HaYDIBNSIWIENRRaNTIATaIfIsIUfATeInRauuduledanlun1sInesuimelouives

LNIUBA

1198128713141 LANUNY

unAngauasuitudoyaatuiinveineinusaauntnsfing 2554 Aliusnisluadetdyaig (CUIR)
\uuitudoyavestidndwoivendnus Ndsnunadudningidy
The abstract and full text of theses from the academic year 2011 in Chulalongkormn University Intellectual Repository (CUIR)

are the thesis authors' files submitted through the University Graduate School.

'31/|mﬁwuéﬁtﬂud'swﬁwmmiﬁﬂmmwé’ﬂqmﬂ%wmﬁwmmammmﬁmeﬁm
anivUlnsialinazinemansnodines
ANEINYIANERNT PNAINTUNINGIFY
Un1sAnwn 2559

AUANSIRIPIAINTAIINAINGSY



EFFECTS OF PREPARATION METHODS ON ACTIVITY OF Ni/SiO, FIBER CATALYSTS IN ET
HANOL STEAM REFORMING

Miss Sareena Mhadmhan

A Thesis Submitted in Partial Fulfillment of the Requirements
for the Degree of Master of Science Program in Petrochemistry and Polymer Science
Faculty of Science
Chulalongkorn University
Academic Year 2016

Copyright of Chulalongkorn University



Thesis Title EFFECTS OF PREPARATION METHODS ON ACTIVITY
OF Ni/SiO, FIBER CATALYSTS IN ETHANOL STEAM

REFORMING
By Miss Sareena Mhadmhan
Field of Study Petrochemistry and Polymer Science
Thesis Advisor Associate Professor Prasert Reubroycharoen, Ph.D.

Accepted by the Faculty of Science, Chulalongkorn University in Partial

Fulfillment of the Requirements for the Master's Degree

Dean of the Faculty of Science

(Associate Professor Polkit Sangvanich, Ph.D.)

THESIS COMMITTEE

Chairman

(Assistant Professor Sirithan Jiemsirilers, Ph.D.)

Thesis Advisor

(Associate Professor Prasert Reubroycharoen, Ph.D.)
_____________________________________________________________________ Examiner
(Associate Professor Napida Hinchiranan, Ph.D.)

External Examiner

(Assistant Professor Chanatip Samart, Ph.D.)



a13un ndanunu : naveianswieuaLeniiAvesd st fisentinfavuduled
an-lumsinlesuselethuesieniuen (EFFECTS OF PREPARATION METHODS ON
ACTIVITY OF Ni/SiO, FIBER CATALYSTS IN ETHANOL STEAM REFORMING) E].‘ﬁl
USnyimeninusvan: 56. 03, Useiasy Seuiaeiasey, 64 v,

(%
a v A

NUITelANwINaveiEN TS BumLT U AT TnAauuisessuanuuuduly

= ] aaa = s v S o  w a Y v v
ieldlunisiseufisernisinesumelediveseniusadniunisnanlalasiau fsesiuidu
leganaldgninseusenssuiunslea-aasiudumaiadianinsaluds daselisengn
W3BUAIE 335015 LawA 35015 08nqu (Impregnation: IM), N159nAgNaw (Deposition
precipitation: DP) LLazmiQmeﬁwLLNM‘WWE% (Strong electrostatic adsorption: SEA)
AwsUfAsegniaveaeudnyuzlangaIuiAlaf199 A9l BET, H,-TPR, XRD, SEM-
EDX, TEM wag TGA 3ntiugniunldlunmsisslfisennissnesusglotiveseniuea lng

d‘ ! aa A Y ! g ! ! g Idl

anmenmunzaulunissau]sen fe nislddnsdiulagluavesiidaeniuaainiu 9 e
lumsiihuisewindu 18 nfuvesdssuiseseluaieniueadedslue Tuyisgumad
400 99 600 BIANLYALTEE NANITNABBINUI ITN1TLATBUANTIUATE1UNADE1UINGD
Usgansnmwasiissuisentinfavudisessuduleding n1swieudisaufisenmenis
v Y a t% a a 3 < v aa ! Y
andumeusalnihadalieuniedniiasenledruinin warlidunsisesenindlansuazsi
LY £ aa A & a a s a = v aa ! [ ! =
seefuiduleddninudewss Insruiavaslinifasenlenniounieidnsd1aqegluyie 7 fs
22 wiluns MsUisefiwieuneisnisgaduaisusdbiliadaliuseansamlunisisa
Ufisegeiian wagdduvesiuseuisenilvasevaznisidewemueanunlites fe
Ni/SF-SEA > Ni/SF-DP > Ni/ SF-IM > Ni/SP-IM Yagnsluussanininvessasauise

wansnsfudurasnanuueeyniainifawazdnsisenssninstinifawaziisesiuduleddn

'
=

a1t Ulesedlinazinendansnediwes aieiledelan

UnsAnwn 2559 aneilete 8.91USNE VAN



# # 5772253323 : MAJOR PETROCHEMISTRY AND POLYMER SCIENCE

KEYWORDS:
SAREENA MHADMHAN: EFFECTS OF PREPARATION METHODS ON ACTIVITY OF
Ni/SiO, FIBER CATALYSTS IN ETHANOL STEAM REFORMING. ADVISOR: ASSOC.
PROF. PRASERT REUBROYCHARQEN, Ph.D., 64 pp.

The purpose of this research was to study the effects of preparation methods
on Ni/SiO, fiber catalyst for apply to investigate catalytic activity for hydrogen
production in ethanol steam reforming (ESR). The catalysts were prepared by three
different methods: impregnation (IM), deposition precipitation (DP) and strong
electrostatic adsorption (SEA). Silica fiber (SF) supported nickel catalyst have been
synthesized by using a combination of a sol-gel method and electrospinning technique.
The prepared catalysts were characterized by BET, H,-TPR, XRD, SEM-EDX, TEM and
TGA technique. The catalytic tests were performed at atmospheric pressure by using
the steam/ethanol mole ratio of 9 and the space time of 18 gcataiyst-n/MOlethanot
between 400 and 600°C. According to the results, the preparation method had a strong
affect on catalytic performance of Ni/SiO, fiber catalysts used in the ethanol steam
reforming. The fiber catalyst prepared by strong electrostatic adsorption method was
smaller NiO particle size and stronger metal-support interaction than deposition
precipitation and impregnation methods. The NiO particle size in the nickel supported
on silica fiber catalyst ranged from 7 nm to 22 nm. The highest catalytic activity was
Ni/SF-SEA and their catalytic activity were ordered by Ni/SF-SEA > Ni/SF-DP > Ni/ SF-IM
> Ni/SP-IM. The different catalytic activities were related to the particle size and metal-

support interaction.

Field of Study: Petrochemistry and Student's Signature

Polymer Science Advisor's Signature

Academic Year: 2016



ACKNOWLEDGEMENTS

| would never be able to finish my thesis without the guidance of my
committee members, help from friends, and support from my family. | take this
opportunity to thank all people who have helped and inspired me during my

master study.

| would like to appreciation to Assoc. Prof. Dr. Prasert Reubroychroen for
their guidance, helpful, suggestion and encouragement motivated throughout this
research. | also would like to thank, Asst. Prof. Dr. Sirithan Jiemsirilers, Assoc. Prof.
Dr. Napida Hinchiranan, and Asst. Prof. Dr. Chanatip Samart for serving as chairman

and members of thesis committee, respectively.

| would like to acknowledge the financial support of the DPST scholarship

from the Thai government.

| thank all people in the program of Petrochemistry and Polymer Science,
Faculty of Science, Chulalongkorn Unversity for helping me at various stage. | also

thank laboratory worker of Assoc. Prof. Dr. Prasert for help and guided me.

Finally, and most important, | also would like to thank my parents for their

infinite love and support at all time.

Vi



CONTENTS

THAT ABSTRACT .ttt ettt ettt a et s e s e st b es e s ese s eseneeseneanas %
ENGLISH ABSTRACT ..ottt ettt et ettt b b st ese s abenseseeseesassansanis %
ACKNOWLEDGEMENTS ...ttt st ese s s e Vi
CONTENTS <ttt ettt ettt s e bt e e et e st b ese s et e s eseneesese s esensenens Vil
LIST OF TABLES ..ottt ettt b et b s te e senenas Xi
LIST OF FIGURES ...t Xii
LIST OF ABBREVIATION. ..ottt XV
CHAPTER 1.t A S e i ane et e et et et etesa st et et e et et et etesa st et eneene 1
INTRODUGCTION ...ttt ettt ettt ee e s e st s ese s eb et esaneeseseesesensesansenens 1
1.1. Statement Of ProblemM ... 1
1.2, SCOPE Of TESEAITI ..ottt 2
1.3, ODJECTIVE ..ttt 3
CHAPTER Tl a
THEORY AND LITERATURE REVIEW ...t a4
2.1. Hydrogen ProdUCTiON .......c.ccceeieeeeieeee e il
2.2. Ethanol steam reforming (ESR) .......ocvovieeeccee e a4
2.3. Catalysts for ethanol steam reforming ..., 6
2.3.1. Noble metals-based catalysts. ... 6
2.3.1.1. Rh-based Catalyst ... 6

2.3.1.2. Pt-based CatalySt ... 7

2.3.2. Non-noble metals-based catalysts ... 7

2.3.2.1. Ni-based Catalyst ... 7



viii

Page

2.4, Electrospinning t€ChNIGUE ... 9
2.5, Catalyst preparation ... 10
2.5. 1. IMPregNatioN ... 10
2.5.2. Strong electrostatic adsorption method.........ccccoievviicnnnicec, 11
2.5.3. Deposition precipitation method ... 12
2.5.4. Co-precipitation Mmethod.........coeiiiiiiieeeee e 14
2.5.5. Colloidal Method. ... 14
2.6. LItErature rEVIEW.......c.ciiiiiciiiiiiecict ettt 16
CHAPTER Ml ceeeeeeeeeeeeceeeeeeee sl ] s RGeS eveteereniatsasintts st st tas st st eas st e 19
EXPERIMENTAL <.ttt 19
3.1. Matherial and r€aGENTS ..o s 19
3.2. Catalysts Preparation ... e 19
3.2.1. Preparation of SiliCa fIDEr ..o 20
3.2.2. Preparation of Ni supported on silica catalysts........cccoceeeeeeeininenne, 20
3.3. Catalysts characterization .......coocioveieieiiccce e 21
3.3.1. Nitrogen adsorption-desorption measurement .........ccccccevveicrneeene 21
3.3.2. Energy dispersive X-ray analysis (EDX).......ccccouverierrieinininieeeeiseeeens 21
3.3.3. Temperature-programmed reduction (Hy-TPR).......cccceeiirereiireieienn. 21
3.3.4. X-ray diffraction (XRD) ........ccocevimereieeieieieie e 22
3.3.5. Scanning electron MIcrosCopy (SEM)......ccviviieieieinrninereeeriesseieins 22
3.3.6. Transmission electron Microscopy (TEM) .....c.cceveinrniinereieeeenrnnineins 22
3.3.7. Thermogravimetric analysis (TGA) .......ccccovveveieieeeeeeeeee e 23

3.4. Catalyst performance in ethanol steam reforming.........cccocoevievnniccnnee 23



Page

CHAPTER IV et 26
RESULTS AND DISCUSSION ..ottt 26
4.1. Catalytic charaCterization ........cccceeeeeeeeee e 26
4.1.1. Nitrogen adsorption-deSorption ... 26

4.1.2. X-ray diffraction (XBD)......ocoevevieeeereiieieeieeeieie e 28

4.1.3. Temperature-programmed reduction (Hy-TPR)......ccccovrurirninirieiriennn. 29

4.1.4. Scanning electron mMicroscopy (SEM)........cccoeiieriineieieeeeeeeee 30

4.1.5. Transition electron mMicroscopy (TEM) .......cccceirinieieneniniereereeeeen. 31

4.2. Catalytic performance of Ni-base catalysts in ethanol steam reforming.....33
4.2.1. Effect of shape support: porous and fiDer .........ccccceeerrrrisessne. 33

4.2.2. Effect of temMPerature ... 35

4.2.3. Effect of steam/ethanol ... 36

4.2.4. Effect of SPace tIME ..o 37

4.2.5. The steady STate ..o 39

4.2.6. Effect of preparation methods over Ni/SF catalyst .......cccocovvevirinnee. a1

41

A.2.7. StADIlTY TEST e a3

4.3. Characterization of spent Catalyst . ..o aa
A.3.1 TGA-DTA e a4

4.3.2. Transition electron microscopy (TEM) ........ccccocunieincinnrinceneinnincineenene. 45

4.3.3. X-ray diffraction (XRD).......ccceverrrieeiieieieieieeie s a7
CHAPTER Vet a9

CONCLUSION L. 49






LIST OF TABLES

Table 1 List of chemicals and SOUICES........c.ccuriiuiiririiceeeeeee e 19
Table 2 Textural properties of the different nickel catalysts........ccovevnniennnne 26
Table 3 Textural properties of the spent nickel catalysts.......cccocovrvinnnniiniines a5

Table 4 Textural properties of the spent nickel catalysts. ..., a8

Xi



LIST OF FIGURES

Figure 1 Schematic of polymer nanofibers production by electrospinning............... 9
Figure 2 TEM image of Ni/SiO, prepared by impregnation method...........cccccceueeneeee. 11
Figure 3 Mechanism of electrostatic adsorption..........cccveeneniecnise e 12
Figure 4 TEM image of 1.6 wt% Ni/SiO, prepared by SEA method...........ccccevunnnee. 12
Figure 5 TEM image of 10 wt% Ni/Ai,O5 prepared by DP method........cccccveernenneee. 13

Figure 6 TEM image of 10 wt% Ni/Ai,O5; prepared by co-precipitationl method....14

Figure 7 TEM image of 10 wt% Ni/Ai,O5; prepared by polyol method..............c....... 15
Figure 8 Schematic of the electrospinning pProcess SEtUP.......covoerieriiririeirieieieenes 20
Figure 9 Schematic of temperature-program of Hy TPR.....ccccoooieiiiii 22
Figure 10 Schematic of thermogravimetric analysis ........ccccceeirireeciiiinieceece 23
Figure 11 Reactor system for Ethanol Steam Reforming........cccceevvvvnnnnniccnes 24
Figure 12 The GC heating program for gas analysiS.........ccceeeeeeeeirnninrieens 25

Figure 13 N, adsorption-desorption isotherms of calcined support (SP and SF) and

CAtALYST (NI/SP-IM). coe e 27

Figure 14 N, adsorption-desorption isotherms of catalysts: (a) Ni/SP-IM, (b) Ni/SF-IM,
(€) NI/SF-DP and (d) NI/SF-SEA. ...t 27

Figure 15 X-ray diffraction patterns of the calcinated catalyst: (a) Ni/SP-IM, (b) Ni/SF-
IM, () Ni/SF-DP and (d) Ni/SF-SEA. ..o 28

Figure 16 Temperature-programmed reduction profile of catalysts sample:

(@) Ni/SP-IM (b) Ni/SF-IM, (c) Ni/SF-DP and (d) Ni/SF-SEA. ......ccovirirerinireeree 29

Figure 17 SEM micrographs of the calcinated catalysts: (a) Ni/SP-IM, (b) Ni/SF-IM,
() NI/SF-DP and (d) NI/SF-SEA. ...t 31

Figure 18 TEM micrographs of the calcinated catalysts: (a) Ni/SP-IM, (b) Ni/SF-IM,
() NI/SF-DP and (d) NI/SF-SEA. .. ..ot 32

Xii



Figure 19 Ethanol conversion with time on stream over Ni/SP-IM and Ni/SF-IM

catalysts at 400°C, S/E: 9:1, W/F: 18 Scata-- /MO athancleesesererereerererereirinieieieiisisieseeenen. 33

Figure 20 ESR activity over Ni/SP-IM and Ni/SF-IM catalysts at 400°C, S/E: 9:1 W/F:
18 Geata-N/MOlgthanol WITNIN 6 N1 34

Figure 21 Effect of reaction temperature on ethanol conversion and products
distribution over Ni/SP-IM and Ni/SF-IM catalysts within 6 h time on stream.
Reaction conditions: S/E: 9, W/F: 18 Scatatyst'n/MOlathanoteeeresereeereereerieiie e, 35

Figure 22 Effect of water/ethanol molar ratio in the feed on ethanol conversion
and products distribution over Ni/SP-IM and Ni/SF-IM catalysts within 6 h time on
stream. Reaction conditions: 600°C, W/F: 18 gcata-"N/MOlathanol: «eerereereererereereniereiene. 37

Figure 23 Effect of space time on ethanol conversion and products distribution
over Ni/SP-IM and Ni/SF-IM catalysts within 6 h time on stream. Reaction
CONAItioNS: BO0°C, S/E: 9. oottt 38

Figure 24 Ethanol conversion with time on stream over Ni/SP-IM and Ni/SF-SF
catalysts. Reaction conditions: (a) 400-600°C, S/E: 9:1, W/F: 18 g sia-h/moleihanct
(b) 600°C, S/E: 9:1, W/F: 12, 18, and 36 Geara--N/MOlethanols -+--ereereeeserremeensenereircineinreens 39

Figure 25 Ethanol conversion with time on stream over Ni/SP-IM and Ni/SF-SF
catalysts Reaction conditions: 400-600°C, W/F: 18 ¢ sta.-h/MOlathanc, @and S/E: 1, 3, 6,
ANA D ettt ettt 40

Figure 26 Ethanol conversion with time on stream over Ni/SF-IM, Ni/SF-DP and
Ni/SF-SEA catalysts. Reaction conditions: 400°C, W/F: 18 ¢ ata.-h/MOlathanct, @and S/E:
L ettt a e h ettt a ettt ket n et ettt et e st n st s ete e enens 41

Figure 27 Effect of reaction temperature on ethanol conversion and products
distribution over Ni/SF-IM, NiSF-DP and Ni/SF-SEA catalysts within 6 h time on

stream. Reaction conditions: S/E: 9, W/F: 18 Qcata-"n/MOlathanoteeseeeseereeeremerrenerirereiennn. 41

Figure 28 Stability test over different catalysts at 600°C, W/F: 18 gc.ta.-n/MOlethanct,
AN S/ D1 ettt 43

Figure 29 TGA-DTA curves of spent catalysts after 20 h stability test.........cccoceeee a4

Xiii



Figure 30 TEM micrographs of the spent catalysts after 20 h stability test: (a) Ni/SP-
IM, (b) Ni/SF-IM, (c) Ni/SF-DP and (d) Ni/SF-SEA........ccooiieeiieeeeeee e 46

Figure 31 X-ray diffraction patterns of the spent nickel catalysts after 20 h stability

XiV



LIST OF ABBREVIATION

Ni Nickel

SiO, Silicon dioxide (silica)

CcoO Carbon monoxide

Co, Carbon dioxide

CH, Methane

CyHq Ethene

CyHg Ethane

C,HsOH Ethanol

C,HO Acetaldehyde

EtOH Ethanol

TEOS Tetraethyl orthosilicate
HCl Hydrochloric acid

N, Nitrogen

H, Hydrogen

He Helium

NH, Amonia

wt.% Weight percent

wt. Weight

T Temperature

P Pressure

C Degree Celsius

XRD X-ray Diffraction

TPR Temperature-programmed reduction
TGA Thermogavimetric analysis
GC Gas chromatograph

TCD Thermal conductivity detector
FID Flame ionization detector
Atm Atmospheric pressure

Km Micron meter



cm
ml

min

et al.

MW
SEA

DP

Cubic centimeter

Mililiter

Minute (s)

Gram

And others

Molecular weight

Strong electrostatic adsorption
Impregnation

Deposition precipitation

XVi



CHAPTER |
INTRODUCTION

1.1. Statement of problem

In the future, hydrogen will become an important source of alternative energy
due to environmental aspects [1]. It can be used in the fuel cell which is described as
operate the electricity with high efficiency [2]. Hydrogen production for ethanol steam
reforming is an interesting process as ethanol is low cost, less in toxicity, and easy to
transport and store. This process is achieved by using different catalysts. The catalyst
has an important and essential part to get total conversion of ethanol because it
increases the rate of reaction. The catalysts used in ethanol steam reforming is
classified into two types: nobel metal catalysts (e.g., Rh, Ru, Pt, Pd, and Ir) [3-5] and
non-noble metal catalysts (e.g., Ni, Co, Mn, and Cu) [5-10]. Although noble-metal
catalysts exhibit high catalytic performance in ethanol steam reforming [11, 12] but
they are high cost and low reserve. Thus, the development of a non-noble catalytic
system with high catalytic performance is an important thing in the ethanol steam
reforming. Among base metals, Ni-based catalysts have been widely used in ESR
process due to their superior ability of C-C, C-H, and C-O bond cleavage and
comparatively low cost [13-16]. Generally, Ni catalyst impregnation on porous silica
was high activity and H, selectivity in ethanol steam reforming. However, Ni-based
porous catalyst have a strong tendency to form coke when high amount of coke are
deposited, that can be block catalyst pore which causes the catalyst deactivation and
reactor plugging [15].

Silica fiber can be proven the pore blocked. Nonetheless, silica fiber non-pore
and weak metal support interaction properties. It can lead to large particle size and
low dispersion of metal. Hence, a continuous effect have been made in order to
develop Ni-based fiber catalyst with high activity and resistance to coke deposition
with time on steam in ethanol steam reforming. Especially, the catalyst preparation
method greatly effects to the performance of catalyst. Ethanol steam reforming
catalyst have been prepare by varies method such as impregnation, deposition

precipitation strong electrostatic adsorption and polyol method.



Impregnation is a widely used method for catalyst preparation which generally
result in large particle size and wide distribution for especially high metal content [16].

Deposition precipitate method can be used to lay a high dispersed of metal on
the support. This method is important to control base addition to avoid concentration
gradient during precipitation [17].

Strong electrostatic adsorption method is based on electrostatic interaction of
opposite charged metal co-ordination complex adsorb in well dispersed monolayer
[18]. The surface area can be controlled by the pH, temperature of the solution and
aging procedures.

In this work Ni-based fiber catalyst with the same nickel content was
synthesized by impregnation, deposition precipitation and strong electrostatic
adsorption methods. The effect of preparation methods on the activity of catalyst in

ethanol steam reforming will be studied.

1.2. Scope of research
The research procedures were carried out as follows:

1. Literature review

2. Prepare silica fibers by electrospinning technique

3. Prepare Ni supported on silica porous (Ni/SP) and silica fibers (Ni/SF) catalysts
by impregnation method

4. Study the effect of reaction condition on ethanol conversion and product
distribution in ethanol steam reforming.

5. Analyze the gas and liquid products by gas chromatography with thermal
conductivity detector and flame ionization detector (GC-TCD&FID)

6. Prepare silica fibers supported Ni catalysts by using impregnation, deposition
precipitation and strong electrostatic adsorption method.

7. Study the effect of preparation methods on the activity of Ni-based silica finer
catalysts in ethanol steam reforming.

8. Characterize catalysts as follows:

Nitrogen adsorption isotherm  (BET)
X-ray diffraction (XRD)



Temperature-programmed reduction (H,-TPR)

Scanning electron microscope (SEM)
Transmission electron microscope (TEM)
Energy dispersive X-ray (EDX)
Thermogravimetric analysis (TGA)

9. Summarize the result and write thesis.

1.3. Objective
To prepare silica fiber (SF) support by the electrospinning technique.

To prepare Ni supported on SF (Ni/SF) catalyst by different methods.
To compare the catalytic activity of Ni/SF prepared by several methods for

ethanol steam reforming.



CHAPTER Il

THEORY AND LITERATURE REVIEW

2.1. Hydrogen production

Hydrogen production is an increased attention in the search to produce
renewable hydrogen safely and cleanly. It can be produced from different sources.
Among the renewable sources, ethanol from biomass is very attractive due to high
hydrogen content, good availability, low cost, non-toxicity, and easy to storage and
handling. Production of renewable hydrogen energy comprises of thermo-chemical:
(i.e., pyrolysis, gasification, steam gasification, supercritical water gasification of biomass
and steam reforming of bio-fuels), electrochemical, photo-biological and photo-
electrochemical methods. Among thermo-chemical technologies, ethanol steam
reforming is most widely used to generate hydrogen. Ethanol steam reforming (ESR) is
an endothermic reaction and thus it requires heat energy to generate hydrogen (Eq.(1)).
The major challenge is to minimize the heat energy. Catalysts play an important role

in minimizing the heat energy.

2.2. Ethanol steam reforming (ESR)
The principal reaction of ethanol steam reforming (ESR) reaction is presented in
Eg. 1. This reaction is an endothermic reaction which ethanol reacts with water at high
temperature and produces hydrogen and CO, at a H,/CO, ratio of 3.
CoHsOH + 3H,0 — 2CO, + 6H, (1)

During ESR reaction, there are possible reactions occurring with the principal steam
reforming reaction [19]. These reactions are ethanol dehydrogenation (Eq.(2)), ethanol
decomposition (Eq.(3)), decarbonylation (Eq.(4)) ethanol dehydration (Eq.(5)), water-gas
shift (Eq.(6)), hydrogenatio (Eq.(7,8)), and methane steam reforming (Eq.(9)) as followed
Egs. 1-9.

Ethanol dehydrogenation C,HsOH — C,H,O + H, (2)
Ethanol decomposition C,HsOH —> CH, + CO+ H, (3)



Decarbonylation C,H,0 — CO + CH, (4)
Ethanol dehydration C,HsOH — C,Hg + H,O (5)
Water-gas shift CO + H,O0 — H, + CO, (6)
Hydrogenation CO + 3H, — CH, + H,0 (7)
Hydrogenation CO, + 4H, — CH, + 2H,0 (8)
Methane steam reforming CH, + H,O — 3H, + CO 9)

The main of reactions occurs during the steam reforming of ethanol. Both the
dehydrogenation to the acetaldehyde and dehydration to ethylene occur depending
on the nature of the support. Acidic supports, like alumina, promote ethanol
dehydration (Eq.(5)) to produce ethylene, which is a precursor of coke formation [19]
while a high surface basicity is favoured dehydrogenation rather than dehydration
(Eq.(2)). Acetaldehyde formed undergoes decarbonylation to produce CO and CH,
(Eq.(4)) and it has a very low coking activity. Furthermore, CO as well as CO, on
hydrogenation can be converted into CHs. Carbon monoxide can be produced
hydrogen and carbon dioxide via water gas shift reaction (Eq.(6)) whereas CH, generates
hydrogen through steam reforming (Eq.(9)). Therefore, during ESR along with several
other gases such as CO, CHy, and CO, are produced

Moreover, the importance of overall reaction is controlled by operating
conditions of the reaction for example temperature, steam/ethanol (S/E) molar ratio,
space time and most significantly the selection of catalyst. The effect of operating
parameters on distribution of product during ESR was thermodynamically [19] as well
as experimentally [15] were reported at several literatures. Its thermodynamics, the
reaction occurs at higher temperature range of 300°C and 800°C. The study of ESR
over Ni/SiO, catalysts at temperature range between 300°C and 700°C by Vicente et
al. [20] explained that at higher temperature, ethanol conversion and selectivity of CO,
CO, and H, get increased [20]. At high temperature, reverse water gas shift reaction is
responsible reaction lead to low the H, yield [21]. Commonly, a steam to ethanol (S/E)
molar ratio of 3 is stoichiometrically sufficient for the reaction. However, the excess
water favors ethanol decomposition and water gas shift reaction Hacker et al. [22]

studied the relation between temperature and water to ethanol feed ratio.



The steam/ethanol molar ratio higher than 4 at reaction temperature range (600-700°C)
able to produce more than 4 moles of H,. Selectivity of H, was increased with
increasing of S/E molar ratio. Depending on the formulation of catalyst and the reaction
operation conditions such as reaction temperature, pressure, steam/ethanol molar

ratio and space time, a various intermediates of reaction may be present.

2.3. Catalysts for ethanol steam reforming
The catalysts for ESR reaction was classified in supported noble metals and

non-noble metals.

2.3.1. Noble metals-based catalysts

As mentioned before, noble metal catalysts are well-known for their high
catalytic activity in any type of reactions involving hydrocarbon activation, especially
when the formation of coke by cracking has to be avoided. Noble metal catalysts such

as Rh, Pt, Pd and Ru have been reported to be effective catalysts for ESR.

2.3.1.1. Rh-based catalyst

Descorme et al. [23] compared the catalytic activities of Rh/Al,O5 versus Ni/Al,Os
catalysts for ESR at 600°C. They were found that Rh and Ni catalysts were active and
high selective to H, production. Their results found 100% conversion of ethanol and
73% hydrogen selectivity over Rh/ALO; while Ni/ALO; appeared 76% ethanol
conversion. In fact, they had demonstrated that Rh and Ni are active in the ethanol
steam reforming [23]. Rh/Y,05; was found to produce the highest rate of H, in ESR due
to the synergetic effect of electron-accepting Y,05; with electron-donating Rh, whereby
the strong oxidizing ability of Y,0; oxidizes the H, of ethanol to form H, gas and the
easy reducibility of Rh reduces the H, from water to form H, gas [24]. Wang et al. [25]
evaluated the performance of Rh catalysts on various supports and found that the
order of catalyst activity as follows: Rh/Y,0; > Rh/CeO, > Rh/ La,O; > Rh/ALO:.
Moreover, among other noble metals, Rh has shown to be more active as it has the

highest activity to C-C bond cleavage in ESR [26, 27].



2.3.1.2. Pt-based catalyst

Pt is also a suitable catalyst for both ESR and WGSR. Buitrago et al. [28] has
reported that Pt/CeO, were important because they have oxygen storage in the Ce,O
structure lead to high catalyst activity [29]. Wang et al. [30] evaluated the activity of
Pt, Ir and Co catalysts on Ce,O support and found that Pt/Ce,O catalyst is the most
active catalyst in term of ethanol conversion [30]. A stronger interaction between Pt
oxide nanoparticle and support lead to the high H, yield and low coke formation. The
order of activity as follows: Pt/CeO, > Pt/ZrO, > Pt/TiO, ~ Pt/C [31]. The ethanol
decomposition to CH; and CO and ethanol dehydrogenation to CH;CHO were the
primary reactions over Pt-Co, Pt-Ni and Ir catalysts, and they were importantly active
and selective for H, yield in ESR [32-35]. Pt/CeO, catalyst was active and stable at low
temperature range of 400-500°C, in comparison to Pt/Al,O5 [35]. Increasing of Pt loading
enhances the conversion of WGS reaction from CO to CO,, thus removing CO from the
reformate stream. Other noble metals for example Pd, Ir and Ru have been tested in
ESR. However, concern level for these noble metals is lower due to poorer catalytic

properties than Rh and Pt catalyst.

2.3.2. Non-noble metals-based catalysts
However, the high cost of noble metals is a major limiting factor in their use for
hydrogen production via steam reforming. Some selected studies on ethanol steam

reforming over non-noble metal catalysts are reported.

2.3.2.1. Ni-based catalyst

As a low-cost and high activity, nickel is widely used in industry and one of the
most studied metal. When ethanol reforming is considered Ni works well as it favors
C-C bond cleavage. For example, Yang et al. [36] studied the activity of Ni catalysts
supported on Al,05, MgO, La,05 and ZnO. They found that Ni/Al,O5 catalyst used at
low temperature was faster deactivate than other catalyst due to ethylene formation
on acidic size of AlLOs. The addition of alkali elements can decrease the acidity and
the stability of catalyst increase. Ni/ZnO has the best catalyst performance among the

catalysts [35]. Sun et al. studied H, production of Ni catalysts on different supports at



low temperature. The order of activity of their results as follow: Ni/La,O5 > Ni/Y,05 >
Ni/Al,Os. From their results, Ni/La,O3 has smaller Ni crystal grain lead to higher activity
than other catalysts [37]. Fajardo et al. [36] studied the activity of Ni catalyst on various
supports (ALOs;, MgO, SiO, and ZnO) in ethanol steam reforming for hydrogen
production. Comparing the ethanol conversion and hydrogen selectivity over nickel-
based catalysts, at 400°C of reaction temperature, the order of activity as follow:
Ni/SiO, >>Ni/Al,O5 >Ni/ZnO >Ni/MgO. The Ni/SIO; catalyst is higher ethanol conversion
than other catalysts, indicating that there is a higher amount of active sites usable for
this catalyst. However, hydrogen selectivity was influenced by the support used in the
following order: Ni/SiO2 ~ Ni/MgO >Ni/ZnO >>Ni/Al,Os. The low H, selectivity
presented by Ni/ALO; could be due to the great C,H, formation promoted by this
catalyst. In addition, according to the results, they conclude that at 400°C only Ni/SiO,
was active in ethanol steam reforming and at 500°C of reaction temperature, Ni/SiO,
and Ni/MgO showed activity for ethanol steam reforming [36]. The more extended
study was performed by Duan and Senkan [38] for steam reforming of ethanol. They
evaluated ZrO,, CeO,, TiO,, SiO,, Al,O3 supports by integrating most of the metals in
the periodic table, using a combinatorial method. They concluded that Ni, Cu, Pd and
Pt are among the most active metals in ethanol steam reforming reaction. In addition,
they stated that copper was mainly predominant just in the first stages of the reaction
mechanism namely ethanol dehydration and dehydrogenation steps whereas nickel
was the phase mainly responsible for the hydrogen production although the copper
presences decreased the CO and coke formation.

Among all metals, Rh and Ni produced the best activity and selectivity to H,, and
these metals favored the C-C bond cleavage in ethanol steam reforming [15]. Its ability
to cleavage the C-C bond is demonstrated through the decomposition of ethanol on
nickel surface [4]. The dissociation of ethanol proceeds via the scission of O-H in an
ethoxide intermediate; the cleavage of C-H bond of the methylene group, resulting in
the formation of acetaldehyde intermediate; and finally the breaking of C-C bond on
the acetaldehyde intermediate, giving rise to adsorbed —-CO and —CHs [39]. However,

Rh metal was very expensive which is a major limiting factor in their use while Ni metal



was low cost. Thus, Ni-based catalysts has widely attention to use in ethanol steam

reforming [40].

2.4. Electrospinning technique

Syrrgc Solution Needle Jet ﬁ
\

Tylor cone /—J/

High Voltage Collector

Figure 1 Schematic of polymer nanofibers production by electrospinning [41]

Electrospinning is a fiber production method that uses a high electrical field to
draw a polymer melts or polymer solution into fine filaments. The basic
electrospinning set-up, as shown in Figure 1, include a high voltage power supply,
a needle nozzle, a container for spinning fluid and an electrode collector. When a
polymer solution is charged with a high voltage, the electrostatic force draws the
solution into a liquid jet. Because of the interaction between the jet and external
electric field and charge repulsion inside the jet, the charged jet undergoes a bending
or whipping instability to stretch taylor cone. Solvent evaporation from the filaments
results in solid fibers (Figure 1). The elongation of the fiber as known from this bending
in stability causes the formation of uniform fibers with nanometer scale diameters.
An application for chemical catalyst of fiber structure prepared by electrospinning
method is used to preserve increase activity of catalyst, high stability, and simplify the
reaction process. An inert porous material with a large surface area and high

permeability to reactants could be a promising candidate for efficient catalyst carriers.
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Using an electrospun nanofiber combine with catalyst carrier, the greatly high surface
can provide a large number of active sites, thus enhancing the catalytic performance.
The well-interconnected small pores in the nanofiber mat warrant effective
interactions between the reactant and catalyst, which is valuable for continuous flow
chemical reactions. The catalyst can also be deposited onto the electrospun nanofiber

surface via coating or surface modification.

2.5. Catalyst preparation

The activity of Ni/SiO, catalyst in ethanol steam reforming reaction is greatly
influenced by the catalyst preparation method. Which is correlated to the number of
active metals. There are several techniques of catalyst preparation method, such as
impregnation [15], deposition-precipitation [42], strong electrostatic adsorption [18], co-

precipitation [43] and colloidal [44].

2.5.1. Impregnation

The impregnation method is a widely used for preparing of silica supported
metal catalysts. Two main impregnation methods are distinguished, namely, dry
impregnation also called incipient wetness impregnation and wet impregnation. With
dry impregnation, the mass of the oxide is high, and enough solution containing metal
complex is added to simply “wet” the support. With wet impregnation metal solution
is added in excess of the pore volume of the support material. The metal in solution
is attracted to the support via interaction of physical adsorption. The impregnation
method include three steps of preparation. The first step, the required amount of the
metal precursor salt such as nickel(ll) nitrate hexahydrate is dissolved in deionized
water and added drop by drop to the support under constant stirring. After that, the
sample is dried in an oven at 120°C overnight to remove water. Finally, the catalyst is
calcined in static or flowing air or pure oxygen at the proper temperature to remove
the metal ligands and to reduce the metal to its catalytically active state [15]. There
are several parameters can affect the properties of the obtained catalyst such as type
of precursor, rate of the increasing temperature, and temperature of calcination.
Impregnation method can prepare small particles of metal but difficult to obtain

narrow particle size distribution, as shown in Figure 2.
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Figure 2 TEM image of Ni/SiO, prepared by impregnation method [17]

2.5.2. Strong electrostatic adsorption method

Strong electrostatic adsorption (SEA) is a catalyst preparation method which is
based on basic concept of electrostatic attraction of oppositely charged particles. A
landmark work is the postulation of Brunelle that the adsorption of noble metal
complexes onto common oxides supports was essentially coulombic in nature [16].
Silica and other metal oxides contain hydroxyl groups on its surface. Point of zero
charge (PZQC) is the pH value of a medium where the hydroxyl groups on the surface
of the support remain neutral. In a pH<PZC medium, the hydroxyl groups will be
protonated and become positively charged and thus attracting anions such as
hexachloroplatinate. When pH>PZC, the hydroxyl groups will deprotonate and
became negatively charged and attracting cations such as nickel tetraammine. A simple
intuitive picture of this surface chemistry is presented in Figure 3. In other words, pH
value plays an important role in the deposition of metal precursor. The SEA method
was able to produce nanocatalyst of spherical-shaped nickel nanoparticles on SiO,

support as shown in Figure 4, with Ni average size of 3 nm [18].
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Figure 3 Mechanism of electrostatic adsorption [18]

Figure 4 TEM image of 1.6 wt% Ni/SiO, prepared by SEA method [18]

2.5.3. Deposition precipitation method

12

Deposition precipitation concerns deposition from a precursor solution through

a change of pH, temperature, or evaporation, so that metal compounds are formed

with a low solubility, often metal hydroxides. In the case of deposition precipitation,

this is done in the presence of an existing support, and the concentration of the new

compound is increased gradually to prevent formation of bulk phases in solution.

Preferential precipitation on the support can be achieved because introduction of the
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support in the solution causes either a reduction of the surface free energy of tiny
nuclei or stabilization of the precipitate, decreasing the energy barrier for nucleation.
Hence, conditions exist where nucleation can only occur on the support and not in
the bulk solution, so that the support surface functions as a seed for nucleation [45].
Nucleation of the metal species is generally induced by changing the pH so
compounds with a low solubility are formed. When this is done by injection of the
precipitant (e.g., alkaline solution), great care has to be taken to prevent local
concentrations exceeding the critical supersaturation, which would cause bulk
precipitation. Because of this, homogeneous deposition precipitation methods are
often preferred, whereby precipitation is induced homogeneously throughout the
reaction vessel. This can be achieved by adding urea (at room temperature), which
when heated to 90°C will slowly decompose, resulting in the formation of OH’, thereby
slowly enhancing the pH upon decomposition. Other popular precipitation techniques
include the direct reduction of solvated metal ions to the metal or a gradual reduction
of the pH by slow removal of ligands such as ammonia via evaporation. Classically,
deposition precipitation was developed to produce catalysts with metal loadings that

exceed those obtained by impregnation which is limited by solubility [46].

Figure 5 TEM image of 10 wt% Ni/Ai,O5 prepared by DP method [17]
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2.5.4. Co-precipitation method

In this method, salts of the support and active metal are dissolved and mixed
with basic reagent, generally alkali hydroxides or carbonates. Then, precipitation the
hydroxides or carbonates of support and the active metal are formed. After that, these
precipitates are filtered, washed, dried and calcined. Sodium carbonate and potassium
carbonate are widely used to adjust the pH during this process. While, carbonate and
sodium hydroxide improve the stability of pH. Using co-precipitation method Ni on
ALO; [43], CeO, [47] can be prepare with high dispersion. However, during precipitation,
had to prevent local fluctuations in the conditions caused by, for example,
temperature gradients, insufficient mixing, or concentration gradients, which can cause
additional nucleation events, different or inhomogeneous growth patterns, or the

precipitation of different phases.

(a) 20 nm

Figure 6 TEM image of 10 wt% Ni/Ai,O5 prepared by co-precipitationl method [43]

2.5.5. Colloidal method

Colloidal synthesis is a preparation method that can synthesis nanosized catalyst
by using stabilizer in order to control particle size and composition of catalyst.
Typically, catalyst are added into solution which contains a solvent with dielectric
constant, then a colloid forms in solution. The catalyst particles are absorbed by the
ionomer colloid and then ionomers link continuous network resulting in catalyst layers
formation. The polyol process are applied produce nanosized catalyst and modified

coordination capture as same as colloidal method. For example, the monodispersed
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iron nanoparticles were prepared by the alcohol reduction of iron (lll) acetylacetonate
at high temperature [48]. In the colloidal method, the surfactant- stabilized colloids is
essential to disperse and stabilize nanoparticles in the solvent. The colloidal method
had prepared high dispersion of iron nanoparticles with average size of 10 nm, as

depicted in Figure 7.

Figure 7 TEM image of 10 wt% Ni/Ai,O3 prepared by polyol method [44]
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2.6. Literature review

Gayubo et al. [49] prepared Ni and Co supported on SiO, and Al,05 catalysts in
order to compare the catalyst performance in ethanol steam reforming. Their results
showed that Ni catalyst had higher ethanol conversion than that of Co catalyst. This
was explained its higher capacity of breaking C-C bond. Also, the Ni supported on SiO,
catalyst had a higher activity than supported on Al,O; catalyst. In addition, they found
that the addition of La,O3 gave way to increase ethanol conversion and H, selectivity
also.

Vicente et al. [20] studied the effect operating conditions (steam/ethanol molar
ratio, temperature, and space time ) of Ni/SiO, catalyst in ethanol steam reforming.
From their result, the Ni/SiO, gave total ethanol conversion with a steam/ethanol
molar ratio of 6 at above 500°C and a space time of 0.138 gcstaiyst'N/Sethanol. MOreover,
The formation of coke at 300°C was amorphous which could be block the metallic
sites, while at higher temperature the formation of coke was mainly carbon nanofiber.
In addition, above 600°C the coke content was decreased due to gasification reaction.

Frustery et al. [50] focused on ethanol steam reforming over Ni-based catalyst
which different supports (MgO and CeO,). The Ni/MgO and CeO, catalysts were efficient
systems for H, production at high temperature. Both catalytic systems, at equilibrium
conditions, were able to produce an H, selectivity of 76% at 650°C. Addition of H,0O to
the EtOH/H,O reaction stream was crucial in avoiding catalyst deactivation of both
catalytic systems.

Monica Dan et al. [51] reported ethanol conversion at low temperature and
high steam/ethanol molar ratio over Ni catalysts coated on La,O3 or CeO, deposited
on ALO; and ZrO,. They concluded that the excess amount of water enhanced the
steam reforming of ethanol while decreasing the carbon formation. Moreover, the
addition of ZrO, and La,0Os increased the yield of hydrogen. For Ni/La,Os-ZrO, was
giving the highest conversion of ethanol and hydrogen yield. 100% ethanol conversion
and 55% of hydrogen yield were obtained. All catalysts over Ni promoted on zirconia
support were stable in 24 h with time on stream.

Lindo et al. [52] prepared Ni supported on Al-SBA-15 mesoporous catalysts in

order to study the effect of Al incorporation on property and performance of catalyst
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in steam reforming of ethanol reaction. They was found that several properties such
as ordering of meso structure, acidity, nickel dispersion and metal-support interaction
of Ni/SBA depend on the ratio of Si/Al in SBA-15 structure. Ni/Al- SBA-15 catalyst
showed large Ni particles size and strong metal-support interaction. All of catalyst were
active in steam reforming of ethanol and selective to hydrogen, but although Ni/Al-
SBA catalysts gave almost 100% conversion of ethanol for Si/Al ratios lower than 60,
this presented lower selectivity to main products. The Al doped in SBA-15 mesoporous
support was responsible for the acid sites formation of catalyst; therefore Al has a
positive effect on the distribution of product. Acid sites of support enhanced
dehydration of ethanol leading to higher coke deposition. Thus, the best catalytic
results, in terms of highest H, selectivity and lower carbon formation, were reached on
Ni/SBA-15 catalyst.

Kraikeaw et al. [53] studied the optimum parameter for synthesis of silica fibers
using the sol-gel method and electrospinning technique. The silica fibers were
successfully synthesized by electrospinning technique and the optimized condition
was TCD 15 cm and applied voltage 15 kV to produce continuous and submicron fibers
with a diameter of 0.83 Um.

Reubroycharoen et al. [54] prepared Ni/SiO, fiber catalyst via impregnation
method in order to study the effect of supported shape on activity of catalyst in
glycerol steam reforming. They found that the conversion of glycerol over the fiber
catalyst was higher than that over the porous catalyst. Also, the glycerol conversion of
the Ni/SIiO, fiber catalyst become equilibrium faster than that of the Ni/SiO, porous
catalyst.

Kim et al. [55] compared the activity of Pt/TiO, fiber and Pt/TiO, bulk catalysts
in water gas shift reaction. Their results shown that the fiber catalyst had high activity
and stability than bulk catalyst because the Pt on surface of fiber catalyst provided
easily accessible to reactants. Moreover, the fiber catalysts could be reduced at lower
temperature than bulk catalysts.

Jiao et al. [18] studied the uptake of cationic metal complexes (i.e., [PA(NH3),J*",
[CU(NH3),J*, [Co(NH5)sI**, [Ru(NH5)sJ?*, [Ru(NH5)** and [Ni(NH5)J?* over amorphous

silica support at high pH. The sample catalysts prepared by strong electrostatic
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adsorption (SEA) method were compare with the impregnation method. They found
that the catalyst prepared by SEA method had a smaller particle size and higher
dispersion of metal catalyst than that prepared by impregnation method at the same
metal loading. Moreover, for the same preparation method, the dispersion of metal
on surface of amorphous silica decreased with increasing of metal loading at the same
calcination temperature. Calcination at high temperature caused sintering of metal
over the amorphous silica support and lead to lower dispersion.

Bertone et al. [17] studied the effect of preparation methods over Ni catalyst
supported on silica and alumina in gas-phase hydrogenation of maleic anhydride. The
Ni-base catalyst prepare by deposition precipitation method (PD) was compared with
impregnation method (I). They found that the interaction between nickel oxide and
the support strongly depends on the preparation method. The order of metal support
interaction was as follows: Ni/SiO,-PD >Ni/SiO,-AlL,O,-PD >Ni/SiO,-I. The Ni/SiO,-PD
catalyst prepared by deposition precipitation presented small particle size and strong

metal- support interaction and improved the catalyst activity.



3.1.

3.2.

CHAPTER IlI

EXPERIMENTAL

Matherial and reagents

The chemical materials were used in this study were listed in Table 1.

Table 1 List of chemicals and sources

Chemicals Source
Nitrogen gas (99.99% purity) Praxair
Hydrogen gas (99.99% purity) Praxair
Air zero gas (99.99% purity) Praxair
Helium gas (99.99% purity) Praxair
Standard gas (1% CO, 1% CO, 1% CH,4 and 1% H, within Praxair

96% N,)

Nickel nitrate hexahydrate (Ni(NO3)5-6H,0)

Sigma-Aldrich

Tetraethyl orthosilicate (TEOS; Si(OC,Hs)s, 95 % A.R. Grade)

Sigma-Aldrich

Silica (Q-10)

Sigma-Aldrich

Ammonia solution (27%, A.R. Grade)

Sigma-Aldrich

Nitric acid (HNOs, 69 wt% A.R. Grade)

Sigma-Aldrich

Hydrochloric acid 37 wt%

Sigma-Aldrich

Ethanol

Sigma-Aldrich

quartz sand

Herosign

Catalysts preparation
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Ni-supported on porous silica (SP) and silica fiber (SF) catalysts were prepared

by impregnation (IM), deposition precipitation (DP) and strong electrostatic adsorption

(SEA) methods.
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3.2.1. Preparation of Silica fiber

The silica sol solution was prepare as the following procedure: First, TEOS
(1 mole) was dissolved in distilled water (2 mole). Then, HCL (0.01 mole) and ethanol
(2 mole) were added to the solution under stirring for each step for 5 min. After that,
the solution was stirred at 55°C for 50 min. Finally, the solution was cooled to room
temperature [53]. The silica fibers were prepared by electrospinning process.
Electrospinning was performed with an equipment (Figure 8). A clamp connected with
high voltage power supplier which was connected to the syringe. The needle to
collector distance (TCD) was 15 cm. The silica sol solution was loaded into a syringe
which was attached to spring pump. The feed rate at 10 mL/h and potential of 15 kV
were applied to the needle. The electrospun fibers were collected, and then dried at

110°C overnight and calcined at 500°C for 2 h [54].

: Precursor Liquid
Syringe  solution Needle jet

£57

High voltage
power supply

Collector

Figure 8 Schematic of the electrospinning process setup [41]

3.2.2. Preparation of Ni supported on silica catalysts

The Ni/SiO, catalysts (The Ni loading was 10% in all cases) were prepared by
wetness impregnation (IM), strong electrostatic adsorption (SEA), deposition
precipitation (DP). The samples named Ni/SP-IM and Ni/SF-IM were prepared by
impregnation method. The IM samples were prepared as the following procedure:

Ni(NO,),.6H,0 was dissolved in DI water and then, this solution was added drop by

drop to the support. The DP sample was prepared the following procedure:
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Ni(NO,),-6H,0 was dissolved in DI water and ammonia solution (28 wt%) was added

slowly to adjust pH to 9. Then silica fiber was put in precursor solution to stare DP of
Ni on silica fiber at room temperature. After 12 h DP time, the solid was filtrated and
washed with DI water. The SEA samples were prepared the following procedure: silica
fiber was added to DI water and adjusted pH to 12 by using ammonia solution (28%).
After that, the solution was added into the mixture. Then, the solid was filtrated and
washed with DI water until pH 7. All the catalysts were dried at 120°C for 12 h and
calcined at 500°C for 2 h.

3.3. Catalysts characterization

3.3.1. Nitrogen adsorption-desorption measurement

The specific surface areas and pore size of catalyst sample were measured in
Quantachrom (AUTOSORB 1) at liquid nitrogen temperature (-196°C). Prior to analysis,
the catalysts were degassed and heat at 200°C for 2 h. The specific surface areas were
estimated by Brunauer- Emmett-Teller (BET) equation and the pore volume and mean

pore diameter were calculated by the Barrett-Joyner-Halenda (BJH) method.

3.3.2. Energy dispersive X-ray analysis (EDX)
The determination of the amount of metal in catalyst samples were measured

using energy dispersive X-ray analysis (EDX) on a Rayny EDX-700 instrument.

3.3.3. Temperature-programmed reduction (H,-TPR)

Temperature-programmed reduction (H,-TPR) was carried out by handmade
machine to analyst the reduction of metal oxidation state. The catalyst sample was
pretreated with nitrogen flow at 100°C for 30 min to remove trace of water. After that,
the catalysts was exposed to reduce in 5% hydrogen in nitrogen (5%H,/N,) while the
temperature was increased up to 900°C at the rate of 10°C/min. Schematic of
temperature program of H,-TPR measurement was presented in Figure 9. The H,
consumption was monitored by gas chromatography thermal conductivity detector

(GC-TCD).
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Figure 9 Schematic of temperature-program of H, TPR

3.3.4. X-ray diffraction (XRD)

X-ray diffraction (XRD) was performed to examine the crystal structure and
particle size of catalysts at room temperature in a Bruker D8 Advance equipped with
Cu-Kq radiation. The profile was scanned in the 2 degree (20) range of 5°- 80° at 0.02
steps. The mean particle size of NiO catalysts after calcination was estimated by the

Scherrer’s equation at the (2 0 0) diffraction plane (26=43.5°).

3.3.5. Scanning electron microscopy (SEM)
The morphology of all catalysts were obtained using a Field Emission Scanning

Electron Microscope and Energy Dispersive X-Ray Spectrometer (FESEM-EDS) of JSM-
7610F model.

3.3.6. Transmission electron microscopy (TEM)
The nickel oxide particle size and the dispersion of nickel on silica fibers
support with different preparation methods were observed by using a FEI Tecnai G* 20

TEM/STEM/EDX transmission electron microscope operated at 200 kV.
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3.3.7. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was used to estimate the coke on spent catalyst. It
were carried out in TGA/DSC 1 (Mettler Toledo) instrument. The TGA/DSC was
performed by ramping the sample temperature at 10.2°C/min from 50 to 600°C. Then,
the temperature was increased up to 1000°C with the rate of 4.8 °C /min and holding
time for 20 min. Schematic of temperature program for TGA measurement was shown

in Figure 10.

20 min

1000°C

4.8°C/min
600°C

10.2°C/min

50°C

Figure 10 Schematic of thermogravimetric analysis

3.4. Catalyst performance in ethanol steam reforming

The catalyst performance in ethanol steam reforming was carried out in a fixed-
bed reactor. Prior to the test, the catalysts were reduced at 700°C online for 1 hin a
flow of 10 vol % H,/N, (50 mL/min). The reaction conditions were performed at
temperature range of 400 to 600°C, pressure of 1 atm, 0.2¢ catalyst, reaction time of
6 h, water/ethanol of 9:1 (molar ratio), and feed rate (water/ethanol) of 0.04 mL/min
through HPLC pump into a heated chamber at 150°C to evaporate the solution
completely in the stream of N, of 20 mL/min. The product were analyzed by on-line

GC-FID-TCD equipped with Porapak-Q column [56].
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Figure 11 Reactor system for Ethanol Steam Reforming

Product analysis

The effluent gas from fixed-bed reactor was detected online by gas
chromatograph (Shimadzu GC 14B). While CO, CO,, H, and N, were analyzed by thermal
conductivity detector (TCD) and the hydrocarbon gas were analyzed by flame

ionization detector (FID) with Porapak Q column.
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100°C
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Figure 12 GC heating program for gas analysis

The results were reported in terms of ethanol conversion, selectivity to products and

hydrogen yield, defined as follows (Egs. :1-3)

When

Where

When

XEron) = @ X 100 (1)

in

X(erom) = ethanol conversion
Fi, = molar flow rate of ethanol inlet

F,ut = molar flow rate of ethanol outlet

FCi

S(i) = x 100 2

Feout

Sy = selectivity of product gas
F¢, = molar flow rate of the carbon containing species (i) in the products,
inClUding CO, COZ, CHq, C2H4, C2H6 and CH3CHO

F¢, .. = molar flow rate of C atom total in gas outlet

Yy, = ~22 % 100 (3)

2 6 Fin

Yy, = hydrogen yield

Fy,= molar flow rate of the hydrogen product
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CHAPTER IV
RESULTS AND DISCUSSION

4.1. Catalytic characterization

4.1.1. Nitrogen adsorption-desorption
The textual properties, including BET surface area, pore volume, average pore
diameter of support and nickel-based catalyst as well as Ni content and NiO crystallite

size were presented in Table 2.

Table 2 Textural properties of the different nickel catalysts

Samples Sger Vp Dp Ni content ? NiO NiO
(m%g) (cm*g) (hm) (%) crystal crystal
size P size ©
(nm) (nm)
SP 236.3 1.161 12.4 - - -
SF 59 0.001 10.2 - - -
Ni/SP-IM 240.2 1.167 12.7 11 15 13
Ni/SF-IM 9.9 0.011 10.3 11 22 20
Ni/SF-DP 26.7 0.028 5.8 11 14 13
Ni/SF-SEA 35.9 0.029 5.9 8 7 7

*Ni content was analyzed by the EDX technique.
®The crystallite size of NiO was calculate by the Scherrer’s equation.

© The crystallite size of NiO was calculate by TEM image.

The BET surface area of silica porous (SP) support (236 m?/g) was much higher
than silica fiber (SF) support (6m?/g). Figure 13 show the N, adsorption-desorption
curves of SP and SF supports. The SP support exhibited type IV isotherm that implied
mesoporous structure [57] Instead, the isotherm of SF support showed adsorption
isotherm Ill [53], which indicated non-porous structure. Moreover, Figure 14 present N,
adsorption-desorption curves of the Ni-base catalysts on SF support were prepared by

the different methods.
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Figure 14 N, adsorption-desorption isotherms of catalysts: (a) SF, (b) Ni/SF-IM,
(c) Ni/SF-DP and (d) Ni/SF-SEA
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The Ni/SP-IM, Ni/SF-IM, Ni/SF-DP and Ni/SF-SEA catalysts had higher N, adsorption
capacity than both supports, which indicated the NiO particle covering on surface of
SF support. The Ni/SF-IM catalyst had the lowest BET surface areas (9.9 m?/g) because
the NiO particle could be easy to aggregate and lead out in the calcination step [44].
The Ni/SF-SEA catalyst had high BET surface areas (35.9 m?/g) because the SEA method
provide high dispersion of nickel on the support surface [18]. Moreover, The actual
nickel content of Ni/SF-SEA was slightly lower than the theoretical value. Whereas, the
actual nickel contents of others catalyst was be nearly equal to the theoretical value.

Thus, the nickel was deposited on the support successfully.

4.1.2. X-ray diffraction (XRD)

The XRD pattern of the different nickel catalysts were presented in Figure 15.
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Figure 15 X-ray diffraction patterns of the calcinated catalyst: (a) Ni/SP-IM, (b) Ni/SF-IM,
(c) Ni/SF-DP and (d) Ni/SF-SEA.

X-ray diffractometry (XRD) was performed to identify the crystalline structure by
their diffraction patterns. It has been presented that the crystal with a particular set of
atomic planes oriented toward the X-ray beam diffracts X-rays at an angle zeta

determined by the distance between the planes.
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The XRD pattern of catalysts sample after calcination at 500°C for 2 h was
presented in Figure 15. The NiO phase showed peak at 2 theta of 37.3°, 43.2°and 63.0°
corresponding to crystal plane of (1 0 0), (2 0 0) and (2 2 0) respectively [58, 59]. A
broad peak around 22 was attributed to amorphous silica [14, 54]. The crystallite size
was summarized in Table 2. The size of NiO particles calculated by the Scherrer
equation from the NiO (2 0 0) crystal plane was 15 nm for Ni/SP-IM, 22 nm for Ni/SF-
IM, 7nm for Ni/SF-SEA, and 14 nm for Ni/SF-DP. The NiO peak of Ni/SF-SEA prepared
by strong electrostatic adsorption method were broad, a smaller particle size as well
as dispersion than catalyst obtained by impregnation and precipitation—-deposition

methods, lead to high catalytic activity in ethanol steam reforming.

4.1.3. Temperature-programmed reduction (H,-TPR)
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Figure 16 Temperature-programmed reduction profile of catalysts sample: (a) Ni/SP-
IM, (b) Ni/SF-IM, (c) Ni/SF-DP and (d) Ni/SF-SEA. Inside peak was analyzed by
Origin-Lab program.

The H,-TPR analysis was performed to determine the reducibility and the
optimum reduction temperature of catalysts for the ethanol steam reforming. The H,-
TPR profiles of the catalysts sample was shown in Figure 16 (a-d) for catalysts prepared
by impregnation, deposition precipitation and strong electrostatic adsorption. The

reduction peak correspond to the reduction of NiO to Ni°. For the Ni/SP-IM and Ni/SF-
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IM catalysts, the reduction peak between 350°C and 400°C were observed. The
presence of these peak had indicated low temperature peak of NiO that weak
interaction between catalyst and support [14, 54]. However, in the case of
impregnation catalyst, the fiber catalyst required a lower reduced temperature than
porous catalyst, indicating that the NiO particle size of Ni/SP-IM was smaller than Ni/SF-
IM. These results were agreement with XRD result. Moreover, the TPR pattern of the
impregnation catalysts showed narrow peak, while, the catalyst prepared by DP and
SEA methods presented very broad peaks. The Ni/SF-DP catalyst showed three broad
peaks. The first peak at around 390°C indicating large particles of NiO. The peaks
between 450°C and 575°C were assigned to either small particles of NiO that strongly
interacted with the support [17, 60]. For Ni/SF-SEA catalyst, the reduction peak was
observed in the range of 525 and 635°C leading to stronger resistance to sintering and
deactivation of catalyst [18]. Thus, the metal-support interaction were ordered by

Ni/SF-SEA > Ni/SF-DP > Ni/SP-IM > Ni/SF-IM.

4.1.4. Scanning electron microscopy (SEM)

The morphology of the SF support and the different Ni/SF catalysts were
analyzed by scanning electron microscope. Figure 17(a) presented smooth surface
morphology of SF support. The surface morphology of fresh catalysts showed the NiO
particle deposition on the surface of SF support and the deposition of NiO was
influenced by catalyst preparation methods as shown in Figure 17(b-d). The Ni/SF-IM
catalysts prepared by impregnation method presented poor distribution of nickel oxide
particle on the surface of silica fibers. Moreover, the particle size of NiO was larger than
other catalysts. While the most past of NiO particle of the catalyst prepared by
deposition precipitation was small size but there was large NiO particle size in some
part on the surface of silica fibers. On the other hand, the Ni/SF-SEA catalyst prepared
by strong electrostatic adsorption was good distribution and small size of NiO particle
on the SF surface as a result from strong metal-support interaction [18, 53]. SEM result

was well agreement with the TEM images as shown in Figure 18.
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¥~ Ni particles

¥~ Ni particles

Figure 17 SEM micrographs of the calcinated catalysts: (a) Ni/SP-IM, (b) Ni/SF-IM,
(c) Ni/SF-DP and (d) Ni/SF-SEA.

4.1.5. Transition electron microscopy (TEM)

TEM micrographs of the different catalysts after calcination were shown in
Figure 18. The NiO particles were the darker point while the SP and SF were lighter
ones. All catalysts appeared spherical shapes of NiO particle decoration on the silica
support. The NiO particles of Ni/SP-IM were well dispersed than Ni/SF-IM due to
difference of support shape. In addition, the NiO particle size was influenced by the
preparation method as compared in Figure 18(b-d). From Figure 18(d), the Ni/SF-SEA
catalyst prepared by SEA method had the best NiO dispersion as well as smallest NiO
particle size (7 nm), implying that the SEA method was most suitable for deposition of
NiO on SF support. The particle size of NiO calculated from TEM images were in the

range of 7-22 nm as presented in Table 2. The mean particle size of NiO were ordered
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by Ni/SF-SEA < Ni/SF-DP < Ni/SP-IM < Ni/SF-IM, which was well consistent with the XRD

analysis as shown in Figure 17 and Table 2.

Figure 18 TEM micrographs of the calcinated catalysts: (a) Ni/SP-IM, (b) Ni/SF-IM,
(c) Ni/SF-DP and (d) Ni/SF-SEA.
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4.2. Catalytic performance of Ni-base catalysts in ethanol steam reforming

4.2.1. Effect of shape support: porous and fiber
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Figure 19 Ethanol conversion with time on stream over Ni/SP-IM and Ni/SF-IM

catalysts at 400°C, S/E: 9:1, W/F: 18 8cata--h/MOlathancl-

The effect of shape support of catalysts on ethanol conversion was illustrated
in Figure 19. Only gas products were collected on carrying out the catalytic tests with
a H,O/EtOH molar ratio of 9 and 18 g,taysrh/gmolgon space time at 600°C. Ethanol
conversion over porous catalyst (Ni/SP-IM) was slightly lower than that of fiber catalyst
(Ni/SF-IM) because the porous catalysts have limit diffusion of reactants and products,
resulting in the decrease in catalyst performance. However, Ni/SF-IM catalyst was faster
arriving equilibrium than that porous catalyst. Moreover, Ni/SP-IM catalyst had higher
coke formation than Ni/SF-IM catalyst (Figure 29.). It has been reported that carbon
formation can block active Ni, resulting in low catalytic performance [20, 61].

Figure 20 shows H, yield and selectivity of products, i.e. CO, CO,, CHs, CoHg,
CHg and C,H4O in outlet steam with different shape of catalysts at 400°C with a
H,O/EtOH molar ratio of 9 and 18 geytalys'h/molgon space time. The H, content about
17% was observed over the Ni/SF-IM catalyst, while 13% H, selectivity was achieved

on the Ni/SP-IM catalyst.
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Figure 20 ESR activity over Ni/SP-IM and Ni/SF-IM catalysts at 400°C, S/E: 9:1,
W/F: 18 ¢cata--n/MOlathanot Within 6 h.

The H, yield and CO, selectivity on Ni/SF-IM catalyst were higher than Ni/SP-IM catalyst;
whereas CO selectivity and CH, selectivity on Ni/SF-IM catalyst were lower than that
of Ni/SP-IM catalyst, which implied that methane steam reforming (Eq.(3)) and water
gas shift reaction (Eq.(4)) activity on Ni/SF-IM catalyst were favorable. Moreover, the
C,Hg selectivity and C,H, selectivity over Ni/SP-IM catalyst were higher than Ni/SF-IM
catalyst which indicated that Ni/SP-IM catalyst was easy to formation of coke as
reported in literature [42, 51, 62]. In addition, the amount of acetaldehyde was higher
detected over the Ni/SP-IM catalyst than Ni/SF-IM catalyst, suggesting a higher C-C bond

cleavage reactivity of the Ni/SF-IM catalyst.

CoHsOH + 3H,0 — 2CO, + 6H, (1)
C,HsOH —> H, + CO + CH, (2)
CHq + ZHzo — C02 + 4H2 (3)

CO + H,O — H, + CO, (4)
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Kim et al. [55] pointed out that nanofiber catalyst revealed superior catalytic
activity in WGS reaction compared to conventional bulk catalyst. His results were in
agreement with Tang et al. [63] The observed results from both authors consisted with
our expectation that WGS reaction might be the main reason for high selectivity to H,
and CO, over the fiber catalyst because metal dispersed on the surface of fiber catalyst

provided these active sites easily accessible to reactants.

4.2.2. Effect of temperature
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Figure 21 Effect of reaction temperature on ethanol conversion and products
distribution over Ni/SP-IM and Ni/SF-IM catalysts within 6 h time on stream.

Reaction conditions: S/E: 9, W/F: 18 gcatatys-n/mOletnanct.

Figure 21 shows catalytic performance in ESR at the temperature range from
400°C to 700°C, 1.0 atm, 18 geataiyst-"N/MOlethanct @and ethanol/steam molar ratio of 9.
Regarding all catalysts, the catalytic activity increased with the increase in temperature.

At low temperature (400°C), ethanol conversion was obtained 77.0% and 82.0%
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corresponding to Ni/SP-IM and Ni/SF-IM. The Ni/SP-IM indicated apparently 1.1% of
acetaldehyde selectivity when comparing to 0.2% acetaldehyde selectivity of Ni/SF-
IM. That was definitely implied that the Ni/SF-IM was higher C-C cleavage ability than
that of Ni/SP-IM catalyst. Nevertheless, both catalysts had presented C,Hg and C,Hg
selectivity at low temperature which had lower C-C cleavage ability than high
temperature. Additionally, higher selectivity of CO and CH, indicated that all of
catalysts were active for ethanol decomposition to CO, CHg and H,. And in the same
time, the CO, selectivity was mainly produced from CO in water gas shift reaction due
to the fact that the CO, production was favored at low temperature.

At temperature above 500°C, ethanol conversion were higher than 90 % over
both catalysts and the acetaldehyde intermediates reacted completely. The CO,
selectivity and H, yield increased while the CH, selectivity decreased were appeared
due to methane steam reforming. The water gas shift reaction also presented at 500°C.
However, low quantities of CO, were produced, implying that the capacity of WGS
reaction was relatively weak. Hydrogen yield, which was 55% obtained over Ni/SF-IM
catalysts, above the hydrogen yield over that of Ni/SP-IM. The results revealed clearly
that Ni/SF-IM catalyst exhibited better than Ni/SP-IM catalyst.

4.2.3. Effect of steam/ethanol

Figure 22 presents the effect of steam/ethanol (S/E) molar ratio on the ethanol
conversion and product distribution. These effect were investigated in the range of S/E
from 1 to 12 molar ratio at 600°C, 1.0 atm, and space time 18 gc.ta.-h/MOlgthanot- FOr all
catalysts, ethanol conversion and H, yield were increased with increasing S/E molar
ratio because the formation of surface hydroxyl groups that were active in reforming
was favored. CO, selectivity as well as increased, whereas CO and CH, selectivity
decreased because CHg reforming and WGS reaction were much favored and
methanation reaction was disfavored. Monica et al. [51] explained that a higher amount
of surface hydroxyl groups inhibited the transformation of intermediate methyl groups
into CH, because they were reacted with the methyl groups to produce CO,. Moreover,
the results reveal that excess of water favored the ESR reaction over ethanol

decomposition [50]. For comparison between Ni/SP-IM and Ni/SF-IM catalysts, it shown
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that the reaction over Ni/SF-IM catalyst was faster arriving equilibrium than that
reaction over Ni/SP-IM catalyst. For Ni/SP-IM, the ESR reaction was more likely to occur
than ethanol hydration with increasing of S/E molar ratio implying that, the amount of
coke deposition on the catalyst decreased. Also, ethanol dehydration was favored in
Ni/SP-IM catalyst because the porous catalyst has long time diffusion of reactants as
well as low capacity to break the C-C bond that could be promoted the formation of
ethane [64]. Thus, the optimum S/E molar ratio in ethanol steam reforming at 600°C,

1.0 atm, and space time 18 gcata--h/mMOlgthanol Was 9.
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Figure 22 Effect of water/ethanol molar ratio in the feed on ethanol conversion and

products distribution over Ni/SP-IM and Ni/SF-IM catalysts within 6 h time

on stream. Reaction conditions: 600°C, W/F: 18 8sta--h/MOlathancl-
4.2.4. Effect of space time

The effects of space time (W/F) on the ethanol conversion and products

distribution were investigated in the range of space time from 12 to 36 gc4ta--h/MOlethanct
at 600°C, 1.0 atm and ethanol/steam of 9. Figure 23 show catalytic performance in ESR
with variation of space time. The ethanol conversion increased with the space time
increasing from 12 to 18 getalysth/MOletnane and after that become constant. At low

space time, the ethanol conversion was low because the velocity of ethanol and
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steam through the active surface of catalyst was suddenly fast and then the contact
time of ethanol and steam which contacted on the active site of catalyst was a short
time. Thus, the thermodynamic equilibrium of the reaction was not completed. As
space time increasing from 12 to 18 gcata--h/MOlgihanct, the H, yield increased from 38%
to 55% with decreasing CH, selectivity from 23% to 15% over the Ni/SF-IM catalyst.
This implies that methane steam reforming appeared dominantly. Whereas, the CHy
selectivity over the Ni/SP-IM was constant which indicated that the MSR activity was
lower activity than Ni/SF-IM catalyst due to effect of catalyst shape, resulting in lower
ethanol conversion and H; yield. In contrast, the CO selectivity and CO, selectivity had
a little convert. Moreover, ethanol dehydration was favored in Ni/SP-IM catalyst
because the porous catalyst has long time diffusion of reactants as well as low capacity
to break the C-C bond that could be promoted the formation of ethane [64].
Additionally, the ethanol conversion and products distribution had no obvious change
with the space time increasing from 18 to 32 g.,t..-n/MOlethanot This result indicated that
steam reforming and water gas shift reactions arriving equilibrium. Thus, the optimum
space time value in ethanol steam reforming at 600°C, 1.0 atm, and ethanol/steam of
9 was 18 gcata--n/mMOlethancl.
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Figure 23 Effect of space time on ethanol conversion and products distribution over
Ni/SP-IM and Ni/SF-IM catalysts within 6 h time on stream. Reaction
conditions: 600°C, S/E: 9.
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4.2.5. The steady state
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Figure 24 Ethanol conversion with time on stream over Ni/SP-IM and Ni/SF-SF catalysts.
Reaction conditions: (a) 400-600°C, S/E: 9:1, W/F: 18 geaa-h/mMOlethanot
(b) 600°C, S/E: 9:1, W/F: 12, 18, and 36 gcata--n/mMolethanct-
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Figure 25 Ethanol conversion with time on stream over Ni/SP-IM and Ni/SF-SF catalysts

Reaction conditions: 400-600°C, W/F: 18 €cata.-h/mMOlethano, and S/E: 1, 3, 6, and 9.

The ethanol conversion as a function with time on stream of various
parameter (i.e. reaction temperature, space time and water/ethanol molar ratio) was
shown in Figure 24. For reaction temperature, over fiber catalyst, the ethanol
conversion at 400°C was rapidly equilibrated within 1.5 h time on stream. Above 500°C,
the conversion approach to the equilibrium at 1 h time on stream. Whereas, the
conversion at 400°C of porous catalyst accessed to equilibrium at 3 h time on stream
and into equilibrium at the beginning was 600°C. The trend of other parameters had
gave the same results. Thus, the result reveals clearly that the conversion of fiber
catalyst was faster approach to the equilibrium than that of porous catalyst leading to

catalyst shape.



41

4.2.6. Effect of preparation methods over Ni/SF catalyst
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Figure 26 Ethanol conversion with time on stream over Ni/SF-IM, Ni/SF-DP and Ni/SF-
SEA catalysts. Reaction conditions: 400°C, S/E: 9:1, W/F: 18 €cata--h/mMOlethanot-
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Figure 27 Effect of reaction temperature on ethanol conversion and products

distribution over Ni/SF-IM, NiSF-DP and Ni/SF-SEA catalysts within 6 h time

on stream. Reaction conditions: S/E: 9, W/F: 18 ¢cata.-h/MOlathanct-
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The ethanol conversions with time on stream at different fiber catalysts were
shown in Figure 26. The effect of preparation methods on ethanol conversions
revealed that ethanol conversions over Ni/SF-SEA (91.0%) was higher than that of
Ni/SF-DP (85.5%) and Ni/SF-IM (82.0%) catalysts because the SEA method provided
strong metal-support interaction, small particles size and well dispersion of nickel on
the surface of support. While, IM method had large nickel particles due to the NiO
particles can be easy to aggregate in the calcination step as seen in the XRD, H,-TPR,
SEM and TEM analysis (Figure 15, Figure 16, Figure 17, and Figure 18). The preparation
method of Ni-based catalyst had been recommended that the small particle size of
nickel and strong metal support interaction were enhanced the nickel catalyst activity
in ESR [18]. The catalytic activity in ESR were ordered by Ni/SF-SEA >Ni/SF-DP >Ni/SF-
IM.

Figure 27 show H, yield and selectivity of products, i.e. CO, CO,, CHg, CoHg, CoHq
and C,H;0 in outlet steam with different catalysts at temperature range of 400-600°C
with a water/ethanol molar ratio of 9 and 18 gcstalys-h/gmMOlgoy space time. Regarding
all catalyst, The hydrogen yield increased as the temperature was increased due to
enhanced steam reforming activity. At 400° C, The Ni/SF-IM and Ni/SF-DP catalysts
indicated apparently 0.2% of acetaldehyde selectivity when comparing to 0%
acetaldehyde selectivity of Ni/SF-SEA. That was definitely implied that the Ni/SF-SEA
was higher C-C cleavage ability than that other catalysts. The acetaldehyde selectivity
was low in the distribution of product gas because the faster and following
dehydrogenation and decomposition of ethanol. Also, the presence of C,Hg and C,Hg
gave at this temperature an indicating that the ethanol dehydration was favoured. As
the temperature up to 500°C, no acetaldehyde (C,H;0) was observed over all catalyst.
Also, the CO, selectivity and H, yield increased while the CO selectivity and CHg4
selectivity decreased were appeared due to water gas shift and methane steam
reforming. Over the Ni/SF-SEA catalysts, the H, and CO, selectivity were quite high
compared to other catalysts. When the temperature increased from 500°C to 600°C,
The CO, selectivity and H, yield increased while the CH, selectivity decreased were
appeared due to methane steam reforming. The water gas shift reaction also presented

at this temperature. However, low quantities of CO, were produced, implying that the
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capacity of WGS reaction was relatively weak. Hydrogen yield, which was higher than
60% obtained over Ni/SF-SEA and Ni/SF-DP catalysts. The order of hydrogen yield was
as follows: Ni/SF-SEA> Ni/SF-DP> Ni/SF-IM. The result reveals clearly that Ni/SF-SEA
catalyst exhibited better leading to small particles size and strong metal-support

interaction.

4.2.7. Stability test
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Figure 28 Stability test over different catalysts at 600°C, W/F: 18 gsta--h/MOlathancts
and S/E: 9:1.

To evaluate the endurance of Ni/SP-IM, Ni/SF-IM, Ni/SF-SEA and Ni/SF-DP
catalysts, the stability test was performed at 600°C,1.0 atm, 18 g sta--h/mMOlethano. @and
ethanol/steam: 9 for 20 h. The results were showed in Figure 28. The ethanol
conversion of Ni/SP-IM was completely at 100% within 10 h time on steam, and after
10 h, the ethanol conversion was decreased to 80% with rising selectivity of ethane.
This implying that large amount of coke were deposited, that could be block catalyst
pore. On the other hand, the catalyst deactivation didn’t happen over nickel silica
fiber catalysts. The ethanol conversion showed 100 % with constant throughout within
20 h. This indicating that silica fiber catalysts could be proven the pore blocked from

coke. It was known that the catalyst structure had influence on catalytic performance.
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Bobadilla et al. [65] studied the effect of the shape of Ni on glycerol steam reforming.
They found that the catalyst morphology had a strong influence on the reforming
process. Coking reaction over catalyst, having pore, was grown in the in the interparticle
space blocking, resulting in pore blocking and loss of Ni active sites. In this work, the
fiber catalyst had no pore. As for this results, it was implied that the fiber catalyst had
better catalytic stability.

4.3. Characterization of spent catalyst
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Figure 29 TGA-DTA curves of spent catalysts after 20 h stability test.

Figure 29 shows the TGA-DTA results of the spent catalysts after 20 h stability
test. The TGA-DTA curves of all catalysts showed weight loss and the exothermic peaks
should be attributed to the combustion of coke deposited. As could be seen, for Ni/SP-
IM was two presented weight loss step in the temperature of 300°C-450°C and
600°C-850°C, indicating of two type of combustion of coke i.e., amorphous carbon and
carbon nanofibers respectively. The type of coke with amorphous carbon was the main
effect for the catalyst deactivation by blocking the active site [66, 67]. In comparison,
the Ni/SF-IM, Ni/SF-SEA and Ni/SF-DP were presented only weight loss in the
temperature range of 500°C-700°C attributed to the carbon nanofiber. Kim et al. [68]
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explained that the mass loss in the temperature range of 610°C-720°C was assigned to
the primary coke and the mass loss appeared higher 700°C was the combustion of
graphite carbon. For Ni/SF-SEA and Ni/DF-DP catalysts mass loss above 700°C were not
appeared, implying that the carbon nanofiber that was form in primary coke. The
amount of carbon deposition on catalyst determined by TGA increased in the order:
Ni/SP-IM > Ni/SF-IM >Ni/SF-DP > Ni/SF-SEA as shown in Table 3. This suggested that
Ni/SF-DP and Ni/SF-SEA catalysts had the better character of coke resistance, which
could be leading to small particles size and strong metal-support interaction. These
results were agreement with TEM result. In addition, Kong et al. [69] investigated
toluene reforming by various nickel catalysts, and reported that a larger amount of
coke deposition was obtained for the catalyst (Ni/ZrO, and Ni/SiO,) with large Ni
particle size (23.6, and 26.8 nm, respectively) compared with the Ni/Al,O, and Ni/MgO
catalysts with Ni particle sizes less than 10 nm. Small Ni particle size was also reported
to prohibit coke formation on a Ni-based catalyst during steam methane reforming

[21, 70l.

Table 3 Textural properties of the spent nickel catalysts

Samples Weight loss
(%)
Ni/SP-IM 51.9
Ni/SF-IM 30.4
Ni/SF-DP 15.9
Ni/SF-SEA 12.0

4.3.2. Transition electron microscopy (TEM)

Figure 30 shows TEM micrographs of spent catalysts after stability test. Over
spent catalysts after 20 h stability test, some CNTs and CNFs shape observed on the
catalysts surface, which indicated the locating of carbon deposition. For Ni/SP-IM, the

deposits of amorphous carbon was observed, which seem to cover the catalyst particle
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blocking the reactants access to the active metal and leading to the deactivation of
catalyst. On the other hand, the amorphous carbon was not observed on Ni/SF
catalysts. Moreover, the Ni dispersion and the mean metal particle size for all catalysts
was compared in Figure 30. The metal active particle size of both catalyst i.e., Ni/SP-
IM (Figure 30a) and Ni/SF-IM (Figure 30b) had large Ni particle due to low interaction of
nickel with the support causing the ease of sintering and deactivation of catalyst. In
contrast, nickel particles were smaller and well- dispersed on Ni/SF-SEA and Ni/SF-DP
catalysts. This indicated that, the catalysts had strong metal-support interaction
between Ni and support lead to resistance to sintering. The particle size of Ni
calculated from TEM images were in the range of 8-35 nm as presented in Table 4.
The mean particle size of NiO were ordered by Ni/SF-SEA <Ni/SF-DP <Ni/SP-IM <Ni/SF-
IM, which was agreement with the XRD result (Figure 31).

o L AN R I

Figure 30 TEM micrographs of the spent catalysts after 20 h stability test: (@) Ni/SP-IM,
(b) Ni/SF-IM, (c) Ni/SF-DP and (d) Ni/SF-SEA.
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4.3.3. X-ray diffraction (XRD)
The XRD pattern of the spent nickel catalysts were presented in Figure 31.

Intensity (a.u.)
=

15 25 35 45 55 65 75
2 theta (degree)

Figure 31 X-ray diffraction patterns after 20 h stability test of spent nickel catalysts:
(@) Ni/SP-IM, (b) Ni/SF-IM, (c) Ni/SF-DP and (d) Ni/SF-SEA

In order to investigate the structure and Ni particle size of the spent catalysts,
the XRD patterns of the spent catalysts after 20 h stability test were detected. The
XRD patterns were presented in figure 16. The Ni phase showed peaks at 2 theta of
44.5° and 51.9° [21, 70]. A broad peak around 22° and 23 were referred to amorphous
silica and coke respectively. The size of Ni particles calculated by the Scherrer’s
equation from the Ni (2 0 0) crystal plane was 37 nm for Ni/SP-IM, 36 nm for Ni/SF-IM,
8 nm for Ni/SF-SEA, and 16 nm for Ni/SF-DP. The particle size of spent catalysts
prepared by impregnation method was large compared the particle size of fresh
catalyst as a result from the sintering of the Ni particles. This was another main cause
for the deactivation of catalyst during ethanol steam reforming. These results shown
that SEA method had smaller Ni crystallite size than other methods after reaction. It
was found that the catalyst prepared by impregnation method showed the weak

metal-support interaction while the catalyst prepared by SEA and DP methods showed
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the strong metal-support interaction, implying that the catalyst prepared by SEA and

DP methods have stronger resistance to sintering and deactivation of catalyst.

Table 4 Textural properties of the spent nickel catalysts.

Crystal size Crystal size of spent Ni°

Samples  Nicontent?® f fresh NiO

o)

(%) XRD (nm)®  XRD (nm)® TEM (nm)*
Ni/SP-IM 10.6 15 37 35
Ni/SF-IM 11.9 22 36 34
Ni/SF-SEA 10.6 7 8 8
Ni/SF-DP 11.0 14 16 17

®Ni content was analyzed by the EDX technique.
°The crystallite size of Ni° was calculate by the Scherrer’s equation.

“The crystallite size of Ni° was calculate by TEM images.
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CHAPTER V
CONCLUSION

5.1. Conclusion

1. As a type of support shape of Ni-based catalysts prepared by impregnation
method. The fiber catalyst (Ni/SF-IM) was more reducible than porous catalyst (Ni/SP-
IM) because the Ni/SF-IM catalyst exhibited bigger particle size of NiO than Ni/SP-IM
catalyst. For the catalytic performance in ethanol steam reforming, the ethanol
conversion over porous catalyst was slightly lower than that of fiber catalyst because
the porous catalyst had limit diffusion of reactants and products, resulting in the
decrease of catalyst performance. Moreover, Ni/SP-IM catalyst had higher coke
formation than Ni/SF-IM catalyst. TEM result was shown that carbon formation could
block active Ni, resulting in low catalytic performance.

2. The catalytic activity increased with the increase in temperature. At low
temperature (400°C), the Ni/SF-IM was higher C-C cleavage ability than that of Ni/SP-IM
catalyst. Moreover, both catalysts had presented C,H,O selectivity at low temperature
which had lower C-C cleavage ability than that high temperature. The maximum
conversion was obtained in the temperature range of 500-600°C.

3. The ethanol conversion increased with increase steam/ethanol molar ratio
because the formation of surface hydroxyl groups that were active in reforming was
favored. Moreover, the addition of excess water favored the ESR reaction over ethanol
decomposition. The maximum H, yield was obtained at H,O/ETOH molar ratio of 9

4. The result was found that the effect of space time played an important role
in ethanol steam reforming. The ethanol conversion increased with the space time
increasing. At low space time, ethanol conversion decreased due to the velocity of
ethanol and steam through the active surface of catalyst was suddenly fast and then
the contact time of ethanol and steam which contacted on the active site of catalyst
was a short time. Thus, the thermodynamic equilibrium of the reaction was not
completed. Ethanol conversion over fiber catalyst was 99.9% at 18 gcata--h/mMOlgthanol OF

space time.



50

5. The preparation method had a strong affect on catalytic performance of Ni/SF
catalysts used in the ethanol steam reforming. The Ni/SF catalyst prepared by strong
electrostatic adsorption method was smaller NiO particle size and stronger metal-
support interaction than deposition precipitation and impregnation methods. The NiO
particle size was 20, 14, and 7 nm for Ni/SF-IM, Ni/SF-DP and Ni/SF-SEA respectively.
The catalyst with different size of NiO particle exhibited different catalytic activity. The
strong metal-support interaction of catalyst enhanced the dispersion and surface area
of nickel catalyst, resulting in high catalytic performance in ethanol steam reforming.
The increase in both ethanol conversion and hydrogen yield were order by: Ni/SF-SEA
>Ni/SF-DP >Ni/SF-IM. The Ni/SF-SEA catalyst exhibited the best catalytic activity in
ethanol steam reforming which gave a high hydrogen yield of 65% and total ethanol

conversion.

5.2. Recommendation

From the results of reaction temperature, it could be seen that the activity
over all of nickel catalysts was complicated at different temperature and which could
be ascribed to the effect of nickel metal and silica support. At low temperature of
400°C, the catalysts presented low ethanol conversion and hydrogen yield as well as
the appearance of ethane, ethene, and acetaldehyde which implied that Ni catalyst
had weaker ability of C-C bone cleavage at low temperature. Thus, to improve the
ability of Ni catalyst at low temperature, the addition of promoters (such as lanthanum)
or basic additive that favour water adsorption and coke gasification lead to enhanced
the catalytic activity. Previous research explained that, lanthanum could promote
dehydrogenation of ethanol and hinder ethanol dehydration bring to enhance the

activity of hydrogen production on Ni catalyst at low temperature.


https://dict.longdo.com/search/appearance
https://dict.longdo.com/search/research
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Appendix A
Calculation
1. Calculation for preparation of silica fiber (SF) samples

Molar ratio of TEOS:EtOH:H,O:HCl = 1:2:2:0.01

MW (g/mol) Density (g/cm?)
TEOS (purity 95%) 208.33 0.933
EtOH 46.07 0.789
H,O 18.00 1.00
HCLl 36.46 1.18
Silica 60.09 2.20

TEOS 1 mol = silica 1 mol

Basis of silica 7.5 ¢

Therefore,
mole of TEOS  =7.5/60.09 =0.125¢
weight of TEOS =(0.125x208.33x100)/95 =27.4g
volume of TEOS = 27.4/0.933 = 29.3¢

At TEOS = 0.1248 mol

Thus TEOS:EtOH:H,O:HCl = 0.125:0.249:0.249:1.2x107

Therefore,
volume of ETOH = (0.249x46.09)/0.789 = 14.56 ml
volume of H,0 = (0.249x18)/1 = 4.49 ml
volume of HCl = (1.2x10°x36.46)/1.18 = 0.04 ml

2. Calculation for preparation of 10 wt% Ni loading
Ni precursor; Ni(NOs),-6H,0
Ni (MW = 58.69 ¢/mol)
Ni(NO3),-6H,0O (MW = 290.81 g/mol)
Basis 0.9 g of silica fiber
Ni = (10x0.9)/90 = 0.1¢
Weight of Ni(NOs),-6H,0 = (0.1x290.81)/58.69 = 0.495¢
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3. Calculation of crystalline size from X-ray diffraction (XRD)
The nickel oxide (NiO) particle can be estimated based on Scherrer equation
d(NiO) = K—A
BcosO
Where d(Ni0) is the crystallite size of NiO (nm)
A is the X-ray wavelength (CuKal = 0.154nm)
0 is the diffraction angel
K is a constant (usually K= 1)
B is the line broadening at half of the maximum intensity (in radian unit)
The nickel particle size was calculated based on NiO particle size as equation

following

201 262

30 35 40 45 50 55 60 65 70
Figure-A1 XRD pattern of Ni/SF-IM catalyst

Example: 10 wt.% Ni/SF-IM
20, =14252",20,= 4373, 0= 121 = (3.14 x 1.21)/180" = 0.021 radian
B =(3.14 x 0.3957)/180 = 6.89 x 10~ radian
d(Ni0) = (1 x 0.154)/(6.89 x 10°x cos(0.021)) = 22.35 nm
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4. ESR reaction
Fin_Fout
X(ETOH) = F— X 100 (1)

mn

When F;,, = molar flow rate of ethanol inlet

F,,+ = molar flow rate of ethanol outlet

FCi

X 100 (2)

S =
@ Cout
Where F¢, = molar flow rate of the carbon containing species (i) in the products,

inClUding CO, COZ, CHq, C2H4, C2H6 and CH3CHO

F¢, .. = molar flow rate of C atom total in gas outlet

Yy, = ~22 % 100 (3)

2 6F,
When Fy,= molar flow rate of the hydrogen product

For example,

Reaction conditions: Water/Ethanol mole ratio 9:1, feed flow rate 0.04 mL/min and
flow rate of gas output = 48.37 mL/min at 6 h.

Catalyst = 0.1 ¢ V =224 it (STP) = 22400 ml (STP)

Area Standard Area Sample
H, 10048 652456
CcoO 21013 70810
CO, 18185 195535
CHy 226929 485734

Therefore Fy, =652456/10048 = 64.9 %

= ((64.9/100) x 48.37x1000)/22400) = 1.4027 mmol/min
Fep = 70810/21013= 3.4 %

= ((3.4/100) x 48.37x1000)/22400) = 0.0728 mmol/min
Feo, = 195535/18185=10.75 %

= ((10.7/100) x 48.37x1000)/22400) = 0.2323 mmol/min
Fey, =485734/226929= 2.14 %

= ((2.14/100) x 48.37x1000)/22400) = 0.0462 mmol/min
Fg, . = (CO+ CO, + CHy)

= 0.0728 + 0.2323 + 0.0462 =0.3513 mmol/min



F; = 0.3526 mmol/min

Fout = 0.0 mmol/min

Therefore
Xeron (%) = ((0.3526-0.0)/0.3526) x 100 = 100 %
H, yield (%) = ((1.4027/0.3526)/(6 x 100) = 66.3 %
CO selectivity (%) =(0.0728/0.3513) x 100 = 20.7 %
CO, selectivity (%) =(0.2323/0.3513) x 100 = 66.2%
CH, selectivity (%) =(0.0462/0.3513) x 100 = 13.1 %
Appendix B
(a)
Si Spectrum 1
0
Element  Weight%
O 57.69
Si 31.06
Ni 11.25
Totals 100.00
Ni
Full Scale 4854 cts Cursor: 0.000 keV]
(b)
Spectrum 1
O -
S Element Weight%
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Figure-B1 EDX spectra of the calcinated catalyst: (a) Ni/SP-IM and (b) Ni/SF-IM.
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Figure-B2 EDX spectra of the calcinated catalyst: (c) Ni/SP-DP and (d) Ni/SF-SEA.
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