production is shownkigure 3.9 for low W/Fao and
Figure 3.11 for the reaction of acetoin over copgeEmtaining catalysts. However, under the
conditions in these experiments where high amounts of hydrogen are present, acetoin can be
hydrogenated back to 2BDO. This means that the dehydration reaction, altholah, £an
still proceed. Importantly, dehydratiarif 2,3BDO to MEK and 2methybropanal appears to be
irreversible, or nearly so, shown by the resultsFigures 3.12 and 3.14 and by the large
equilibrium constants for those two reactions reported Tiable 3.7 (for MEK,
K3p=1/0.02590438338.6atm; for 2-methylpropanal, K&, infinity). This means that as the metal
sites are catalyzing the reversible dehydrogenation eBRQ at a fast rate, the acid sites are
slowly converting 2,8BDO to dehydratiorproducts. These products increase as the reactants
flow through the catalytic bed, and are subsequently converted further to alcohols and
hydrocarbons.

Once MEK and zZnethypropanal are produced, the primary reaction pathway is to
hydrogenate them t@&butanol and2-methyt1-propano] respectively, which are then dehydrated
to form butenes. Both the hydrogenation of the ketone/aldehyde and the dehydration of the
alcohols appeato be fast reactions. Notably, the kinetics studiesHerréaction of MEK an@-
methybropanal over copper supported on ZSMand HY zeolites both showed significant
butene production even at low W-suggeshg that the dehydration of alcohols is fast.

Once butenes are produced, further reactions can still occur, lowering titnatel
selectivity to butere The next step appears to be the coupling of two molecules of butene to
form Gg hydrocarbons. As described by the Langriimshelwood model, differentpecies

can form. These can be further reacted to form smaller hythmtéiragments over acid sites.
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Table 3.7. Main reactions and kinetic parameters.

Reaction

BDO(g) %%, acetoin(g) + H (g

acetoin(g}éizzf/z 2,3-butanedione(g)$H |
BDO(g) zzlf?/z MEK(g) + H, O(g, acid site
BDO(g) }{zlzzq/z 2-methylpropanal(g) + H O(
MEK(g) + H,(g) %21;?/2 2-butanol(g

2-methylpropanal(g) + H (gé{ZIEér/z isobutangl

Reaction rate

PH2

I:)acetoin

a
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s X3

F)2,3—butanedioné3 H2

KZP
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k2£acetoin_
r =G
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s X3

a P P
kaa?BDo' %
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3P

o
k a P2—methy|propanaP H20
4 6@ BDO K
C 4p

S 2
Y
_ PZ—butanoI

C KSP

: P
k ?%) P.s _ isobutanol
6 2-methylpropanal H2 K
C 6P

S X3

Parameter value unit
ks 43.10103544 mol g* h* atm?
1/K1p 0.304384698 atmi*
ks 54.51339314 mol g* h* atm*
1/Kop 23.74627538 atmi’
ks 82.50865978 mol g* h™* atm*
1/Ksp 0.025904383 atmi*
Ka 21.98573732 mol g* h* atm*
1/K4p 0 atm*
ks 51.78992335 mol g* h™* atm?
1/Ksp 20.13260058 atm
Ke 10.50697038 mol g* h* atm?
1/Kep 0.074095963 atm
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3.4. Conclusions

The kinetic results showhat conversionof 2,3-butanediol toacetoin is a reversible
processat low space time, 2Butandiol can readilpe converedto acetoin by dehydrogenation
over Cu catalystsHowever, wth increasing space time (Wi, the formed acetoin can react
with H; to convert to 2,3utanediol, which can be further convert to MEKm2thylpropanal, 2
butanol, 2methyt1-propanol, and thebutenes as a result.

The results show that the hydrogenation and dehydrogenation reactions occur on the Cu
sites of the catalysts, while the dehydration reactions take place on the acid sites of zeolite. Once
MEK and 2methypropanal are produced, thdrpary reaction pathway is to hydrogenate them
to 2-butanol and2-methyt1-propano] respectively, which arédén dehydrated to form butenes
immediately since ehydration process is overwhelmingly favored over dehydrogenatidn

hydrogenation
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Chapter4-Mesoporous cat al ys tbsutfaonre dcioonlv

but enes

4.1. Introduction

Over the past few decades, the renewable-bbged chemicals have attracted
considerable attention due to the threat of petroleum deplgtiéh 2,3-butanediol(2,3-BDO)
has significant potential as a platform chemical for production of renewable fuels and chemicals
since it can be produced with high productivity via fermentgi$h0,12,14,22jand provides a
C, building block for further synthesi§ome researchers have investigatetlydration of 2,3
butanediol to 1,3utanediene and methyl ethyl ketone (MEK) over thfi§, scandium oxide
[38], alumina[37], phosphate catalysts (BP, AIP, TiP, ZrP and NJBR] and HZSM5 [34].
The obtained product }3utadiene can then be dimerized to produce the aromatic intermediate
styrene (DielsAlder reaction)[18], while MEK is widely used as liquid fuel additive or organic
solvent as well as a precursor for MEK perox[dé,143,144] More recently, the group of Dr.
Alexis T. Bell developed novel pathways to catalyze the biomessal methyl ketones
(including MEK) to produce G-Cys hydrocarbons, which can serve as potential jet fuels (C
C.1) and synthetic lubricants §¢.), by self and crossondensation reactions over base catalyst
Mg-Al-O or acid catalyst Ni©Ds [127,128] Harvey et al. developed a pathway to selectively
convert 2,3butanediolby acid catalyst Amberlystl5 to acomplex mixture of zthyl2 4,5
trimethyt1,3-dioxolanes and 4;8imethyt2-isopropyl dioxolaneswhich can be used as a
gasolinerange fuel and diesel oxygenate due to anlarmdck index of 90.5, high combustion
value, low solubity in water and full miscibility with both gasoline and diesel f{&8]. Our
previous work has shown th&ifunctional catalystCu/ZSM5 can convert 2;Butanediol to
butena with high selecitivty (~70%)105], herein,in this studywe will expandon these results
by utilizing mesoporous catalysits 2,3-butanediol conversion to butesne

Well-ordered mesoporous siliceous materials have received considerable attention as
heterogeneous solid catalysts since the discaovktliye novel family of molecular sieves called
M41S, especially MCMA1 (space groupémn) and MCM48 (space groupa3d), due to high

surface area, large pore sizes and pore volumes, allowing facile diffusion of large reactants and
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products[145i 149]. MCM-41 silica possesses cedenensional ordered aga of hexagonal
channels with uniform mesopore size in the range-b® 2am[145,146] However, MCM48 is

more attractive than MCM1 for potential applications in catalysis due to its titeeensional
interconnected cubic network, which is more favorable for mass transfer kinetics in contrast to
that of the hexgonal MCM41 material with a ondimensional channel system prone to
diffusion limitations and pore blockage, even though it is more difficult to synthd<i8e150].
Schumacher et al. developed a novethrod to prepare MCM8 and metaincorporated MCM

48 materials at room temperature, which made it possible to synthesize this kind of material in an
easy and fast wgy151,152]

Another family of highly ordered mesoporous sHlzased materials were synthesized by
nonionic triblock copolymers (such as ERPO,;EO,q) as poredirect agent in strong acid media,
among whichSBA-15 was the most popular orjé53,154] SBA-15 has highly ordered
hexagonal arrays of mesopores withD1channels, indicating a-R hexagonal gémm)
mesostructurg¢l53i 155] and higher hydrothermal stability than MGAM. and MCM48 due to
the thicker pore walls (316.4 nm) [153,154] However, since it is difficult to introduce
heteroatoms (such as Al) to the mesoporous structure of1SBBy fidirectsynthesié under
strongly acidic conditions, Wu et al. developed a novel method tihessine the heteroatom
substitutedSBA-15 by thefipH-a d j u srtethad tp dmprove the efficieng¥55].

More recently, increasing attention has been attracted to zeolite with-mésapore
hierarchical porosity due to the efficient maissport property because the hierarchical zeolite
could overcome the diffusion limitations dfie¢ microporeq156i 162]. The simplest way to
introduce mesopores to zeolite is desilication of the zeolite by alkali treatment, leading to an
interconnected network of micropores and mesopores. As reportedathework aluminium
would control the process of framework silicon extract[@62], and the mesopore size is
controllable by variation of time and temperature of the alkaline treatment and even alkali
concentration158,163,164] Desilicated zeolites have been investigated in several reactions,
including FischefTropsch reaction, 1,3;&iisopropylbenzene cracking, aromatization and
isomerization of dhexene, methanol to ydrocarbons and propanal conversion
[79,157,158,164,165]

In this study, thredifferent types of mesoporous materials-MCM-48, Al-SBA-15
andmesoporougSM-5) were loaded with ~20wt% CuO andted in the conversion of 2,3
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butanediol to buterseOur purpose is to investigate the pore size effect on the conversion of 2,3

butanediol to butenes.

4.2. Experimental

4.2.1. Synthesis

All Al -MCM-48 materials were prepared by a room temperature systheseported in
the literature[151,152] Tetraethoxysilang TEOS, 99.9%, Fisher Scientific) and aluminum
isopropxide (>98.0%, Fisher Scientific) were used as Si and Al sourespgctively and
hexadecyltrimethylammonium bromide (CTAB, >99%, Fisher Scientific) was used as the
template.Typically, a2.4 g aliquot of CTAB (6.6 mmol) and different amount of aluminum
isopropoxide(in order to obtain SigAl,O3; molar raties of 23, 50, 100 and 20@yere dissolved
in 100 g of deionized water and 5Qraf ethanol (100%, 200 proof, USP, 0.87 mol), and 12 mL
of aqueous ammonia (30wt%, certified ACS Plus, 0.20 mol) was added to the surfactant solution.
The solution was then stirred (450 rpm) until Al precursor and the template were dissolved and
3.4 g of TEOS (16 mmol) was added at one time. After stirrin® forat room temperature, the
obtained solid was recovered by filtration, washed with deionized water, and dried in air at
ambient temperature. The template was removed by calcination 4C5&Cair for 6 hwith a
heating rateof 1 °C/min. The obtained aminosilicate materialare designatecas AFMCM-
48(n), where n stands for SiAl,0; ratio. The reference sample MCAB was prepared by the
same method without addiaduminum isopropoxide

Al-SBA-15 materials were synthesizég using the pkadjusting méod [155]. TEOS
and aluminum isopropoxideere usedas Si and Al sources, resgigely, and nonionic triblock
copolymer surfactant Pluronic P12B@,PO;,0EO,o, where EO= ethylene oxide, PO= propylene
oxide; molecular weight of 5800; BASF Corpuas utilizedasatemplate. Typically4 g of P123
was dissolved in 125 mof HCI solution(2M). Next, 8.5g of TEOS andherequired amount of
aluminum isopropoxide (based on thesiredSiO./Al ;03 molar ratio of 23, 50, 100 or 20@)ere
added, andhe resultingmixture was continuously stirred 40 °C for 24 hand subsequently
hydrothermally treated without stirring at 180D for an additional 48 h and then cooled down to

room temperature. The pH was adjusted up to 7.5 by adding aqueous ar{80otia, certified
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ACS Plus dropwise at room temperature and tieainedmixture was finally aged again at 100
°C for another48 h. The solid was recovered by filtration, washed witfonized water, and
dried in air at ambient temperatufidhe template was removed bglcination at 556C in air for

6 hwith aheating ateof 1 °C/min. The finalaluminosilicate materialare denoted as ABA-
15(n), where n stands for the SI8I,0; ratio in the initial gel.The controlsampleSBA-15 was
prepared by the same method without addiligninum isopropoxide

The mesoporous ZSM was prepared by a simple alkaline treatment method reported in
the literature34,4438,4043]. 6.6 g of parent ZSAb zeolite was vigorously stirred in 200 mL
of NaOH solution (0.2 M) at a temperature of @for 30 min. The slurry was then quenched
immediately, using an iewater bath. The resultant solid was recovered by filtration, fully
washedwith deionized water until a neutrgH and finally dried at 108C overnight After this
step, the Horm zeolite was obtained by three consecutivedrchanges of the alkalisteeated
sample with 1 M NHNO;3 solution (10 mL/g) at 86C for 3 h followed by calcination in air at
550 °C for 5 h.The obtained sample was named as RESMNI-5(n), where n stands for the
SiO,/Al,O3 ratio of parent zeolite.

The copper catalysts were prepared by an ammonia evaporation hydrothermal (AEH)
method as reporte@reviowsly [64i 66]. To load 20wt% of CuO on the catalysts6 g of
Cu(NGs)2-3H,0 (99%, Fisher scientificjvas dissolved im0 mL of deionized wateat room
temperature, followed by adding ammonia hydroxide3@&1t%, Fisher Scientific) until the pH
reached 9.1 to form dark blue cupric ammine complex [Cu(NH20),]**. Next, water was
added to mak&80 mL of a copperammonia complex solutiod0 g of the mesoporous matergl
describedabovewas added to the solution and then the container was capped to avoid the
evaporation of ammonia and stirred fh at room temperature. After that, the container was
transferred to an oil batpreheatedat 80 °C to allow for the evaporation of ammonia and the
decrease of pkvhich led to thedeposition of copper. When the pH of the suspension decreased
to 67 or the liquid turnedcolorless, the evaporation process was terminated. The solid was
recovered by filtratin, washed, dried at10°C, and calcined in air &50°C for 4 h Finally, the
calcined catalyst was pelletized, crushed and sieved -8040esh.The content of CuO was
determined byhe inductively coupled plasma (ICP) methdthe copper catalysts wenamed:
Cu/Al-MCM-48(n), Cu/AISBA-15(n) and Cu/mesdSM-5(n), wheren is the SiQ/Al,Os ratio.
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4.2.2. Catalyst characterization

BET surface area and porosity of catalysts weeasuredisingnitrogenphysisorptiorat
-196°C on a Quantachrome Autosorb apparatusand analyzed with Autosorb software
Before measurement, the samples were evacuaté®) &€ 3or 4 h.The reducibilityand heacid
propertyof the calcined catalystsere determined by temperature programmed reduction (H
TPR) and temperaturgprogrammed desorption of ammonia (NHPD), respectively,both of
which was carried ouin an Altamira AMF200 systemequippedwith a thermal conductivity
detector.The metallic copper surface araad dispersiorwere measured bglissociativeN,O
decompoiion method at 99C using the same systemtds TPR and NH-TPD. Powder Xray
diffraction (XRD) patterns of the samples were recorded UuRiggku Miniflex Il desktop xray
diffractometer Scans of two theta angles wearbtainedfrom 5° to 90 for all catalysts with a
step size of 02 andscan speed of 0.76nin. The XPS analysis of the catalyst wasried out
on aPerkinElmer PHI 5400 usingchromatic Al KJ radiation (1486.60 eV)and the binding
energy (BE) value was referenced to the @dak of contaminant carbon at 284.6 eV to correct
for the charging on the substrate. The detailed procedure of all characterizations above were
reported in the previous stuf05].

For themeasurememf SAXS (small angle Xay scattering) of mesoporous materials, a
Rigaku threepinhole SMAX3000 SAXS camera was used with a microfocus OuK ( =1 . 5 4
A) sealedtube source.Samples were encapsulated between two pieces of polyimideTape.
size of the bea at the sample was04 mm. Pixekto-angleconversion was determined via
scattering from a silver behenate sample.

Solid-state >’Al magicangle spinning (MA$ NMR (nuclear magnetic resonance)
measurement has been performed to analyze the effective incorporation of aluminum into the
structure of the mesoporous aluminosilicate material. Typicghgrcximately 100 mg of each
mesoporous aluminosilicate sampleswzacked into a 4 mm ZgQotor with KelF drive cap
(Wilmad Labglass). The packed rotor was inserted into a Bruker AVIll 400 MHz-stalie
NMR spectrometer with a Bruker HX MAS probe. MAS angle was set using rotor packed with
KBr. 27Al NMR acquisition parameters and chemishift referencing calibrated using 2813
standard. Mesoporous aluminosilicate samples were spun at the magic angle at a spin rate equal
to 12 kHz. 1D 27Al MAS spectra were recorded with the following acquisition parameters:

excitation pulse power, 192Hg; offset, 0 ppm; sweep width, 400 ppm; acquisition time (aq),
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~25 ms; interscan delay, 500 ms; total experiment time, ~10 minutes. To process the data, the
raw FID was zero filled to 4k real data points, Foutiansformed without apodization and the
resulting spectrum phase correctedtf@absorptive Lorentzian line shape.

For transmission electron microscopy (TEhaging, a small amount of the support was
dispersed in ethanol with a 30 min sonication. A drop of the homogeneous suspension was
depos#ted on a lacey carbon TEM grid and examined by TEM using an FEI Talos TEM at 160
and 200 KV Morphology of mes&ZSM-5 was characterizedusing field emission scamy
electron microscopy (FESEMand the content of Al was obtained from energy dispersive

spectroscopy (EDS) detector.

4.2.3. Catalytic reaction

The catalytic reactions were performed in a continuous flow fbexti reactor made of
stainless steel (id=8 mm) under atmospheric pressure. Prior to reaction, the catalyst sample was
reduced in the regar in the H/N; flow (flow rate ofH,/N»=1/5) at300°C for 2 h. The Hflow
of 24 cni/min (standard ambient temperature and pressure, SAmn&)the N flow of 120
cm’/min (SATP) were controlled with masow controllers (Brooks)2,3-butanediolwas fed
via a micropumgEldex 1SMP)at 3 mL/h together with aHlow of 67.2 cni/min (SATP)and
N, flow of 15.4 cni/min (SATP). The reaction temperatureas setat 250°C according to the
previous repor{105]. Product compositions wemrnalyzedby an online gas chromatograph
(SRI 8610C) equipped withnaMXT-1 column (nonpolar phase, 60m, ID 0.25 mm, film
thickness 0.25um), TCD andFID detectos for the analysis of hydrocarbons and oxygenated
chemicals, and quantified by injecting calibration standardee&C system. The temperature
of the tubing from the bottom of the reactor to the inlet of GC was aiaétt at 230C to avoid
the condensation of liquid products. The detailed procesudescribed irthe earlier report
[105]. To confirm the identification of products, @@S analyses were also carried out by using
an Agilent 7890A GC systemquippedwith an Agilent 5975C MS detector and HRcapillary
column.The carbon selectivity and conversion were catedlan the following methods.

Carbon selectivity = Moles of carbon in specific product, 100¢

Total carbon atoms in identified prodsict
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(moles of 2,3-BDQ) - (moles of 2,3-BDQ)

Conversion = 3 1009
(moles of 2,3-BDQ)

The carborbalance were maintained above 90% for all runs in this paper.

4.3. Results andliscussion

4.3.1. Characterization of catalysts

4.3.1.1. Xray diffraction
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Figure 4.1. (A) Small-angle and (B) wideangle XRD patterns of calcined mesoporous
materials (a)Al-MCM -48(23), (b)AFMCM -48(50), (c)A-MCM -48(100), (d)AHMCM -
48(200), (e) purely siliceous MCIw48.
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Figure 4.2. (A) Small-angle and (B) wideangle XRD patterns of calcined Cu/AIMCM -48

catalystswith different SiO /Al ;O3 ratios.

Figure 4.1A shows the smalingle XRD patterns of the calcined MCA8 and Ak

MCM-48 mesoporous materials with different Si81,0; ratios. The patterns exhibit typical
diffraction peaks indexed as (211), (220) and (332) corresponding ta3ithepace group (cubic
pore structuré [148,151,168,169]The (220) reflection was found to exist ashoulder peak

rather than a distinct peakhe repetition distance of the pores (d spacing) was obtained by the

Braggbs Law using

t he

posi ti oTablealfl). The2ldttite

parametem of the cubic unit cell was obtained bthe formulaa = dng (h?+K2+?)Y? [149,170]

The pore wall thickness was calculatedarding to the formul&)= (a/3.092)z(D/2), whereD is
the pore diameter fromNdsorptiordesorption (shown imable 4.1) [52,149,170]

As shown, the (211) and (220) peaks shifted to a slightly higfiangle from 2.67to
2.94° and 2.768 to 3.16, respectively, after the introduction of Al as compared to the purely

di f f

siliceous MCM-48. In adlition, the intensity of (211) peak was observed to decrease with

increasing content of Al, namely, the decreasing,&iR0; ratio from 200 to 23. The peak of

(332) was seen to disappear after the introduction of Al. All these facts indicate that the

subgitution of Si by Al leads to the deterioration of the ordered pore structures and the

contraction of the unit cell169]. As shown inTable 4.1, the lattice parametea decreased

slightly from 8.1 nm for purelsiliceousMCM-48 to 7.9 nm or aluminosilicate MCM48.
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Figure 4.1B shows the widangle XRD patterns of calcined -MCM-48. As seen, the broad
diffraction peak at & of 22° was exhibited, which was the characteristic of amorphous silica
since the pore wall of MCM8 was amorphou$5,147,169,171]

Figure 4.2A shows the smathngle XRD patterns of calcined Cu/MCM-48 catalysts.
As seen, no peaks were observed in the low angle regresumably resulting fronthe
deposition of Cu in the esopores, destroying the ordered pore structures as a resalividas
diffraction peaks corresponding to CuO can be seen in theamigle XRDpatternsshown in

Figure 4.2B, indicating that all copper species were well dispersed on the support.
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Figure 4.3. (A) Small-angle and (B) wideangle XRD patterns of calcinednesoporous
materials (a)purely siliceous SBAL5, (b)Al-SBA-15(23), (c) AISBA-15(50), (d) AFSBA-
15(100), (e) AISBA-15(200).
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Figure 4.4. (A) Small-angle and (B) wideangle XRD patterns of calcined Cu/AISBA-15
catalysts with different Al contents: (a) Cu/SBA15, (b) Cu/ASBA-15(23), (c) Cu/AtSBA-
15(50), (d) Cu/AFSBA-15(100), (e) Cu/AISBA-15(200).

The smallangle powder XRD patterns of calcined SBBand AFSBA-15 mesoporous
materials with different Si@Al,O3 ratiosare shown irFigure 4.3A. It is shown thathe XRD
patterns with thregypical diffraction peaks aapproximately 8=0.9, 1.5’ and 1.8 are observed
for all samples, which can be indexed 490, (110) and 200 reflection, respectively,
corresponding t@D hexagonal mesostructured wgbmmspace groul53i 155]. Unlike the
mesoporous AMCM-48, the peak intensity of AABA-15 with different Al congnts is similar,
which is because the patljusting method allows a large amount of Al to be incorporated while
retaining a highly ordereahesostructurefll55]. The dspacing was obtainedbyh e Br aggdés L

using the position ofl00) diffraction peak (shown ifable 4.2). The lattice parametex of the
hexagonalunit cell was obtainedy the formulaa:Zdloolxﬁ% [154,172176], where digo

represents the-gpacing value of (100) diffraction peak of XRDhe pore wall thickness was
calculated according to éhformulaU= a1 D, wherea is the unit cell and represents the pore

diameter from N adsorptiondesorption (shown imable 4.2) [154,175177]. As shown in

Table 4.2, the digo Spacing and the unit cell parametay) Of all the obtained ABEBA-15

materials are larger than the ones of pioeely siliceousSBA-15 (d100=9.2 nm,a =10.7 nm),

which is caused by t Rethah ther$0Ochond AI6OAD[156,b78]d ( 1. 7
However, thed;oo spacing and the unit cell parametay ¢f Al-SBA-15 material with the highest
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content of Al (SiQ/AI,03=23) in this paper is 9.7 nand 11.2 nm, respectively, both of which
are smaller than the ones of the otheiSBIA-15 materials with Si@dAl,O3 ratios of 50, 100 and
200 (shown inrable 4.2), which is in accordance to the repd(t§5,173]

Figure 4.4A shows the smafthingle XRD patterns of calcined GQBA-15 and Cu/Al
SBA-15 catalystsvith different SiQ/Al,O; ratios.Compared with the parent supports, it is noted
that Cu/(Al}SBA-15 catalysts show much weakeko, intensity, indicating the partial
destruction of the ordered pore structure of SEAafter introduction of Cu. It is probably due to
the dissolutia of Si when the Cu/(AIBBA-15 catalysts were prepared by ammonia evaporation
hydrothermal (AEH) method in this paper, which is similar to the reports that the catalysts were
prepared by the homogeneous deposition precipitation (HDP) mgthd.79] In addition, o
diffraction peaks corresponding to CuO can be seen in theamgle XRDpatternsshown in
Figure 4.4B, indicating that all copper species were well dispersed on the support.

Intensity (a.u.)

10 20 30 40 50 60 70 80
2q (degree)

Figure 4.5. XRD patterns of meseZSM-5 and Cu/meseZSM-5 catalysts. (a)HZSM5(280),
(b)meseHZSM-5(280), (c)Cu/mes&ZSM-5(280), (d)HZSM-5(50),(e)meseZSM-5(50),
(HCu/meseZSM-5(50), (g)CuO.
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XRD was carried out to investigate the possible structural changes in atkahted
ZSM-5 zeolites.Figure 4.5 shows the XRD patterns of the original ZSMmeseZSM-5 and
the corresponding Cu/me&®M-5 catalysts. As shown, although a slight decrease in the
intensity of the main peaks was noticed on the zeolitesalialine treatmentoy comparison to
the original ZSM5 zeolites, all the characteristic peaks of ZSMere observed on meZsM-
5(50) and meseZSM-5(280), indicating that alkatreated ZSM5 zeolites maintain the
crystallinity. The decrease of the peak intensity is due topdréial desilicationfrom the
framework without complete destruction of the lat{it&7], which is evidaced by the preserved
microporosity in the alkalinereated ZSM5 zeolites as measured with Adsorptiordesorption
(shown later).

In addition, two characteristic peaks related to CuO (3and 38.58) were only
observed on Cu/mestSM-5(50), indicatingthat the bulk CuO existed on the alkalneated
ZSM-5(50). As shown inTable 4.3, the partial desilication of ZSN§(50) resulted in theslight
increase of the acidity, which increased frév46 to 0.774mmol NHs/g., after alkaline
treatment.Sano et k investigated the effect of the framework aluminum on the dissolution
process of ZSMb zeolite and found out that the dissolution rate was dependent largely upon the
amount of Al on the framework of the zeol[tE80]. Groen et alreportedthatthe tetrahedrally
coordinated Al on the zeolite can regulate the process of Si dissociation and the formation of
mesopores, which is because the negatively charged’ Ai@rahedral could hinder the
hydrolysis of the SD-Al bond in the presence of alkaline (QHin comparison with the
relatively easy cleavage of the-SiSi bond without the presence of neighbouring242]. In
other words, Al is more difficult to extract by alkalinityan Si in the framework of the zeolite.
Consequently, zeolite ZSM normally shows a lower SHAI,0; ratio after alkaline treatment
(partial desilication) compared to the original zeolite, which is evidenced by the EDS oésult
HZSM-5(280) and mes@SM-5(280) (shown inTable D.1): the SiQ/Al, O3 ratio decreased
from 284.8 to 186 after alkaline treatmenertde, the partial desilication of ZSM50) probably
results in a higher content of Al (lower Si@I,0;3 ratio) in part of the structure, leading toet
existence of bulk CuO on the me&8M-5(50), which is similar to the catalyst Cu/ZSL3) in
our previous report since low SiAI,03 (or high acidity) is not favorable for the dispersion of
Cu[105].
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4.3.1.2. H-TPR
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Figure 4.6. H,-TPR profiles of the calcined (A) Cu/AFMCM -48 with various Al contents;
(B) Cu/Al-SBA-15 with various Al contents; (C) Cu/meseZSM-5(50) and Cu/meseZSM-

5(280).

In order to investigate the reducibility of Cu on the mesoporous suppofiRRI was
performed.Figure 4.6 shows the RHTPR profiles of copper loaded on various mesoporous
supports. As shown, all catalysts except Cu/rESM-5(50) showed a sharp reduction peak at
low temperature region (around 2207 °C), which is assigned to the well dispersed CunQhe
supports, and a small but broad reduction peak at aroundGO#hich is ascribed to the
reduction of bulk CuO according to our previous w¢ik5]. Li et al. suggested that the
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reduction peak at low temperature was ascribable to the collective contribution of the reduction
of copper phyllosilicateand weltdispersed CuO spec[@81]. By comparison, the latter
reduction peak is considerably smaller than the former one, indicating thatomtist Cu
species are well dispersed on the surface and the amount of bulk CuO is negligible, which is in
accordance with the XRD results sina@ obvious diffraction peaks corresponding to CuO can

be observed in the wieengle XRDpatterns As seen, apaftom the sharp reduction peak at low
temperature (228C), Cu/meseZSM-5(50) displayed an additional shoulder reduction peak at
238°C. Since thecharacteristic peaks related to CuO (8%and 38.58 were observed on
Cu/meseZSM-5(50) as discussed aboveye suggested that this shoulder peak should be

assigned to the reduction of the bulk CuO.

4.3.1.3. N adsorption
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Figure 4.7. Nitrogen adsorption-desorption isotherm and the poresize distributions for
calcined MCM-48 and AFMCM -48 with different SiO,/Al,0a.
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The N, adsorptiordesorption isotherms at96°C for all calcined aluminosilicate MCM
48 (and siliceous MCMI8) are shown irFigure 4.7. The textural properties of the prepdre
MCM-48 catalystare shown inTable 4.1. As seen irFigure 4.7, all samples exhibit a typical
reversible type IV adsorption isotherm as defined by IUPAB2]. No hysteresis appears
between the adsorption branch and the desorption brAhcélative pressures, R/Between 0.2
and 0.35, a sharp increase duecéapillary condensation within the uniform mesopores was
observed on siliceous MCM8, which is characteristic of the cubic MGA8 mesoporous
materials. The sharpness of the capillary condensation step reflects the uniform pore size in the
material[149,183] As seen, these steps of all the aluminosilicate M48Vare not as sharp as
the siliceous MCM48, indicating that mesoporegth smaller size exist on the aluminosilicate

MCM-48 materials, which is evidenced by theresizedistributionsshown inFigure 4.8.
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Figure 4.8. Pore size distributions of calcined mesoporous materials obtained from nitrogen
adsorption branch of the isotherm using (A) BJH method, (B) NLDFT method. (a) MCM
48, (b)Al-MCM -48(23), (c) AtMCM -48(50), (d) AFMCM -48(100), (e) AIMCM -48(200).

Figure 4.8 showsthe pore size distribution of MCM8 and aluminosilicate MCMS8.
The most commonly used methods d@terminatiorof pore size distribution include the Barret
Joyne-Halenda (BJH) method and Horveatlawazoe (HK) methods. The BJH method is based

on the Kelvin equation for the hemispherical meniscus, is widely used for pore size distribution
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over the mesopores and part of the macropore rg8#y85], while the HK method is for slit

shaped pores[186]. However, the accuracy of these hwts are limited, especially in the
nanometer range of pore sizes, typical for M41S (MEM MCM-48, MCM-50, et al.) and

other nanoporous materigls49,187 189]. Hence, a new model based on the nonlocal density
functional thery (NLDFT) method was developed and widely used for the adsorption and
capillary condensation in cylindrical porfs49,190 192], which could provide more accurate
estimation of the porous structure in mesoporous materials. For comparison, the pore size
distributions werecalculatedfrom the adsorption branch of the isotherm by usidgl Bnethod

and NLDFT method for all mesoporous materials (Sgere 4.8 andTable 4.1).

As shownin Figure 4.8, all [Al]-MCM-48 materials exhibit a remarkably narrow pore
size distribution with a pore size of about-2.8 nm and 3.3.5 nm (sedable 4.1), from BJH
method and NLDFT method, respectively. It should be noted that the pore sizes of the
aluminosilicate MCM48 materials are smaller than the siliceous M@&8/calculated byach

method which is probably due to the contraction of the unit ceflissussed above.
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Figure 4.9. Pore size distributions of calcined cpper catalysts obtained from nitrogen
adsorption branch of the isotherm using (A) BJH method, (B) NLDFT method. (a)
Cu/MCM -48, (b) Cu/AFMCM -48(23), (c) Cu/AIMCM -48(50), (d) Cu/AIMCM -48(100), (e)
Cu/Al-MCM -48(200Q.
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Figure 4.9 shows thepore size distribution of Cu/MCM8 and Cu/AIMCM-48(n)
catalysts calculated by both BJH and NLDFT methddsshown, all Cu catalysts exhibited a
broaderpore size distributiorompared to the initial mesoporous suppairtgicating that the
pores with na-uniform size existed on the surface of the {MCM-48 supportgshown in
Table 3.1Dgjnis from the mean pore diametemhich probably resulted from the deposition of
Cu in the mesopores, destroying the ordered pore structures as a result. Tip®dsagreement
with the XRD results shown iRigure 4.2.

The BET surface area wasilculatedfrom the linear part of BET plot in the relative
pressure range of 0.4b3. By comparison, the surface area was also calculated from NLDFT
method.As seen inTable 4.1, the siliceous MCM48 has high surface area, which is 1305 and
1007 nf/g, from BJH and NLDFT, respectively, and large pore volume (up to*lggiitom
both methods. In addition, a decrease in surface area and pore volume was observed after
introducton of Al in the materials. Modification of the mesoporous materials (MAB\vand Al
MCM-48) with copper resulted in a significant loss of their initial surface area and total pore

volume (sedable 4.1).
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Table 4.1. Textural properties of the prepared MCM-48 catalysts.

Surface area Pore diameter Pore volume

Sample Loadind' b c B c B — Ot a® J
(%) SBZET SDZFT Desv Dorr Vto:t?’al VDI;T (m)  (nm) (nm)
(m“g) (m%g) (nm)  (nm) (cm’/g) (cm’/g)
MCM-48 1 1305 1007 3.2 3.5 1.028 0.962 3.3 8.1 09
Al-MCM-48(23) 1 1050 776 3.1 3.2 0.806 0.728 3.2 7.9 1.0
Al-MCM-48(50) 1 1226 871 2.9 3.2 0.893 0.8 3.2 7.9 1.0
Al-MCM-48(100) 1 1120 826 29 3.2 0.800 0.726 3.2 7.9 09
Al-MCM-48(200) 1 1221 879 2.9 3.2 0.892 0.815 3.2 7.9 1.0
CuO/MCM-48 20.5 363 304 2.8 4.3 0.709 0.665 1 T 1
CuO/Al-MCM-48(23) 22.3 351 298 2.9 4.3 0.696 0.635 1 T 1
CuO/Al-MCM-48(50) 22.1 338 277 2.8 4.1 0.588 0.532 1 T 1
CuO/Al-MCM-48(100) 19.4 322 263 2.8 4.3 0.683 0.619 1 T 1
CuO/Al-MCM-48(200) 19.0 298 253 2.8 4.3 0.652 0.598 1 T 1

@ Copper loading (CuO) was measured by ICP method.

®The BrunaueEmmettTeller (BET) area%er) was calculated from the linear part of BET plot in the relative presange of 0.09.3. Pore diameteDg;)

was calculatedrom adsorption branch of the isotheusing the BJH methodPore volume V) is the total pore volume at relative pressure of 0.995.

¢ Surface areaSer), pore diameterQper) and pore volumeMper) were obtained by DFT method using the kernel of NLDFT equilibrium capillary
condensation isotherm of,/dt-196°C on silica.

4 d,,, spacing is the interplanar spacing, obtained by Esbgw.

® | attice parameter of thenit cell () wascalculatedas 6°d,;;.

" The wall thickness{ =(a/3.092)(Dper/2).
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Figure 4.10. Nitrogen adsorption-desorption isotherm and the pore size distributions for
calcined SBA15 and AFSBA-15 with different SiOo/Al,Ox.

The N, adsorptiordesorption isotherms a196 °C for all calcined aluminosilicate Al
SBA-15 materials together with purely siliceous SB3 are shown ifrigure 4.10 and the pore
size distribution was calculated by applying the BJH method and the NLDFT method from the
adsorption branch of the isotherm (deigure 4.11). The textural properties are reported in
Table 4.2.

As shown inFigure 4.10, all materials presenypical type IV isotherms as defined by
IUPAC [182] and displayed a broad H{pe hysteresis loop, indicating the presence of uniform
cylindrical mesopores, which is evidenced by the results showrrignre 4.11 that all
mesoporous materials display a relatively narrow pore size distributiigure 4.10, siliceous
SBA-15 exhibts a capillary condensation step at relative pressurer&iging from 0.5 to 0.7,
which is accompanied by the pore size at around 7.3 nm and 7.0 nm calculated from BJH and
NLDFT method, respectively (shown figure 4.11). The surface area is around 886g™, the

total pore volume is approximately 0.9 twi', and the micropore volume is 0.102 g,
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which is calculated by thegiot method. The micropore includes the intrawall pores within the
silica matrix and the surface pores as &80]. As shown inFigure 4.10, it is noted that the
starting point of hysteresis shifts to the higheryflicating an increase of pore size compared
to siliceous SBA15 for all aluminosilicate SBAS5 materials, which is evidenced by the pore
size distribution shown ifigure 4.11 and data shown ifable 4.2. It is in accordance with the
unit cell expansion (shown ifable 4.2) when Al is incorporated into the framework of siliceous
SBA-15 due to the longer AD bond (1.758) [155,175] In addition, a significant decrease of
surfacearea and micrope volume was observed on all aluminosilicate SEA materials
compared to the siliceous SBIS (seeTable 4.2), which is dueto the incorporation of Al
species into the pore wall and the micropores as[véll]. Bhange et al. suggested that location
of Al in the channels of SBAS5 could be divided into two partsne is in the pore walls of SBA
15, where S ions aresubstituted byAl** ions and theotheris in the fimicroporous cororia
region, where the silanol groups interact witf{"Aluring preparation proce§k74]. With regard
to the corona region, Ingoor-Clerc et al. suggested that it is from the partial embedding of the
PEO chains of the surfactant (P123) in the silica matrix, and it can turn to micropores upon
calcination [193]. Moreover, the increase of total pore volume was observed bn al
aluminosilicate SBAL5 in contrast to the siliceous SB&, which is probably due to the longer
Al-O bond (1.753) than the SO bond (1.608) when Al is incorporated into the framework of
siliceous SBA15. Furthermore, it is seen that SBA and all AISBA-15 materials (se@able
4.2) have thicker walls than those of MGAB and AAIMCM-48 materials (about 1 nm, see
Table 4.1), which could make them more thermally and hydrothermally stable as a[t9dt

Figure 4.12 shows the pore size distribution of Cu/SBA and Cu/AISBA-15(n)
catalysts calculated by both BJH and NLDFT methods. As shown, all Cu catalysts exhibited a
broaderpore size distribution compared to the parent mesoporous supports, which is similar to
copper loaded MCMI8 type catalystsHgure 4.9), indicating that the pores with namiform
size existed on the surface ©fifAl] -SBA-15 catalyss (se€Table 4.2). In addition,a decrease
surface area and pore volume was observed after introduction of copper compared to the parent
mesoporous AEBA-15 materials (se@able 4.2). All of these mentioned above are probably
dueto the dissolution of the silica pore wall the mesoporous materials for the formation of
copper phyllosilicat¢178]. It was reported that the appearance of the pores with the size around

3 nm was attributed to the presence of copper phyllosilicate Hgpge 4.12A, pore size
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distribution from BJH method]178]. Furthermore, itis noted that théntroduction of copper
leads to the disappearance of the micropores on Cu/ffB#nd all Cu/AISBA-15(n) catalysts,

which is obviously due to the deposition of CuO blogkiine micropores on the wall.
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Figure 4.11. Pore size distributions of calcined mesoporous materials obtained from
nitrogen adsorption branch of the isotherm using (A) BJH method, (B) NLDFT method. (a)
SBA-15, (b) AFSBA-15(23), (c) AISBA-15(50), (d) AFSBA-15(100), (e) AISBA-15(200).
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Figure 4.12. Pore size distributions of calcined copper catalysts obtained from nitrogen
adsorption branch of the isotherm using (A) BJH method, (B) NLDFT method. (a)
Cu/SBA-15, (b) Cu/AFSBA-15(23), (c) Cu/AlSBA-15(50), (d) Cu/AlSBA-15(100), (e)
Cu/Al-SBA-15(200Q.
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Figure 4.13. Nitrogen adsorption-desorption isotherms for calcined zeolites (a) HZSM
5(280) (b) HZSM-5(50), (c) meseHZSM-5(280) and (d) mesdHZSM-5(50).
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Table 4.2. Textural properties of the prepared SBA15 catalysts

Sample . Surface area Pore diameter  Pore volume e f

Loadlngi b C b C b C d leO a @

(%) SBEZT SDFZT Desv Dorr Vtota:j! VDF'g Vmicgo (m)  (hm)  (hm)

(m7g) (m“g) (hm)  (nm) (cm’g) (cm’g) (cm7g)

SBA-15 T 802 790 7.3 7.0 0.935 0.864 0.102 9.2 10.7 3.7
Al-SBA-15(23) T 422 361 7.5 7.0 1.170 0.951 0.004 9.7 11.2 42
Al-SBA-15(50) T 455 419 100 9.1 1.308 1.217 0.037 10.2 11.8 2.7
Al-SBA-15(100) T 526 514 11.1 95 1.505 1.443 0.041 10.0 11.6 21
Al-SBA-15(200) T 521 493 109 94 1.340 1.29 0.050 10.2 11.8 24
CuO/SBA15 21.2 439 386 8.9 6.8 1.001 0922 O T T T
CuO/AI-SBA-15(23) 20.7 347 302 76 6.8 0.666 0.6 0 T T T
CuO/AI-SBA-15(50) 18.2 446 395 8.6 76 0.961 0.9 0 T T T
CuO/AI-SBA-15(100) 19.8 A77 430 9.1 7.0 1.082 1.028 O T T T
CuO/AI-SBA-15(200) 20.9 440 396 95 105 1.043 0989 O T T T

@Copper loading (CuO) was measured by ICP method.

®The BrunaueEmmettTeller (BET) area%ser) was calculated from the linear part of BET plot in the relative pressure range €f.8.8%re diameterg;)

was calculatedrom adsorption branch of the isotheusing the BJH methodRore volumeV.ta) is the total pore volume at relatipeessure of 0.995.

¢ Surface areaSe), pore diameterQper) and pore volumeMper) were obtained by DFT method using the kernel of NLDFT equilibrium capillary
condensation isotherm of,/dt-196°C on silica.

4 Micropore volume Yumicrg) Was obtained by:plot method.

© dygo SpPacing was obtained by Braigd aw.

"Lattice parameter of thenit cell (@) wascalculated by = 2d,,,/\/3

9The wall thickness\{ = a i Dpgr.
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Figure 4.14. Pore size distribution derived from the nitrogen adsorptiondesorption
isotherms wing the HK (A) and the BJH (B) methods for the mes@SM-5 prepared by
NaOH treatment of the conventional ZSMS5.

Figure 4.13 shows the W adsorptionrdesorption isothermsf the desilicated and parent
HZSM-5 zeolites The results from the Nsorption are summarized ihable 4.3. As seen in
Figure 4.13 the N isotherm of mes@SM-5(50) (alkalinetreated) displayed a similar uptake at
low relative pressure compared to the parent zeolite HBEA). However, the significant
increasing adsorptioin the range P#0.8 and a larger hysteresis loop were observed over
meseHZSM-5(50) Figure 4.13d), indicating the development of larger mesopofes shown
in Table 4.3, the mesopore area and volume of mESH-5(50) increased from 115 to 199 m
g* and 0.150 to 0.343 chy™, respectively, after alkaline treatment of HZS50); meanwhile,
the micropore area and volume decreased from 333 to 385 and 0.169 to 0.137 chy™,
respectively. As fothe zeolite HZSM5(280),it is seen that theappearance of hysteresis loop in
the desorption branch in the range #MRP8 after being treated by NaOH, indicating the
enhancement of the mesopores, which is evidenced by the results shdwahlend.3. The
mesopore area and volume of m&8M-5(280) inceased from 105 to 148%g* and 0.121 to
0.223 cmi g, respectively, after being treated by NaOH, while the micropore area and volume
decreased from 332 to 266 gi* and 0.180 to 0.153 chy™, respectively. It is noted thatsmall
hysteresis loop washservedn N, isotherm of HZSM5(280)in the relative pressure of 6012,

which was not suggested to be attributed to pore filling into supermicropores or small
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mesopores, but was usually associated with the phenomenon of phase transition of adsorbed
nitrogen[147]. Kyriakou et al[195] investigatedhe nature of the hysteresis loop at low pressure
observed in the nitrogen adsorption isothe of some MFI zeolites with different counterions,
NH*", C&*, and Ca@" by diffuse reflectance infired Fourier transform (DRIFTS) arftketresults
showedthatthe position of the hysteresis loop at low pressure was influenced by the presence of
defects in the crystals, which represented strong adsorption to nithege®a great quantity of

such defects would require higher concentration of adsorbed nitfogaggregatingaway from

the wall of zeolite, which gave rise to the observed hysteresis loop at low relative pressure.

As we know, the most commonly used methods determinationof pore size
distribution include the BarreloynerHalenda (BJH) methocind HorvathiKawazoe (HK)
methods. The BJH method is based on the Kelvin equation for the hemispherical meniscus, is
widely used for pore size distribution over the mesopores and part of the macropore range
[34,35], while the HK method is for skthaped micropores [158,186] The pore size
distributions derived from the Nadsorptiordesorption isotherms calculated by HK and BJH
methods for the micropores and mesopores, respectively, are shévguia 4.14. As seen in
Figure 4.14, apart from the microporesith diameters 0of-0.55 nm (Figure 4.14A), which is
typical for ZSM5 zeolite mesopores witlpore sizes of~23 nm also appeared both mese
ZSM-5 zeolitegFigure 4.14B). Micropores with a size of ~1.6 nm and mesopores with a size of
~4.4 nm were observed on mddd@SM-5(280). Based on the discussion above, we conclude
that the alkalinetreatmentof ZSM-5 zeolite can result in the introduction of connected
intracrystallinemesopores, while maintain tiv@rinsic structure (micropores) of the zeolite.

As for the copper catalysts, Cu/mes8M-5(50) and Cu/mesdSM-5(280), the
mesopore area and volume were observed to increase significantly, which was accompanied by
the decrase of micropore area and volume accordingly (as showabhte 4.3). Obviously; it is
caused by the deposition of the copper species in the micropores of zeolite, reducing the

micropore area and volume as a result.
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Table 4.3. Surface area and pore volume of catalysts and supports.

Sample Surface area Pore volume
SBET Smi(:ro Sexternal Vtotala Vmicro Vmeso
(mg") (mgh) (m’g)  (em’gh) (em’gh)  (em’g?)

HZSM-5(50) 447 333 115 0.319 0.169 0.150
HZSM-5(280) 437 332 105 0.301 0.180 0.121
meseZSM-5(50) 434 235 199 0.480 0.137 0.343
meseZSM-5(280) 414 266 148 0.376 0.153 0.223
20%CuO/mes&SM-5(50) 424 159 265 0.536 0.101 0435
20%CuO/mes@SM-5(280) 428 149 279 0493 0.105 0.388

2Pore volume was evaluated by single point volume at a relative pressure of 0.95.

4.3.1.4. TEM

Transmission electron microscopyEM) experiments were performed to investigate the
morphology characteristics of the mesoporsasplesAs shown inFigure 4.15, TEM images
revealed a visualization of the pore structure of calcined mesoporous materialsA8GW
MCM-48(100) and catalyst Cu/ANCM-48(100).The micrograpkin Figure 4.15A andFigure
4.15C show part of a spherical particle of calcined M@Bl and Al-MCM-48(100),
respectivelyin the direction of the pore axis; whitegure 4.15B andFigure 4.15C display the
pore structuren the direction perpendicular to the pore axisan be seen that both MGAB
and AFMCM-48(100) possess webrdered wormheatlike pore structures throughout the
particle with uniform pore size, which is consistent with the results reported in the literatures
[149,152,196,197]From the TEM micrographs, an approximate pore channel diameter of 3 nm
and pore wall thickness of 1 nm can be ai#d, which are very close to the results obtained
from N, sorption and XRD. TEM images of CulbMCM-48(100) presented iRigure 4.15E
and Figure 4.15F demonstrated that AMCM-48(100) was covered by highly dispersed CuO.
From Figure 4.15E, we can see dark zones over and inside the mesoporous structure (channel),
corresponding to CuO nanoparticles. Rigure 4.15F, we can see small CuO particles (dark
dotlike objects) deposited outside the mesopores -diBM-48(100), leading to pore clogy,
which is in agreement with XRD results discussed above. The size of CuO particle was estimated
to be about 3 nm (sdéagure 4.15F).
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Figure 4.15. TEM images of (A),(B) MCM-48; (C),(D) AI-MCM -48(100); (E),(F) Cu/Al
MCM -48(100).
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Figure 4.16. TEM images of (A),(B) SBA-15; (C),(D) Al-SBA-15(50); (E),(F) Cu/AFSBA-
15(50): (A),(C),(E) in the direction of the pore axis and (B),(D),(F) in the direction
perpendicular to the pore axis, respectively.
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Transmission electron microscopy (TEM) imagésg(res 4.16A and B) of calcined
mesoporous material SBR5 exhibit highly ordered hexagonal arrays of mesopores width 1
channels, indicating a-R hexagonal g6mmn) mesostructurewhich is in agreement with the
literature [153,154] For SBA15, the distance between two consecutive centers of hexagonal
pores estimated from the TEM image is ca. 10 nm, the average thickness of the wall is ca. 3 nm
and pore diameter is around 7 nm, which are consistent with the results frogstirgtin.

TEM images Figures 4.16C and D) of the AFSBA-15(50) material also show well
ordered 2D hexagonal mesostructures, which are in agreement with results of theasgiall
XRD pattern. In addition, the pore diameter and pore wall thickness aretestitndoe ca. 9 nm
and 3 nm, respectively, which are consistent with the results calculated from thersghall
XRD and N sorption. However, the defects are observed in the channels since the pore walls are
not as smooth as those of purely siliceous SBAindicating partial destruction of the ordered
structure, which could be attributed to framework defects of aluminosilicate due to the
incorporation of Al species into the pore wdll§5], which is in accordance with tligscussion
above about the smadhgle XRD and Bsorption.

TEM images of Cu/AISBA-15(50) are shown irfrigures 4.16E and F. As seen, the
typical mesoporous structure of SBA has been well preserved. However, partial destruction of
theordered structure can be seen in the TEM imagegies 4.16E andF), which is similar to
Al-SBA-15(50). In addition, as seen in the insétFigure 4.16F, the copper particles were

uniformly distributed on the support with the size of ca. 3 nm.
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4.3.1.52’Al MAS solid state NMR
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Figure 4.17. 2’Al MAS NMR spectra for (A) calcined Al-MCM -48 samples with Si/AJO3
ratios of 23, 50, 100, 200, and Cu/AICM -48(100), (B) calcined AISBA-15 samples with
Si/Al,O3 ratios of 23, 50, 100, 200, and Cu/A$BA-15(50).

Solid-state”’Al MAS NMR spectra were measured on the mesoporous materials Al
MCM-48 and AFSBA-15 with various Si/Al,O; ratios to determine the coordination
environment of aluminum species in the mesoporous framework’AhBIAS NMR spectra of
Al-MCM-48 samples after calcination are shownFigure 4.17A. As seen, two resonance
signals were observed. TIdMR peak centeredat ca. 52 ppm can be assigned to the 4
coordinate Al species (tetrahedral Al@tructural unit), indicating that the Al atoms are
tetrahedrally coordinated and incorporated into the framework of the aluminosilicate material,
while the pel at 0 ppm is ascribe to thed®ordinate nomameworkAl species (octahedral AKD
structural unit), suggesting that Al speciegmy be located on the surface of the material
[152,155,169,19800]. The results indicated that under our synthesis conditions, only a part of
the Al species aracorporated into the mesoporous framewéidr: better comparison, the peaks
of AlI-MCM-48(100) and AIMCM-48(200) were multiplied by 2 and 4, respectively, to get
comparative signal intensity of-ebordinate peaks. As seen, the relative intensity of the 6
coordinate Al decreases with decreasing @lntent, indicating that the proportion of

nonframework aluminum atoms decreases as well.
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Figure 4.17B illustrates the*’Al MAS NMR spectraof Al-SBA-15 materials with
various Si/Al,0O3 and copper catalyst Cu//ABA-15(50). As shownapart from the peakat 52
ppm and O ppm corresponding to tetrahedral Al and octahedral Al species, respectively, a new
peak at ca. 30 ppm can be observed to be overlapped with the other two peaks mentioned above
on the AISBA-15 materialsAs reported, the peak the range ©20-50 ppmcan be assigned to
pentacoordinated aluminuf200i 203]. This indicatesthat not all Al species can be readily
incorporated into the framework of SB¥S under our synthesis conditions, which is &mio
the results reported in the literatuf200,203] Li et al. suggestethat the Al atoms can be
transferredrom tetrahedral sites in the mesoporous walls to the octahedral aathganat sites
when AFSBA-15 was calcined to remove the template, especially when the material was treated
by steam at high temperatg90].

Interestingly, on thé’Al MAS NMR spectraof copper catalysts (Cu/AMCM-48(100)
in Figure 4.17A, and Cu/AISBA-15(50) inFigure 4.17B), the peak for octahedral aluminum (0
ppm) was not detected, which was present in the corresponding mesoporous support. It is similar
to Yue&s report that noffiramework aluminum (including octahedral and pentahedral Al) was
eliminated when ASBA-15 material was washed by NEl solution[203]. It should be noted
that when our copper catalysts were synthesizedhbyammonia gaporation hydrothermal
(AEH) method there were a bunch of ammonia in the solution since copper was introduced to
the mesoporous materials @spric ammine complex [Cu(N$(H20);]**, hence, &oordinated
and 5coordinated Al species were removed as altel addition, Klimova et al. demonstrated
that the aluminum species can be transformed from octahedrally to tetrahedoatlinatedAl
by means of the adsorption of ammonia when they investigated the reversible transformation of

tetrahedrabctahedrhframework aluminum in zeolite ¥204].
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4.3.1.6. NB-TPD

A 215 327
® o ®) 277 a16
AT S Cu/Al-MCM-48(23)
/ SV 200 T
e A-MCM-48(23) . e
r e "“\“r‘*'*“"v“”‘“/%*w;yw\, // SN
4 ! /
s o
3 P, 3 e
3 p e Al-MCM-48(50) & - — Cu/Al-MCM-48(50)
> TS o ptenn > T
= / ARSI £ ~—
2 e e Al-MCM-48(100) 2 \ ——
5 :;/ M 2 — Cu/Al-MCM-48(100)
= = S
A Ao Al-MCM-48(200 T X -
v N A MOM45(200) ~— CU/AI-MCM-48(200)
e MCM-48 — Cu/MCM-48
1 1 1 1 1 1 1 1 1 1
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figure 4.18. NH3-TPD profiles of (A) calcined MCM-48 and AFMCM -48 with different
SiO,/Al O3 ratios and (B) reduced Cu/MCM-48 and Cu/AFMCM -48 with different
SiO,/Al O3 ratios.
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Figure 4.19. NH3-TPD profiles of (A) calcined SBA15 and AFSBA-15 with different
SiO,/Al,03 ratios, and (B) reduced Cu/SBA15 and Cu/AFSBA-15 with different
SiOz/A| 503 ratios.
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Figure 4.20. NH3-TPD profiles of (A) meseZSM-5 and the parent zeolite HZSM5, (B)
reduced Cu/meseZSM-5 catalysts and the corresponding reference catalystu/ZSM-5.

The acidity of the mesoporous materials and the corresponding reduced copper catalysts
was determined by Ng-TPD (shown inFigures 4.18, 4.19, 4.20), and the amount of ammonia
uptake was given iffables 4.4, 4.5, 4.6. As shown inFigures 4.18A and4.19A, the purely
siliceous MCM48 and SBA15 were observed to be relatively inert since no obvious desorption
peak of NH could be observed, which is similar to the conventional, $#® discussed in
Chapter 3. However, it could be seen that the imqparation of aluminum into the mesoporous
materials MCM48 and SBAL5 resulted in the acidic properties of the materials Fsgeres
4.18A and4.19A, Tables 4.4 and4.5). As seen, the NIHTPD profiles of ALIMCM-48 and A#
SBA-15 with different SiG/Al,Os ratios show broad peaks centered at about 200 t8Q@ath
long tails extending up to 651, indicating a wide distribution of acid sites varying from weak
to strong. Deconvolution of desorption profiles results in three distinct peaks: the first peak
(centered at around 228 and 23C°C for AI-MCM-48 and AtSBA-15, respectively) can be
attributed to the weak Bnsted acid sites, and the moderatérBted acid sites due to#Ain the
framework; the second peak (centered at ca°82hd 318°C for AI-MCM-48 and AISBA-15,
respectively) canascribeto the contribution of strong Bnsted acid sites of Al in the
framework; the broad peak at ca. 5%Dis attributed to the strong Lewis acid sites of non
framework aluminum specig205i 207]. As seen, AMCM-48(23) possess a broad andy&ar
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peak at high temperature (5%0), which is in good agreement with th&I-NMR result that a
lot of nonframework Al was observed iAl-MCM-48(23) material. In addition, frorRigures
4.18A and4.19A, we can see that ttemmonia uptakef the aluminosilicate materials increases
with increasing content of aluminium (s€kables 4.4 and 4.5), especially in the low

temperatures (20800°C) correspondingo the weakstrong Bonsted acid sites.

Table 4.4. Copper dispersion and ammonia uptake of MCM48 catalysts.

NH; uptake Cu ared : :

Sample (mmol /gea) (m/gey) Dispersioft
20%CuO/MCM48 0.657 92.5 0.14
20%CuO/AIMCM-48(23) 0.872 428 0.06
20%CuO/AIMCM-48(50) 0.808 423 0.06
20%CuO/AIMCM-48(100) 0.714 543 0.08
20%CuO/AIMCM-48(200) 0.694 634 0.09
MCM-48 0.000 T T
Al-MCM-48(23) 0.155 7 i
Al-MCM-48(50) 0.133 7 i
Al-MCM-48(100) 0.089 T T
Al-MCM-48(200) 0.049 T T

dcu dispersion and Cu area were determinedigsociative NO adsorption method at 9G.

Table 4.5. Copper dispersion and ammonia uptake of SBALS catalysts.

NHs uptake Cu ared . .

Sample (mmol /gea) (m/gey) Dispersioft
20%CuO/SBA15 0.772 87.8 0.13
20%CuO/AISBA-15(23) 1.076 66.5 0.10
20%CuO/AISBA-15(50) 0.996 84.8 0.13
20%CuO/AISBA-15(100) 0.803 83.5 0.12
20%CuO/AISBA-15(200) 0.756 80.2 0.12
SBA-15 0.000 1 ]
Al-SBA-15(23) 0.190 i i
Al-SBA-15(50) 0.115 T T
Al-SBA-15(100) 0.053 ) T
Al-SBA-15(200) 0.035 T T

#Cu dispersion and Cu area were determined by dissociateabdlsorption method at 9C.
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Figures 4.18B and 4.19B display the NH-TPD profiles of reduced Cu/[AIMCM-48
and Cu/[Al}SBA-15 catalystsBy comparison to thpurely siliceous MCM48 and SBAL5, the
corresponding reduced copper catalysts (Cu/M@Mand Cu/SBAL5) show a broad NH
desorption peak with a long tail in the temperature range of 100 t6G556hich indicates that
the reduced copper catalysts showidendistribution of acid sites varying from weak to strong.
The peak at low temperature (ca. 200 can be attributed to adsorption of Nkt the weak acid
sites related to Cu speci¢208], while the peak at high temperature (461D°C) can be
ascribed to NBladsorbed on the medium acid sites created by copper spelgielsjs probably
from the formation of copper phyllosilicate phd869]. In addition, the peak above 600 is
probably due talue to the formation of N\ which is from oxidization of Nklover unreduced
CU?* specieq80]. As depicted irFigures 4.18B and4.19B, with increasing content of Al, the
peak at ca. 287C increasd accordingly, which can be attributed to the combination of NH
desorption fromboth Lewis acid sites of aluminosilicate materials copper sites on the surface.
Interestingly, an obvious peak at 4880 °C was observed on both Cu#MCM-48 and Cu/Al
SBA-15 with the highest content of Al (SKAI,03=23), which can be probabBscriable to
NH3 adsorbed on Cu species that binds to thefraamework aluminium of the aluminosilicate

materials.

Table 4.6. Copper loading, copper dispersion and ammonia uptake of mes¢SM-5
catalysts.

CuOloading NH; uptake Cu ared

Sample (%) (mmol /gus) (g0, Dispersiort
HZSM-5(50) T 0.746 T T
HZSM-5(280) T 0.145 T T
meseZSM-5(50) T 0.774 T T
meseZSM-5(280) T 0.231 T T
20%CuO/ZSM5(50) 18.3 1.144 50.5 0.07
20%CuO/ZSM5(280) 19.2 0.487 209.7 0.22
20%CuO/mes&SM-5(50) 18.8 1.153 55.5 0.08
20%CuO/mes&SM-5(280) 19.5 0.662 74.5 0.11

%Cu dispersion and Cu area were determined by dissociai®ebisorption method at 9G.
® reproduced from chaptér
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Figure 4.20 shows the NBTPD profiles of mes@SM-5 zeolites and the corresponding
reduced copper catalysts. The amount of ammonia uptake is summarzdded.6. As shown
in Figure 4.20A, the NH-TPD profiles ofall parent zeolite HZSM zeolitesbefore and after
NaOH treatmst exhibited two distinct desorption peaks centeracgaround 250 and 45,
which are the characteristic peak$ zeolite with MFI structure[79]. The peak at low
temperature is assigned to ammoniakly held or physically adsorbed on the Lewis acid sites
of the zeolite,whereas the peak at high temperature is ascribable to the desofpéimmmonia
strongly adorbed on and/or interacting withe dislodged Al, and decomposition of ftén the
Bronsted acicsites[81i 84,105] By comparison, apart from thegsit shift of desorption peaks
to lower temperatureno obvious changes can be observed on the déldorption profiles of
ZSM-5(50) and ZSMb(280) before and after NaOH treatment. As showiTable 4.6, the
acidity of ZSM5(50) and ZSM5(280) increased gihtly from 0.746 and 0.14Bimol /gca: tO
0.774 and 0.23Mnmol /gca, respectively, upon alkalifeeatmentSimilar to the parent supports,
no significant changes of NHIPD profiles can be seen on the copper catalystgife 4.20B).
Two distinct peaks centered at ca. 300 and %5Were exhibited on all reduced Cu catalysts.
The peak at loviemperaturés ascribable to theombination of NH desorption from both Lewis
acid sites of zeoliteand copper sites on the surfaadile the high temperature pe&kprobably
due toNH3 adsorbed on Cu that only binttsone A[86]. As shown inTable 4.6, the total acid
concentration of Cu/ZSNb(50) and Cu/ZSMb(280) increasedslightly from 1.144 and @87
mmol /gea: to 1.153 and 0.652nmol /gea, respectively, by comparison to copper loaded on
NaOHtreated ZSM5(50) and ZSM5(280).
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4.3.2. Reaction of 2,3utanediol over mesoporous catalysts

Table 4.7. Conversion of 2,3butanediol to the main products on reduced mesoporous Cu
catalysts in 10 min and 190 min (shown in parenthese$).

Selectivity (%)

Catalysts Conversion (%) 5 S .
Butenes MEK 2-MPA® [IBA 2-Butanol Acetoin Other§
Cu/MCM-48 97.2 1.6 450 3.0 101 9.6 17.6 13.1
(93.4 (0.9 (49.9 (1.5 (5.8 (10.9 (22.2 (9.3
Cu/AI-MCM-48(23)  100.0 55.0 179 24 7.2 1.1 0.0 16.4
(100.0 (22.5 (31.1) (3.9 (14.2 (6.4 (1.9 (20.1)
Cu/AI-MCM-48(50)  100.0 66.9 188 2.1 1.3 04 0.0 10.5
(100.0 (33.9 (25.0 (4.5 (16.0 (3.0 (0.2 (17.9
Cu/Al-MCM-48(100) 100.0 72.6 10.1 1.7 0.4 0.4 0.0 14.8
(100.0 (41.0 (19.9 (4.9 (13.3 (2.2 (0.2 (19.1
Cu/AlI-MCM-48(200) 100.0 52.6 17.7 1.8 6.9 1.2 0.0 19.8
(100.0 (23.9 (27.9 (4.9 (13.9 (6.2 (2.7 (20.9
Cu/SBA15 97.4 2.2 495 2.6 105 128 9.7 12.7
(94.5 (1.2 (49.9 1.9 (7.2 (139 (14.9 (115
Cu/Al-SBA-15(23) 100.0 66.4 17.5 0.0 0.3 0.5 0.0 15.3
(100.0 (51.5 (32.4 (0.9 15 @19 (0.2 (12.2
Cu/Al-SBA-15(50) 100.0 76.6 4.3 0.0 0.2 0.0 0.0 18.9
(100.0 (58.5 (23.7 (0.9 (1.9 (0.9 (0.0 (14.1)
Cu/Al-SBA-15(100)  100.0 69.9 7.0 0.2 0.7 0.4 0.0 21.8
(100.0 (44.0 (202 (5.0 (139 (2.1 (0.2 (14.9
Cu/Al-SBA-15(200)  100.0 69.6 55 0.6 1.6 0.4 0.0 22.3
(100.0 (42.2 (22.2 (4.0 (12.2 (3.3 (0.2 (16.0
Cu/meseZSM-5(50)  100.0 21.2 11.9 0.0 0.0 0.0 0.0 66.9
(100.0 (42.4 (38.6 (1.9 (0.0 (0.0 (0.0 (17.3
Cu/meseZSM-5(280) 100.0 40.3 1.7 0.0 0.0 0.0 0.0 58.0
(100.0 (69. (11.0 (0.0 (0.0 (0.0 (0.0 (19.4

#Reaction conditionfeed rate of 2,®utanediol, 3.0 mL/h; catalyst weight, 1.0gy/23-butanediol (molar ratio),
5:1; temperature, 251, space time W/g=30 g h mot.

® 2-MPA: 2-methylpropanal.

¢ IBA: 2-methyt1-propanol.

4 Other products: Including propylene; €Cs”, aromatics, and other oxygenated compounescétyt2-methyk1-
cyclopentene, -ethyl5-methylcyclopentene, tetramethylfuran, etc).

Experiments were carried out over reduced mesoporous copper catatyspriesence
of hydrogen (K 67.2 cni min?, SATP; N: 15.4 cni min, SATP) at 250°C. The reaction
condition was as followdeed rate of 2,®utanediol of 3 mL h*, hydrogen t®,3-butanediol
molar ratio of 5. The detailed reaction procedures are described @ather report[105]. As

discussed previoudli05], the main products of 2Butanediol conversion over reduced
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Cu/ZSM-5 catalysts consist of olefins {TCg"), MEK, 2-methylpropanal, butanol, 2methyt
1-propanol and dydroxy-2-butanone, and some other minor products, such as aromatics and
oxygenated compounds$n this study, to investigate the pore size effecthaf catalysts on
conversion of 23utanediol, we only focus on thdiscussionof the main products. The
conversion of 2,3utanediol and selectivities of the main products taken at 10 min and 190 min
are shown inTable 4.7. The selectivities of the maj@roducts as a function of time on stream
are shown irFigures D.2, D.3, D.4 andD.5 (seeAppendix D).

As shown inTable 4.7, the conversion of 2;Butanediol over all mesoporous catalysts
under this reaction condition was almost 100% except Cu/MBMndCu/SBA-15, which is in
accordance to the results of the previous report about the CubZE8Aflalysts[105]. As for
Cu/MCM-48 and Cu/SBAL5, the conversion of 2Butanediol was 97.2% and 97.4% in 10 min,
and 93.4% and 94.5% in 190 min, respectively.

As seen irFigure D.2A, with regard to the MCMI8 series of catalysts, the selectivities
of butenes (thesummation of dbutene, ci-butene, tran®-butene and isobutene) over all
Cu/Al-MCM-48 catalysts with various SHAI,Os ratios exhibited the similar trend, decreasing
gradually with time on stream, which is probably dueléactivationcaused by cokingl05].

The catalyst Cu/AIMCM-48(100) with moderate acidit¥(714mmol /g.a NHs, seeTable 4.4)

was obsered to havethe highest butenes selectivity, which decreased from 72.6% during the
first initial 20 min to 41% at 190 mirTéble 4.7), and the lowest selectivity of MEK, increasing
slightly from 10.1% at 10 min to 19.8% at 190 min. However, the catalysts with highest acidity
(Cu/AI-MCM-48(23)) and lowest acidity (Cu/AMCM-48(200)) were found to show tlsanilar
selectivity of butenegjecreasing from 55% and 52.6% in the initial 10 min to 22.5% and 23.8%
at 190 min Table 4.7), respectively. The catalytic performance is similar to the catalyst
Cu/ZSM5 discussed ilChapter 3 (Table 3.3): moderate acidity of zeolite is beneficial foeth
conversion of 2,3utanediol and production of butenes as well.

As for the SBA15 series of catalysts shown Trable 4.7 (Figure D.3), Cu/Al-SBA-
15(50) showed the best catalytic performance toward the production of butenes; the selectivity of
butenes wasip to 76.6% at the initial 10 min and 58.5% at 190 min of stream, both of which
were higher than the corresponding results of GiM&IM-48(100). Meanwhile, it is seen that
Cu/Al-SBA-15(50) shows the lowest selectivity of MEK, which is 4.3% and 23.7% anith0
and 190 min, respectively. As shownTable 4.7, similar to the MCM48 series of catalysts,
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Cu/Al-SBA-15 with higher acidity (SigdAl,0;=23) and lower acidity (Si@Al,0;=100 and
200) show lower selectivities of butenes and higher selectivity to kfegomparison to Cu/Al
SBA-15(50).

As shown inFigures D.2B and D.3B, the reference catalysts Cu/MCA8 and Cu/SBA
15 exhibited the highest selectivity of MEK, which remained approximately 45% and 49%,
respectively, in 190 min of reactioAs reported bylorresi, dehydration of diols will occur on
Cu/SiG catalyst since Cu is a Lewis ad@l]. Hence, MEK (and 2nethylpropanal) can be
formed via dehydration of 2;Butanediol over Cu sites on the surface of the catalyst. According
to our previous studjl05], MEK is the intermediate product in the production of butenes from
2,3butanediol; MEK is converted to-lutanol byhydrogenationover Cu sites, which then is
converted to butenes by the subsequent dehydration reaction over the acid sites of the zeolite
(aluminosilicate in this study). As mentioned above, the catalysts GACAN-48(100) and
Cu/Al-SBA-15(50) showed the lowesklectivity of MEK among its corresponding series of
catalysts, which was because most of the obtained MEK in the reactionltmitargdiol over
Cu/Al-MCM-48(100) and Cu/ABBA-15(50) converted to-Butanol and butenes, resulting in
the lowest selectivitpf MEK consequently.

According to the previous repoltl05], 2-methyll-propanol and -zbutanol were
prodwced via hydrogenation of the intermediate productspethylpropanal and MEK,
respectivelyAs shown inTable 4.7, Cu/UMCM-48 and Cu/SBAL5 exhibit high selectivities of
2-methytl-propanol (10.1% and 10.5%, respectively) anduganol (9.6% and 12.8%,
resgectively) in the initial 10 min. Meanwhile, we can gkatthe reference catalysts Cu/MGM
48 and Cu/SBAL5 were not favorable to produce butenes, the selectivities of which were 1.6%
and 2.2% at 10 min, 0.9% and 1.2% at 190 min {&&ae 4.7), respectivly, which can be
attributed to theleficiencyof acid sites for the dehydration reaction eh2thyt1-propanol and
2-butanol. However, over Cu/AMCM-48(100) and Cu/ABBA-15(50), the selectivites of
alcohols (2methyt1-propanol and -butanol) were neayl0% (seeTable 4.7) at the initial 10
min, because all of them were converted to butenessuizsequentdehydration reaction
immediately once they were formed bydrogenatiomeactions.

In addition, as seen ifigures D.2 andD.3, Cu/Al-SBA-15(50) disjays higher catalytic
stability than Cu/AIMCM-48(100) based on the selectivities of butenes, which is probably due
to the thicker pore wall (~3 nm, s&able 4.2) leading to greater hydrothermal stabilityp3]. It
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should be noted that a considerable amount of aceteigdfxy-2-butanone) can be produced
over Cu/MCM48 and Cu/SBAL5 catalysts (se€able 4.7), which were from dehydrogenation
of 2,3butanediol over Cu sites of catalyf3§,105]

For the mesoporous ZSHi series of catalysts, as shownTiable 4.7, the selectivity of
butenes is 21.2% and 40.3% at the initial 10 min for r@$@SM-5(50) and mes€u/ZSM
5(280), respectively. However, as shownHigures D.4 and D.5, the selectivity of butenes
increased significantly with increasing time on strearmictv then tended to be relatively stable
after 100 min of streamin addition, the selectivities of MEK were seen to increase over time,
increasing from 11.9% at the initial 10 min to 38.6% at 190 min, from 1.7% at 10 min to 11.0%
at 190 min, for mes€u/ZSM-5(50) and Cu/mesdSM-5(280), respectively. Interestingly, as
shown inFigures D.4 andD.5, both mesoporous Cu/ZSHl catalysts showed perfect catalytic
activities toward the production of olefins J{C Cs1 Cg?) at the initial 10 min of reaction,
especilly the catalyst mes@€u/ZSM-5(280) with lower acidity (0.652 mmol N#.., seeTable
4.6). In addition,it is seen that the catalyst Cu/mes®M-5(280) presents the highselectivity
of buteneghan Cu/mes@SM-5(50).

80 76.6 I Cu/ZSM-5(280)

' B Cu/Al-MCM-48(100)
I Cu/Al-SBA-15(50)
B Cu/meso-ZSM-5(280

70 1

60 +

Selectivity (%)

c3 c4 C5-C7 cg
Distribution of main olefins in 10 min of reaction

Figure 4.21. Distribution of olefins in the initial 10 min over Cu/ZSM-5(280), Cu/AFMCM -
48(100), Cu/AtSBA-15(50) and Cu/mes&ZSM-5(280).
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Figure 4.21 shows the comparison of the distribution of olefins i@ ifitial 10 min of
reaction over the optimal mesoporous catalyst in each series {#8CEBA15 and mes@SM-
5), and the regular Cu/ZS9(280) (data are reproduced from rgf05]) as well. As seen,
Cu/Al-MCM-48(100) and Cu/AEBA-15(50) exhibited high selectivity of butenes, 72.6% and
76.6%, respectively, in the initial 10 min of reaction, both of which vikgber than that of
Cu/meseZSM-5(280) (40.3%) and regular Cu/ZS8280) (58.8%). This is probably attributed
to the wellordered mesoporous structure o-MCM-48(100) and AISBA-15(50) with pore
size of 3.2 and 9.1 nm, respectively (Sexble 4.2). According to the previous studjl05],
cracking and oligomerization reactions will take place simultaneously@w&ZSM5 catalysts
especially at the beginning of the reaction whenl2itanediol was used as reactant; the formed
C,~ will oligomerize to produce £ (and G», which is not detected), which then is converted to
the smaller olefins €, C;~ and G.~ by subsequent cracking reactions. As showRigure 4.21,
the selectivities of cracking productss{C2.4%, G1C7: 9.0%) are higher thangC(2.0%)
from oligomerization of butenes, indicating cracking reaction occurs readily over Cu/ZSM
5(280) especially in the beginning of reaction, which results in the lower selectivity of C
consequently. By comparison, as showfRigures D.6 andD.7, al Cu/Al-MCM-48 and Cu/Ad
SBA-15 catalysts exhibit much higher selectivity tg' @an the cracking products, indicating
that cracking reactions of heavy olefins (especialfy) @re not favorable over the mesoporous
catalysts Cu/AMCM-48 and Cu/AISBA-15. Suzuki et al.[210] investigated the catalytic
performance of mesoporous ZSH regular ZSM5 (microporous) and mesoporous
aluminosilicate material AMCM-41 in the catalytic cracking of octane armufid that the
turnover frequency (TOF) of AMCM-41 in octane cracking was much smaller (one tenth) than
that of regular HZSMb catalyst, which is similar to our result. In addition, fromrep size
distribution derived from the nitrogen adsorptid@sorpton, we can see that both micropores
(diameters of0.5 nm, seeFigure 4.14A) and mesopores (posszes of~23 nm seeFigure
4.14B) exist on the mesdSM-5(280), which indicates that meZ$M-5(280) should have the
propertysimilar to the usual HZSM and the mesoporous materials-MCM-48 and AISBA-
15) as well, which is evidenced by the results showirigure 4.21: Cu/meseZSM-5(280)
exhibits high selectivities of cracking products;(C5.4%, GTC;:32.9%) and ¢ (7.6%).
Furthermore, it is observed that the selectivity @f Gver Cu/mes&SM-5(280) is close to the
one of Cu/AtSBA-15(50) (7.7%). However, frorkigure 4.21, we can see that, over CufAl

139



SBA-15(50), most of € from oligomerization of ¢ was converted to light efins. Hence, the
oligomerizationreactionoccurs more readily over the mesoporous copper catalyst with larger
mesopores (mesoSM-4(280), 23 nm, seEigure 4.14B), since it can provide sufficient space
for intermediate products (butenes) to procéedher reaction to producegCas a result.
Therefore,it is safe to conclude that the mesopome favorable for the oligomerization

reaction, whiletie micropors arebeneficial for the cracking reaction
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Figure 4.22. Catalytic results as a function of time on stream for the conversion of 2,3
butanediol over reduced 20%Cu/mes&ZSM-5(280) (solid symbols), and 20%Cu/ZSM
5(280) (open symbols). Reaction conditions: feed rate of ZBtanediol, 3.0 mL/h; catalyst
weight, 1.0g; H,/2,3-BDO, 5:1; temperature, 50°C.
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Figure 4.22 shows the catalytic performance as a function of time on stream for the
conversion of 2,dutanediol over reduced Cu/me&8M-5(280).By comparison to the results
of Cu/ZSM5(280) (data are reproduced from rgf05]), it is seen that Cu/mestSM-5(280)
exhibits much better activity and stabiliks seen, both catalysts show excellent conversion of
2,3-butanediol. Over Cu/mest6SM-5(280), conversion of 2;Butanediol starts to decline from
100% at 490 min of reaction to 98.8% at 670 min aéastr, which is better than the catalyst
Cu/ZSM5(280). Over Cu/ZSMb(280), the conversion starts to decrease from 100% at 250 min
to 99.6% at 550 minf stream. In addition, the selectivities of MEK over both catalysts are seen
to increase over time; howay&u/meseZSM-5(280) is seen to show much lower selectivity of
MEK than Cu/ZSM5(280), which increases from 1.7% at the initial 10 min to 23.2% at 670 min
of stream. Meanwhile, the selectivities of products from cracking and oligomerization reaction
(Cs” and GT Cg") over Cu/mes@SM-5(280) are much higher than Cu/ZS\{R80) especially
in the initial 200 min, which is because the mesopores are beneficial for the oligomerization as
discussed above. More importantlycan be seen th&u/meseZSM-5(280) slows the higher
stability based on the selectivities of butenes, which increase significantly from 40.3% during the
initial 10 min to 71.3% at 160 min and then start to decline gradually to 61.0% at 670 min of
reaction, which is better than the catalystZ3M-5(280),the selectivies of butenes drop from
71.4% at 130 minto 51.2% in 550 minof reaction The enhancement of activity and stability
(catalytic lifetime) in the conversion of 2{futanediol is attributed to the introduction of
mesopores to the tdyst. As reported164], alkdine-treated HZSM5 could improve the
stability of the catalyst for propanal conversion as well as suppression of coke deetctan
in microporosity and a shortened diffusion path length. Zhou g2&l] demonstrated that
mesoporous ZSNb can greatly enhance catalytic activity for cracking of triisopropylbenzene
and esterification reactns due to the diminished coke formation by the shortening of the
diffusion length in the microporous networks. Sun et[dll2] suggested that the improved
catalytic activity of mesoporous ZSBlin the reaction of methanol to propylene was due to the
enlarged pore size and pore volume, improving the diffusion property of catalyst, which slowed
down thedeactivationcaused by cokip Hence, the higher the proportion of the mesopores in

ZSM-5, the longer is the catalytic lifetime.
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4.4. Conclusions

Three different types of mesoporous materials-NI&M-48, Al-SBA-15 and meso
ZSM-5) were loaded with ~20wt% CuO and investigated in the conversion-blutaBediol to
butenes. The results showttht the existence of mesopores on the catalystai@M-48 and
Al-SBA-15 types) could decrease the selectivities of products from cracking reactions, especially
Cs” and G1C; by comparison with the catalyst with ~20wt% CuO loaded on the regular
HZSM-5(280); meanwhile, the selectivity oTfrom oligomerizationof butenes was found to
increase with increasing pore size of the catalysts. With respect to CtiZiaks6(280)
catalyst, it can be seen that the catalyst has performance with similarities to both €&(Z28
catalyst and mesoporous copper catalysts AIGMICM-48 and Cu/AISBA-15) since both
micropores diameterof ~0.55 nm) and mesopores (poseze of ~23 nn) exist on mes&ZSM-
5(280). Hence, Cu/mestSM-5(280) displayed high activity for both cracking reactions (C
and G C;) and oligomerization (£). In addition, Cu/mes@SM-5(280) showed excellent
catalytic stability; the selectivity of butenes dropped from 71.3% to 61.0% at 670 min of
reaction, which is much better than the catalyst with Cu loaded on conventional-5(28),
where selectivity of btenes dropped fronil.4% to 51.2% in 550 minof reaction. This is
probably because thatroductionof mesopores to the catalysts could reduce the microporosity
andshortenthe diffusion path length, and improve the diffusion properties of the catalyst wh

could slow dowrdeactivatiorcaused by coking.
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Chapter5-Conver si-omt @afie@i, &I ovebragddad f e

catalysts

5.1. Introduction

Copper iswell known as dydrogenation catalysBrands et al[56] investigated a series
of CUSIO, catalyss promoted withseveral metalsn the hydrogenation reaction of methyl
acetate, and the results showed thatc@utaining catalysts havagh activity for vapoiphae
hydrogenatiomeaction particularly theselective hydrogenation & O bonds however,copper
catalysts areelatively inactive for hydrogenolysis @i C bonds.They found that Ni, Co and
Mo promoted catalysts showed high activity in hydrogenolysisi@ Gonds, especiallthe Ni-
promoted catalyst, which exhibited high methane formation (up to 70%), which was d«@ to C
cleavage.

Vasiliadou et a[59] investigated the hydrogenolysis of glycerol to propylene glycol over
highly dispersed Cu/Si{catalyss. Ther resuls showed that Cu selectively converted glycerol
to propylene glycol with selectivity of 987% via consecutive dehgation-hydrogenation
reactions with a conversion up to 50% at 280They demonstrated that the weak activity of Cu
in CI C bond cleavage limited the formation of ethylene gly&ato et a[60] reported that
reduced Cu catalyst could effectively catalyze the dehydration of glycerol to hydroxyacetone in
N>, and the fidrogenation of hydroxyacetonellowed by hydrogenolysis in Ho form ethylene
glycol, acetaldehyde and ethanol.

Sitthisa et aJ58] investigatedhe hydrodeoxygenation of furfural over Cu, Pd and Ni
supported on Sig and foundthat the Cu catalyst mainly produced furfuryl alcohol via
hydrogenation of the caobyl group (C=0) due to the weak interaction of Cu with C=C.
However, Pd/SiQ catalyst catalyzed the hydrodeoxygenation of furfural to procgutege
amount of furan by decarbonylation, which is more favorable than hydrogenation over Pd
catalyss. Ni/SiO, was beneficial for the formation of ring opening products such as butanal,
butanol and butan@heysuggested that the different proddtributionwas due to the strength
of interaction of the furan ring with the metal surface and the type of inteatasdin the surface
that each metal can stabilize.
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As different metalhas different catalytic performance in the reactiom this study,
conversion of2,3-butanediol over different methlased catalysts (Ni, Pd, Pt and Rh) were
conducted under the sammeaction conditions to investigate the catalytic performance of
different metal in the process of reactid®%Cu/ZSM5 catalyst was used as a reference.

5.2. Experimental

5.2.1. Synthesis

Ni catalysts were prepared by the ammonia evaporation methodl vgh&milar to the
method we used to prepare the Cu/ZSMatalystg105]. Typically, the required amouraf
Ni(NO3)2-6H,0 (99%, Fisher scientificwas dissolved im0 mL of deionized wateat room
temperature, followed by adding ammonia hydroxide3@&1t%, Fisher Scientific) until the pH
reachedL0.0to form adark blue compleXNi(NHs)s)?*, and then water was added to ma&ie
mL of a nickekammonia complex solutionl0 g of zeolite HZSMb5(280) CBV 28014,
SiO,/AlI,03=280, Zeolyst Internationplwas added to the solution and then the container was
capped to avoid the evaporation of ammonia stivded for 6 h at room temperature. After that,
the container was moved to an oil batch preheated 4C80 allow for the evaporation of
ammonia and the decrease of pH and depositianckEl, consequently. When the pH value of
the suspension decreastd?.5, the evaporation process was terminated. Then the solid was
recovered by filtration, washed, dried14t0°C, and calcined in air &50°C for 4 h Finally, the
calcined catalyst was pelletized, crushed and sieved-&) 40esh.

Pt, Pd and Rh calysts were prepared layimpregnation methofl 30,213 215], and the
metal precursors werénloroplatinic acidhexaydrate(H,PtCk-xH,O, 37.5% Pt, certified ACS
grade, Fisher Chemical), palladium nitrate hydrate (PdiNGH,O, SigmaAldrich) and
rhodium (Ill) nitrate dihydrate (Rh(NGs)3-2H,O, 31.83% Rh, Alfa Aesar), respectively.
Typically, 5 g of zeolite HZSM(280) (CBV 28014, SiQ/AI,03=280, Zeolyst Internationpl
was impregnated in 5 mL solution containing the calculated amountRiClH, Pd(NQ), and
Rh(NGy)s, resgectively, for 4 h to give approximately 1wt% and 5wt% metal loading. Then the
catalysts were dried in air at 180 for 12 h and calcined in air at 580 with a heating rate of 1

°C/min (Pt catalysts were calcined at 3%Dwith a heating rate of 0.%/min) for 4 h.Finally,
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the calcined catalyst was pelletized, crushed and sieved-&0 #@esh.The content of metal

(shownin Table 5.1) was determined by inductively couplplhsma (ICP) method

5.2.2. Catalyst characterization

BET surface area and porosity of catalysts weeasuredisingnitrogenphysisorptiorat
-196°C on a Quantachrome Autosorb apparatusand analyzed with Autosorb software
Before measurement, the samples were evacuatesDaC3for 4 h.Powder Xray diffraction
(XRD) patterns of the samples were recorded udiigaku Miniflex Il desktop xay
diffractometer Scans of two theta angles warbtainedfrom 5° to 9@ for all catalysts with a
step size of 02 andscan speed of 0.7Bnin. The XPS analysis dhe catalyst wasarried out
on aPerkinElmer PHI 5400 usingchromatic Al KJ radiation (1486.60 eV)and the binding
energy (BE) value was referenced to the Cls peak of contaminant carbon at 284.6 eV to correct
for the charging on the substrate.

The suface area and dispersion of Ni, Pt and Rh were determined ;bpulde
chemisorption using the same equipment ass-WPD. Before adsorption measurement, the
catalysts were pretreated by reduction g flow (10v/v%, 40 mL/min) for 2 h at 30, 500
°C and 700°C for Pt[215], Ni [216] and Rh[214] catalysts, respectively, and then pretreated in a
highly pure Ar flow to remove the adsorbed, Hbllowed by cooling down to 36C. Next, H,
pulse chemisorption was performed af’GQusing Ar as carrier gas, and 20 doses (OL5each
pulse)of 10% H/Ar were subsequently introduced by -p@t injection valve until the saturated
coverage was achieved. The effluent gas was detected whkrmal conductivity detector
(TCD). The dispersion of metal was calculated on the basis of the amount of chemisorbed
hydrogen with a surface stoichiometry H/mgfake1 [215 217]. Pd surface area and dispersion
was determined by CO pulse chemisorpt[@t8,219] The Pd catalysts were pretreated by
reduction in H/Ar flow (10v/v%, 40 mL/min) at 408C for 2 h, then cooled down to 3C€. CO
pulse chemisorption was conducted af@G@ising Ar as carrierag, and 20 pulses (0.5.neach
pulsg of 20v/v% CO/Ar were subsequenilyjecteduntil the saturated coverage was achieved.
The uptake of CO was detected with a thermal conductivity detector (TIbB)dispersion of
Pd was calculated on the basis of émount of chemisorbed CO with a surface stoichiometry
CO/Pdurace=1[219].
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5.2.3. Catalytic reaction

The catalytic reactions were performed in a continuous flow fbexti reactor made of
stainless steel (id=8 mm) under atmomph pressure. Prior to reactioNj, Pt, Rh and Pd
catalysts were reduced in the reactor in i, flow (flow rate ofH,/N,=1/5) at500°C, 300
°C, 700°C and 400°C, respectively, for 2 h. The detailed reaction condition is described in the
earlier rgort [105]. The carbon selectivity and conversion were calculated in the following

methods.

. Moles of carbon in specific produc
Carbon selectivity = - .p — P b 100¢
Total carbon atoms in identified prodsict

(moles of 2,3-BDQ) - (moles of 2,3-BDQ)

Conversion = 3 1009
(moles of 2,3-BDQ)

The carborbalance were maintained above 90% for all runs in this paper.

5.3. Results anddiscussion

5.3.1. Characterization of catalysts
5.3.1.1. xray diffraction

Figures 5.11 5.4 show the XRD patterns of tlwalcined Ni/ZSM5(280), Pt/ZSM5(280),
Rh/ZSM5(280) and Pd/ZSMy(280) catalystswith various metal loadings, respectivels
seena slight decrease in the intensity of the main peaks was noticed after introduction of metal
All the characteristic peakd the parent HZSM5(280) were observed in the catalysts, indicating
that the introduction of metal (Ni, Pt, Rh and Pd) did not destroy the structure of the parent
zeolite.It is noted that over the catalysts with higher loadings, the characteristicrp&sks to
the metal oxide can be observed. As seen, ltiroad peaks at around 37°28d 62.83 were
observed over 10%Ni/ZSN(280) and 15%Ni/ZSM(280) catalysts (sekigure 5.1), which
can be attributed to (111) and (220) crystal planes of the cubic NiO (JCPDS card1s23Y3
[220]. For 5%Pt/ZSM5(280), compared to the parent HZSR80), two new sharp peaks at
around 12.8 and 35can be observedrigure 5.2). The former peak could kmtributedto PtCl,
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(JCPDS no. 3@886) or PtG (JCPDS no. 4®902), while the later one could be ascribed to
PtChL (JCPDS no. 4®902) or PtO (JCPDS no. 2831) or PtQ (JCPDS no. 21283). As
reported, the Pt precursonPiCk-6H,O could decompose into PtCit the temperature about
300 350°C, which could further decompose to Pt metal at the temperature abo€32Z31i

223]. Hence, veous Pt species including PtCIPtChb, PtO, PtQ and Pt could exist on the
surface of the calcined Pt/ZSMcatalyst. Howevert is difficult to determine which Pt species
exists on the surface of the catalyst from XRD. Hence, additional measurement will be
performed on XPS, which will bdiscussedater.In addition, for the calcine®h/ZSM-5(280)
catalysts(Figure 5.3), two charateristic peaksat 35.2 and 53.7 corresponding t{110) and
(116) crystal planes dRh,O3 (JCPDS no. 789148) can be seen over Rh/ZS&{R280) with 5%

Rh loading. In Figure 54, compared to the parent HZS5{(280), three peaks centered at around
33.8, 6022 and 71.48 corresponding to the (101), (103) and (202) reflections of PdO (JCPDS
no. 4£1107) can be observed on 5%Pd/ZS[80). This indicates that the metals (Ni, Pt, Rh
and Pd) have better dispersion over the catalysts with lower loadings, whacidénced by the
dispersion results shown ifable 5.1 As shown, the dispersion of metal decreased with
increasing loadings, especially for the catalysts Pt/Z%&80), Rh/ZSM5(280) and Pd/ZSM
5(280), the dispersion decreased from 32.7% to 6.1%, 287%1%, and 22.5% to 5.3,

respectively, when the nominal loadings of metal increased from 1% to 5%.
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Figure 5.1. XRD patterns of the calcined Ni/ZSM5(280) catalysts with various Ni loadings.
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Figure 5.2. XRD patterns of the calcined Pt/ZSM5(280) catalysts with various Pt loadings.

149



HZSM-5(280)

Intensity (a.u.)

Rh,O, (JCPDS 76-0148)

(104)
(110)

(024)
(116)

(214)
1 (300)

\ ‘ \ ‘ \ — \
10 20 30 40 50

2q (degre@

90

o _|
=}
~
o
©
o

Figure 5.3. XRD patterns of the calcined Rh/ZSM5(280) catalysts with various Rh
loadings.
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Figure 5.4. XRD patterns of the calcined Rd/ZSM5(280) catalystswith various Rd
loadings.
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5.3.1.2. XPS
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Figure 5.5. XPS spectra of (A) Ni 2p of calcined 15%Ni/ZSM5(280); (B) Pd 3d of calcined
5%Pd/ZSM-5(280); (C) Rh 3d of calcinedb%Rh/ZSM-5(280); (D) Pt 4d,,of calcined
5%Pt/ZSM-5(280). Spectra were curve fitted by the software CasaxPS.

XPS analysis was applied to determine the oxidation states of metals (Ni, Pd, Rh and Pt)
on the catalysts. The Ni 2p photoelectron spectrumeft#icined Ni/ZSM5(280) is shown in
Figure 5.5A. As seen, the symmetric peak of Nis2ps centered around 856.1 eV, which is
accompanied by a satellite peak at 862.2 eV. Typically, the peak at 856.1 eV is assigned to the
free NiO or Nf* of NiO in an otahedral sitd224,225] Figure 5.5B displays the XPS spectrum
of Pd 3d of the calcined 5%Pd/ZSB{280). As seen, twgeparatepeaks with the binding
energy of 336.5 eV and 341.7 eV can dizserved which could be assigned to Pg3dand
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Pd3a,, of bulk PdO, respectivell213]. This indicateshatPdO is thanain species exists on the
calcined Pd/ZSMb5(280) catalysts prepared by impregnation method, which is in good
agreement with the XRD result showedFigure 5.4 The Rh 3d XPS spectrum of calcined
Rh/ZSM-5(280) is presented figure 5.5C The peak of Rias;2is observed at around 309.2 eV,
which is accompanied by Bh, peak at about 313.9 eV. This indicates thatdkielation state
of Rh on the catalyst is +3, and &1 is the main species on the calcined Rh/Z5(280)[226],
which is in accordance with the rétsof XRD (Figure 5.3).

Figure 5.5D shows the XPS spectrum of the calcined Pt/Z3®B0) catalyst prepared
by impregnation methodAs reported, the most intense photoemission lines of Pt are those
arising from the Pt 4f levels, but it is difficult to dywe the Pt 4f lines because this energy
region around 780 eV is overlapped by the presence of a strong Al 2p 22k 229]
Consequently, the energy region of the less intense Pt 4d peakagsed instead. As ae, the
broad Pt 4¢, can be dconvolutedinto three componentwith binding energies of 318.1 eV,
314.8 eV and 312.9 eV. As reported, the peak centered at 318.1 eV can be attribdfetbto Pt
Pt0O,) species created in the calcination process, whilpeh&s at 314.8 eV and 312.9 eV can be
ascribed to Bt (or PtO) and Ptspecies, both of which are created from decomposition of, PtCl
during calcination[227i 229]. However, the characteristidiffraction peaks relatedo the
metallic Pt was not observed in XRD pattern of Pt/25(@80)(Figure 5.2), which is probably
due to welldispersed of the small size of the Pt crystals on the surface of catalyst.
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5.3.1.3. N adsorption

Table 5.1. Textural properties and metal dispersions of the calcined catalysts.

Metgl Dispersio B Surface area Pore volume
CataIySt Ioadlnga (%) ETc Smicrod Sexterna(le VtotalT Vmicrod Vmesog

(%) (m’g") (m’gh) (mghH  (emgh) (cnrg?)  (cnrg?)
HZSM-5(280)‘ 1 T 437 332 105 0.301 0.180 0.121
5%Ni/ZSM-5(280) 3.9 51 402 252 150 0.323 0.110 0.183
10%Ni/ZSM-5(280) 10.1 4.0 423 235 188 0.407 0.140 0.267
15%Ni/ZSM-5(280) 14.1 34 427 225 202 0371 0.122 0.249
1%Pt/ZSM-5(280) 0.7 32.7 409 316 93 0.264 0.180 0.104
5%Pt/ZSM-5(280) 4.1 6.1 379 286 93 0.246 0.144 0.102
1%Rh/ZSM-5(280) 0.8 28.7 407 314 93 0.269 0.165 0.104
5%Rh/ZSM-5(280) 4.3 7.1 403 307 96 0.333 0.206 0.127
1%Pd/ZSM-5(280) 0.8 225 397 277 120 0.292 0.134 0.158
5%Pd/SM-5(280) 4.2 5.3 384 248 136 0.248 0.117 0.131

#Metal loading was measured by ICP method. Rh content was calculatedT®RHusing CuO as a reference, by
considering the complete reduction ofRto RH.

®Dispersionof Ni, Pt and Rh were obtained by,-hemisorption. Dispersion of Pd was obtained by-CO
chemisorption.

“The BrunauerEmmettTeller (BET) surface area {S) was calculated from the linear part of BET plot from 0.007
to 0.03.

“The micropore area {%,) and volume (V.cro) Were obtained by thegiot method.

“The external surface areg Sn=Sset Smicro

"The total pore volume (M.) Was evaluated by single point pore volume at a relative pressure of 0.95.

9The mesopore volume,¥se=Viotal Vmicro-

"The data 0HZSM-5(280)werereproduced from refL05].

The structural properties of catalysts wdlifferent metals can be derived from the results
of N, adsorptiordesorption measurement a196°C. The surface area and pore volume are
summarized iMmable 5.1 As seen, the introduction of Ni into zeolite HZSR80) leads to the
decrease of total surfa@rea (g=1) and pore volume (Ma), and micropore surface arean(®)
and volume (Micro), and the increase of the external surface argar g and volume (Mesq,
which is assumed to be caused by dépositionin the micropores of the zeolit§Vith the
increasing Niloadings from5% to 15%, the micropore surface area decreases from 252 to 225
m’g™, while the external surface area increases from 150 ton#62. The increase of the
external surface area is probably attributed to the agglomeration of NiO particles on the surface.
For Pd catalysts, the addition of Pd results in the decrease of micropore surface area and volume,
and the increase of the externalfaoe area and volume, which is similar to Ni catalysts.
However, for the Pt/ZSMb(280) and Rh/ZSM5(280) catalysts, it is seen that the addition of
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metal leads to theélecreasef both micropore and external (mesopore) area at the same time.

This is probabt due to the deposition of Pt and Rh in the mesopores of zeolite.

5.3.2. Reaction of 2,3utanediol over different metal based catalysts

Experiments were carried out over the reduced catalysite presencef hydrogen (H:

67.2 cmi mint, SATP; N: 154 cnt min?, SATP) at 250°C. The reaction condition was as
follows: feed rate of 2,®utanediol of 3 mL h*, hydrogen to 2 dutanediol molar ratio of 5.

The detailed reaction procedures are described inedrber reporf105]. In the previous
studyf105], conversion of 2dutanediol over Cu/ZSNs(280) catalysts in the presence of H

can produce a significant amount of unsaturated hydrocarbons, such as propylene, butenes, and
Cs1Cg, and negligible amount of saturated hydrocarbons, sudtobataneand butane. &

better understanding the catalytic performance of different rhatdd catalysts, 4.8%Cu/ZSM

5(280) was used as a reference, which veggoducedrom previous report (sfwn in Table

5.2). It should be noted that the conversion of all catalysts under the reaction conditions are
nearly 100%.

As seen inTable 5.2 the major product is £ over 4.8%Cu/ZSMb5(280), and the
selectivity is 50.8% and 60.88% in 40 min and 190 nmggpectively. The other minor
unsaturated hydrocarbons are ethylene (0.22% in 40 min, 0.23% in 190 min), propylene (2.80%
in 40 min, 1.15% in 190 min),«C(6.55% in 40 min, 1.70% in 190 min) and 0CCg (5.59% in
40 min, 1.82% in 190 min). From the preus study[105], we know the selectivities of the
products from cracking and oligomerization will decreagéh increasing time on stream,
leading to the increase of;Gselectivity, which is due to the deactivation of the catalyst.

Over 5%Ni/ZSM5(280) catalysts, it is seen that the majority of hydrocarbons are
saturated onesAs seen, the selectivities dfutane (G) and isobutane {€4) are 22.75% and
7.37%, respectively, in the initial 40 min, which then decrease to 14.89% and 3.18%,
respectively, in 190 min of reaction. It is obvious that both butane and isobutane could be
produced by further hydrogenai of the butenes (including isobuteneyutene and -butene)
since Ni is a good catalyst for hydrogenation of olefins or arom@i€s224,230] Interestingly,
with increasingtime on stream, the selectiyibf butenes increasdrom 10.64% at 40 min to
19.31% at 190 min. This is probably due to the deactivation of catalyst, decreasing the catalytic
activity of Ni for further hydrogenation of butenes to butane (or isobutane). Apart from the
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saturated ¢; it is seen that conversioof 2,3butanediol over 5%Ni/ZSMb(280) catalyst
produce plenty of saturated hydrocarbons such as methane (5.15% in 40 min), ethane (2.08% in
40 min), propane (7.31% in 40 min)s @.41% in 40 min) and £Cg (5.17% in 40 min)
alkanes. This is because hgdracking of high alkanes over Ni catalysts could produce light
alkanes and the molecular hydrogen associated with an active site is believed to be involved in
the @ C bond rupturg231i 234]. As seen, the selectivities of cracking products decrease over
time, which is due to the deactivation of catalyst. In addition, with the increasing Ni loadings
from 5% to 15%, the selectivityf C,~ decrease from 10.64% to 6.92% in the initial 40 min of
stream, which is accompanied by the increasetgctivity of methane (5.15% to 8.49%),
propane (7.31% to 8.79%) and butane (22.75% to 27.78%), and decreasing selectigity of C
(2.41% to 1.11%)pnd G-Cg (5.17% to 2.81%), indicating that Ni is the active site for the
hydrogenation of olefins and cracking of heavy alkanes. In addition, Ni is beliewetvieihe
same role as Cu in the process of conversion ob@t@nediol to butenes over Cu/ZSM
catalyst, which includis hydrogenation of MEK and -thethylpropanal to -butanol and 2
methyl1-propanol, respectively.

In Table 5.2 it is seen that the selectivity of butene over Pd/ZgRBO0) catalysts are
0% at the initial 40 min even over the dgsh with only 1% of Pd loading. Probably butenes
were converted to butane or isobutane once they were formed over Pd sataly$d is good
for hydrogenation of alkenemnd alkyneg$235i 238], which isevidencedy the formation of €
with the selectivity of 10.19% and 10.5% over 1%Pd/Z5(280) and 5%Pd/ZShs(280),
respectively, at the initial 40 min. In atidn, the alkanes such as ethane, propagen@ G-Cs
are also observed over Pd catalysts. However, methane was not detected, indicating that the
formation of propane would be from the cracking ef &kanes, but not from the cracking of
butane, whichmplied that the hydrocracking ability of Pd is not as good as Ni. Interestingly,
conversion of 2:3utanediol over Pd catalysts can selectively produce xylene, with the
selectivity of 17.22% and 12.38% over 1%Pd/ZS[280) and 5%Pd/ZSN3(280),respectively
at the initial 40 min. As reported, aromatization, oligomerization and cracking reaction of
butenes are very easy to take place over acid sites of 488Bg 34] In addition, it is reported
that Pd catalysts can transforabutane to aromatic hydrocarbo289]. By taking into account

of both acid and metal (Pd) functions af/BSM-5, we can see that aromatization of butene or
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butane occurs readily over the catalyst. However,nieehanismfor selective production of
xylene is not clear.

Similar to Ni and Pd catalysts, it is shown that Pt/25(280) catalyzes the production of
alkanes, such as ethane, propane, isobutane, butane sa@gl @l of which are from
hydrogenation, cracking and oligomerization of butenes formed over Pt cataysts Pt
catalysts are good for hydrogenation of olefid40i 242] and cracking reactions of lofaain
alkaneq243,244] As seen, he selectivity obutenes is only 1.61% and 2.29% over 1%Pt/ZSM
5(280) and 5%Pt/ZSNb(280), respectively, at 40 min of reactidnterestingly, most of the
aromatic products from conversion of h@tanediol over Pt/ZSN6(280 catalysts is &thyt
1,2,3,4tetrahydrenaphth#ene.The reaction mechanism is not clear.

With respect to Rh catalysts, the formation of methane was observed over 1%Rh/ZSM
5(280) and 5%Rh/ZSNs(280) catalysts, with the selectivity of 1.77% and 3.18%, respectively,
at the initial 40 min. In addition,ver 1%Rh/ZSM5(280), the selectivity of butenes is 4.89% at
40 min, which is decreased to 1.9% at the same reaction time when Rh loading increases to 5%,
indicating that addition of Rh is favorable for thgdrogenatiorof butene. It seems that the
selecivity of butene increases over time, which is due to the deactivaticimeotatalyst.
Additionally, significant amount of alkanes like ethane, propane, isobutan@ne Cs and
Csl Cg were observed over Rh catalysts.

When compared various metahsed ZSMb(280) catalysts with similar amount of metal
(Cu, Ni, Pd, Pt and Rh) loading (5%), it is obvious that Cu/Z5isl favorable for the production
of the unsaturated hydrocarbons, especially buteiibk,the selectivity up to 50.8% at 40 min,
which is accomanied by small amount of ethylene, propylene, agd.dt should be noted that,
over Cu catalyst, the selectivity of saturated hydrocarbon such as isobutane is negligible. This
indicates that Cu is not favorable for hydrogenation of butenes from dabydodtalcohols (2
butanol and anethyt1-propanol), but it favors theydrogenatiorof carbonyl group (C=0) to
form the hydroxyl group {OH), from which butenes are formed by dehydration over acid sites
of zeolite. However, over the other metalsed catalysts, the saturated hydrocarbons become
the main productver 5%Pd/ZSM5(280), olefinsespecially butenesvere not observed even
at 190 min of reaction, indicating that Pd is favorable for further hydrogenation of butenes and
otherunsaturatedhydrocarbons (€, G-, Cs 1 Cg") from oligomerization and cracking reactions

of butenes, to produce saturated hydrocarbons such as isobutabatame, and some other
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saturated hydrocarbons such as ethane, propane &gl 1@ contrast, butenes can be observed
over the other metal (Ni, Pt and Rh) loaded catalysts. In particular, over 5%NBZZ), the
selectivity of butenes is 10.64% at 4GnmHowever, it seems that Ni catalyst favors the
formation of methane (5.15%), which is from hydrocracking of heavy hydrocarbons. Hence, Ni
is a good catalyst for hydrogenation of olefins and cracking of heavy hydrocarbons. Similar to Ni
catalyst, methanand some other saturated hydrocarbons such as ethane, propamne,&; are

also observed over 5%Rh/ZS5{280) catalyst, indicating that Rh is favorable for hydrogenation
of olefins and hydrocracking reactions of heavy hydrocarbons. However, it isttsethe
selectivity of MEK over 5%Rh/ZSM(280) is 54.93% at 40 min, which is much higher than the
other catalysts, indicating that Rh is not favorable for the hydrogenation of carbonyl group
(C=0) of MEK, even though Rh is good for hydrogenation of ngfAs for 5%Pt/ZSM5(280)
catalyst, the catalytic performance is similar to Pd/Z®B0). However, it seems that Pt favors

the production of heavy aromatieghile thePd catalyst is favorable for the formation of xylene.

5.4. Conclusions

Conversion of2,3-butanediol over different methlased catalysts were investigated
under the same reaction conditions. The results show that Cu is not favorable for hydrogenation
of butenes from dehydration of alcoholsh@anol and Znethyl1-propanol), but it favar the
hydrogenatiorof carbonyl group (C=0) to form hydroxyl group@H), from which butenes are
formed by dehydration over acid sites thfe zeolite. A Pd catalyst isactive in further
hydrogenahg butenes and othewunsaturated hydrocarbons (€, Cs, G1Cg) from
oligomerization and cracking reactions of butenes. Both Ni and Rh catalysts are good for
hydrogenation of olefins and cracking of heavy hydrocarbloowever, Rh is not as good as Ni
for the hydrogenation of carbonyl group (C=0) of MEK. In itidd, the results show that Pt
favors the formation of heavy aromatics such-ashyl-1,2,3,4tetrahydrenaphthalengwhile Pd
is favorable for the production of xylene.
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Table 5.2. Carbon selectivity of the products (%) on different reduced metals loaded on ZSM(280) in 40 min and 190 min

(shown in parentheses):

421.8%Cu/ 506Ni/Z (}A?Nilz ;5%N|/ ;%Pd/ g%Pd/ 1%PYZ  5%PHZ ;%Rh/ g%Rh/
Methane CH 0 5.15 7.25 8.49 0 0 0 0 1.77 3.18
_ (0) (4.92 (5.59 (7.2 | (0) (0) (0) (0) (1.2) (1.45)
Ethylene C2 0.22 0 0 0 0 0 0 0 0 0
(0.23) 1(0) ) ) ) ) (0) (0) ) )
Ethane C2 0 2.08 2.04 1.86 0.13 0.56 0.25 0.22 1.82 2.5
(0) (1.48) (1.18) (1.12) |(0.15) (0.16) |(0.14) (0.15) |(1.13) (1.14)
propane C3 2.80° 7.31 8.16 8.79 8 10.38 |8.95 10.95 |9.08 13.07
(1.150 |(5.37) (4.98) (5.61) |(7.21) (9.36) |(9.25) (9.78) |(10.29) (8.41)
isobutane-C4 0.17 7.37 7.89 7.38 0.4 0.42 3.71 2.83 0.13 0.22
(0.10) (3.18) (1.66) (2.19) |(0.3) (0.41) |(1.85) (2.05) |(0.09) (0.08)
butane C4 0 22.75 24.15 27.78 110.19 10.5 1452 15.05 |(7.64 7.71
(0) (14.89) (10.65) (14.73) | (11.71) (10.42) | (11.31) (11.84) | (6.01) (4.66)
butene C2 50.80 10.64 8.49 6.92 0 0 1.61 2.29 4.89 1.9
(60.88) |(19.31) (21.29) (17.73)|(@.1) (0 (2.6) (2.86) |(8.42) (4.96)
C5 6.55 241 1.8 1.11 3.75 2.07 3.21 2.77 7.47 2.25
(1.70f |(0.73) (0.51) (0.45) |(4.1) (0.73) |(0.5) (0.75) |(3.82) (0.14)
C6-C8 5.59 5.17 2.8 2.81 8.62 8.37 7.76 6.28 8.62 2.37
(1.82F | (1.66) (1.18) (0.61) |(7.29) (8.51) |(2.17) (3.13) |(4.85) (2.06)
2-methylpropanal 0 0 0 0 1.1 0 0.2 0.61 0.32 0.31
(0.07) (0.05) (0.32) (0.19) [(5.12) (0.66) |(3.46) (2.82) |(2.99) (5.33)
MEK 20.01 29.19 28.14 27.27 |35.11 36.28 ([39.92 4227 4285 54.93
(24.94) |(38.07) (38.8) (37.93) | (36.69) (37.9) |(51.35) (51.87)|(43.43) (50.0)
2-methyt1-propanol 0 0.44 0 0 0 0 0.41 0 0 0.44
(0) (0.38) (0.57) (0.59) [(0.97) (0) (0.44) (0) (1.58) (1.09)
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3-hydroxy-2-butanone 0.40 0 0 0 0 0 0 0 0 0
(0) (0) (0) (0) (0) (0) (4.98) (3.22) |(0.58) (14.64)
aromatics 1.84 1.53 1.28 1.53 17.22 1238 |6.94 722 |7.42 266
(1.23) |(5.07) (6.39) (5.1) |(17.71f (15.93f|(8.3f (6.74f |(4.75) (3.26)
others 11.62 |[5.96 7.60 5.97 15.48 19.04 |1252 951 7.99 846
(7.88) |(4.89) (6.93) (6.49) |(7.65) (15.93)|(365 (4.79) |(10.86) (2.81)

®Reaction conditionfeed rate of 2, dutanediol, 3.0 mL/h; catalyst weight, 1.0g/23-butanediol (molar ratio), 5:1; temperature, 2680
PFor Cu/ZSM5(280) catalyst, only C3C5 and C6T C8 unsaturated hydrocarbons were detected.

“Most of the aromatic products from Pd/ZS{R80)catalystsarexylene.
9Most of the aromatic products from Pt/ZSB(280) are Eethyl-1,2,3,4tetrahydrenaphthalene.

160



Chapter6-Fut ur e wor k

DFT simulation will be perfoned to model tahe dehydration reaction of 2BDO
catalyzed byusng bifunctional catalysts (Cu/ZSM@ and Cu/Y) to explain the confinement
effect to the reaction. Since the structure of Z5Mnd Y are very lagy the cluster model will
be introduced. It will be significant to look at how the Cu site and the confinement would
anticipate in the reaction mechanism first; then the calculations will be performed based on
bronsted acid site (proton site) plus the fmoement. Since the bifunctnal catalysts were
employed in the reaction, the combined of these two active sites and the confinement will be
introduced into the calculations to further understand the reactions on the molecular level. The
potential energygfaces will be plotted in order to look at ttleermodynamic effect, and the
transition state and energy barrier of each reaction step can be calculated in order to compare the
simulation results with the experiment results.

Deactivation of zeolitdbased catalyst is mainly due to the formation of coke, which is a
nontdesorbed product that prevents access to the acid sites of catalysts. It is important to know
the change of acid sigaafter reactionl will use NH; as probe me@cules to detect the acid sites
by in situ FTIR. For in situ reaction, about 0.03 g of catalyst powder is placed into the ceramic
cup of a commercial gas cell with a ZnSe wind&wor to reaction, the catalyst is heated to 300
°C to get rid of adsorbed spies with flowing Ar for 30 min. Then the catalyst is reduced with
10%H,/Ar at 300°C for 30 min followed by cooling down to 25CQ. Then 2,3BDO can be fed
as vapor into the gas cell through a saturator using L08blds a carrier gas. After 2 hours, the
reaction will be stopped followed by Ar evacuation at 260for 30 min. Then NEklgas is
introduced into the gas cell at 230 for 10 min followed by Ar purge for 30 min. IR spectra of
ammonia adsorbed on catalysts can present thesiBrd and Lewis acisites in the catalyst post
reaction.And then the fresh catalyst sample is placed into the gas cell to collect IR spectra of
ammonia adsorbed on fresh reduced catalyst ab5@hich can describe Bnsted and Lewis
acid sites in the catalyst before reas. By comparing these spectra, we can understand the

change of acid sites during the reaction.
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Figure A.1. XRD patterns of the calcined catalysts with different Cu loading on zeolite
HZSM-5(280). (a) HZSM5(280), (b) 6.0%Cu0O/ZSM5(280),(c) 9.2%CuO/ZSM5(280),(d)
19.2% CuO/ZSM-5(280), (e) 29.1%CuO/ZSM5(280).
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Figure A.2. Relative crystallinity of Cu/ZSM-5 (280) versus mass percent of CuO
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Figure A.1l displays the XRD patterns of the calcined catalysts with different copper
loadings on zeolite HZSN(280). All the characteristic peaks of parent HZSMere observed
in Cu/ZSM5 catalysts. However, a slight decrease in the intensity of main peaks vezsl not
after introduction of copper comparedtte parent HZSM5, which indicates Cu species enter
the channels of HZSMN zeolite. In addition, no CuO (35.and 38.59 or CuO (36.2, 42.2
and 61.8) peaks were observed, which indicates that copper vgyhdispersed in zeolite
channel. The relative crystallinity of Cu/ZS"Mcan be calculated based on the intensity of the
peaks of angle ®22-25° in XRD pattern and the parent HZSBlwas assumed to be 100%
crystalline. FronFigure A.2 we can see, with greasing addition of Cu, the relative crystallinity
of catalysts decreased linearly, which dropped from 93% to 40% when the content of CuO

increased from 6.0% to 29.1%.
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Figure A.3. SEM images of CuO/ZSM5 catalysts.(a) 9.5%CuO/ZSM-5(23), (b)
9.7%Cu0O/ZSM-5(50), (€)9.2%CuO/ZSM-5(280) (d) 6.0%CuO/ZSM-5(280) (e)
19.2%Cu0/ZSM-5(280) (f) 29.1%CuO/ZSM-5(280)

The morphology of catalysts washaracterizedusing scanning electron microscopy
(SEM, seeFigure A.3). The data orFigure A.3 are the contents of CuO obtained from EDS
detector.The SEM images indicated the copper species weredigttibutedon zeolites bythe

ion-exchange method in tle@pperammonia complex solution, except for 9.5%CuO/Z5(43)
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(Figure A.3a). As seen in tha figure, some big bright copper clusters were observed on the
surface with the size of 0.am-1.0um, and the weight percent of Cu@® these clustersvas
estimated at 43% obtained by EDS detector, which is consistent witiKRRP results and the
reduction peak at high temperature observed in TPR itiditated the presence @uO. The
color of seven other copper catalysts prepared on HB&d) (not shown in this paper) by the
same method are as black as 9.5%CuO/Z%28), which is probably due the reactiof copper
ammonia complex with the acid sites (the acidity is 1.167 mmok/ddt) leading to the
precipitationof CuO on the surface. However, the color of all catalysts prepared on zeolites
HZSM-5(50) and HZSM5(280) are green. Khouldbe noted thathe percent of copper in the
bright spots are only marginally higher than the dark spots in SEM infagelZ SM-5(50) and
HZSM-5(280) Figure A.3b-S3f).
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Figure A.4. NH3-TPD profiles of reduced Cu/ZSM5(280) catalysts with different CuO
loadings (a) 6.0%, (b) 9.2%, (c) 19.2%, (d) 29.1%.

Figure A.4 display the NH-TPD profiles of reduced Cu/ZS8(280) catalysts with
various CuO loadings.As is shown, the temperatures of NHesorption peaks of
6.0%CuO/ZSM5(280) and 9.2%CuO/ZSM(280) remained unchangediowever, the high
temperature peak exhibited a slight shiftnh 600 to 55°C when the content of CuO was
increased from 9.2% to 29.1%n additional peak at 680C was observed on the profile of high
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copper loading catalyst 29.1%CuO/ZSNR80). The reason is still unclear, but part of it is
probably due to the famation of N, which is from oxidization of Nklover unreduced Cii

species or from the strong acid sites of catalysts caused by high loading of CuO.

Figure A.5. XPS spectra of the calcined Cu/ZSM5(280) with various Cu loadings. (a) 6.0%,
(b) 9.2%, (c) 19.2%, (d) 29.1%. Spectra were curve fitted by the software CasaXPS.

Figure A.6. XPS spectra of (a) catalyst 18.6% CuO/ZSM5(23). (b) 9.5%CuO/ZSM5(23).
Spectra were curve fitted by the software CasaXPS.
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