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CHAPTER 1
INTRODUCTION

1.1 Statement of problem

Climate change refers to the changing climate as a result of direct and
indirect effect from production and consumption activities by human life that cause
the amount of greenhouse gases in the atmosphere and accumulate more than it
should have been that lead the earth to retain more heat in the atmosphere.
Because of this, the world is abnormally warming. The phenomenon that makes the
world warming is called greenhouse effect.

Since the production of methanol is inadequate. Therefore, methanol must
be imported and employ reforming process to produce industrial methanol. With
fossilized natural gas that causing global warming problems, syngas is an alternative
that using biomass as raw material. Methanol is the tenth of most important organic
chemical raw material and fuel, which is applied to many fields. It was found that
around two-third of the methanol used in industry is obtained from the
hydrogenation reaction of CO, and the around one-third of methanol is synthesized
from hydrogenation reaction of CO.

At this moment in the world, we have really big problem of natural resources
such as fossil fuels and also CO,. We have unclosed carbon cycle so we are taking a
lot of energies from fossil fuel for example coal, oil, natural gas and we are just
burning them and using for transport or taking electric energy out of it and again at
the end of the day what we have is CO, which is accumulated in the atmosphere. At
this moment conversion of this atmospheric CO, into fossil fuel is not actually done.
In order to have to elemental carbon management, we need to close this carbon
cycle from CO, into possibly fuel and among all the chemicals which can be used as
fuel. It was thought that methanol can be the liable one because methanol is
fundamental chemical in chemical industry for example on the production of a
solvent in plastics, pharmaceuticals, formaldehyde, acetic acid, etc. In addition,

methanol can be used as fuel and this is very important. We can drive car with



methanol or blend with gasoline or we can actually use it as it is in fuel cell and this
is very important. We can use methanol as C1 feedstock so we can also produce
olefins, which are very fundamental chemicals. So, that is the reason why we
decided to work on CO, conversion especially hydrogenation to methanol.
Heterogeneous catalyst is a catalyst in a different phase to the reactants. The
importance of catalysts in industry is because catalysts are hugely important in the
chemical industry. The catalysts provide an alternative reaction pathway and require
lower activation energy. Therefore, the energy demands of process will be
decreased. The process requires less energy. This is beneficial for chemical industry
and environment because it is decreased the demand of fossil fuels and decrease
the greenhouse gas emission which have been generated in producing energy to
drive these reactions. More molecules have an energy in excess of this new lower
activation energy, so the rate of reaction increases. The catalyst would be cheaper
than the large amount of energy required to increase temperature of the reaction.
This is extending an economic benefits of using catalyst. Industrial methanol is
produced from Cu/ZnO/Al,0O5 catalyst by using CO,, CO and H, mixture. The active
site on the industrial catalyst has been identified as a copper, zinc decorated step
surface. This zinc decorated catalyst has been shown to be more active towards
methanol synthesis than copper alone. Cu/ZnO/Al,O5 catalyst is chosen to produce
methanol as Cu/ZnO/ALO; catalyst prepared by conventional co-precipitation
methods. It exhibits high activity in the methanol synthesis from syngas. Cu-ZnO
exhibits a poor activity for CO, conversion and methanol formation and Cu-based
catalyst supported on ZnO-Al,O; mixed oxides exhibits a high catalytic activity for
methanol synthesis from CO,. In fact, Cu species (Cu®, CW%) are the active site for
hydrogenation reaction of methanol. ZnO is used as dispersant for Cu and a
hydrogen reservoir. It also activates CO, and produces catalytical active site through
Cu-ZnO interactions. For Al,Os, it is used for improving its catalytic performance and
improve the dispersion of Cu-ZnO and their catalytic activity and nano-sized Al,Os
that can even increase the selectivity of the reaction through its microporous
structure and Al is used as a structural promoter. Interestingly, we have found that

CO,, CO and H, can easily adsorb on the copper-base catalyst which is an important



step to conversion of CO,. Utilizing CO, by converting it into valuable chemicals and
fuels such as methanol would enable the Earth’s plants once again balance the
carbon cycle.

In this research, the first part is to study about methanol synthesis via
hydrogenation of mixed CO/CO, over Mn modified Cu/ZnO/Al,05 catalyst including
CO, CO, and CO/CO, hydrogenations. The second part is to study about the
operating condition of the reactor for methane steam reforming, bi-reforming, CO,
and CO/CO, hydrogenation from relevant researches. These examples are further
used to be a guideline for a process simulation for studying the overall energy
consumption in methanol synthesis based on experimental results, together with the
simulation program, Aspen Plus V.9, which is used to calculate the overall energy
consumption in each process and energy required to produce one mole of the
product. An expected benefit is this data can be utilized to observe the energy
consumption comparing between these three simulations, CO, CO,, and CO/CO,

hydrogenations.

1.2 Objectives of research

1.2.1 To investigate methanol synthesis via hydrogenation of mixed CO/CO,
over Mn modified Cu/ZnO/Al,05 catalyst.

1.2.2 To investigate the overall energy consumption in methanol synthesis

based on experimental results through the simulation process using Aspen Plus V.9.

1.3 Scopes of research
1.3.1 Catalyst preparation
1.3.1.1 Preparation of CZA (60:30:10 wt.%) by co-precipitation with
pH=8.
1.3.1.2 Preparation of CZA-Mn (60:30:10 wt.%, Mn=0.1 wt.%) by

co-precipitation with pH=8.



1.3.2 Characterization of catalyst
1.3.2.1 X-ray diffraction (XRD)
1.3.2.2 Scanning electron microscopy (SEM)
1.3.2.3 Energy-dispersive X-ray spectroscopy (EDX)
1.3.2.4 N, physisorption
1.3.2.5 Temperature-programmed reduction (TPR)
1.3.2.6 Temperature-programmed desorption of carbon dioxide
(CO,-TPD)
1.3.2.7 Temperature-programmed desorption of ammonia (NH5-TPD)
1.3.2.8 X-ray photoelectron spectroscopy (XPS)
1.3.2.9 CO-Chemisorption (CO-Chem)
1.3.2.10 Inductively coupled plasma mass spectrometry (ICP-MS)

1.3.3 Activity Test
1.3.3.1 Settling the condition by feeding reactants of CO:H, = 1:2,
COu:H, = 1:3, CO:COxH, = 1:1:2, T = 250°C for CZA catalysts, P = 1 atm, 5 h.
1.3.3.2 Analysis of data by Space time yield of CH;OH, CO, conversion,
CO conversion, CO selectivity and CH;OH selectivity measured by

gas chromatograph (GQ).

1.3.4 Aspen Plus V.9 simulation

1.3.4.1 Studying the operating condition of the reactor for methane
steam reforming, bi-reforming, CO and CO/CO, hydrogenation from relevant
researches as a guideline for a process simulation with experimental results

obtained through the simulation process using Aspen Plus V.9.



1.4 Research methodology

Part 1: The effect of Mn on CZA catalyst in methanol synthesis via CO, CO,,

and CO/CO, hydrogenation.

CU(N03)2.3H20 + AL(NO3)3'9H20 +

Zn(NO3)2' 6H20

CU(NO3)Z.3H20 + AL(NO3)3.9H20 +

Zn(NO3)2'6HZO + Mn(NO3)z'4HZO

l

Co-precipitation of pH8

l

CZA (60:30:10 wt.%),

CZA-Mn (60:30:10 wt.%, Mn = 0.1 wt.%)

|

Characterization

1. XRD
2. SEM
3. EDX
4. N, physisorption
5. TPR

'

Reaction performance

Temperature 250 °C
Pressure 1 atm

5 hours

! '

6. CO,-TPD

COZZHZ = 13

COH, = 1:2 CO:COxH, = 1:1:2

7. NH5-TPD
8. XPS

9. CO-Chem
10. ICP-MS




Part 2: Simulation

Study about the reactions from

relevant researches.

1. Methane steam reforming
. Bi-reforming of methane

. CO hydrogenation

A LW ON

. CO/CO, hydrogenation

Simulation by Aspen plus V.9.

1. Components-Specifications

2. Property Specifications, Methods
3. Feed Stream Specifications

4. Unit Operation Block Specifications
5. Run

Simulation by Aspen plus V.9 based
on experimental results using the

same procedure.

1. CO hydrogenation
2. CO, hydrogenation
3. CO/CO, hydrogenation




1.5 Research plan

Topic

2019

2020

Semester 1 | Semester 2

Semester 1 | Semester 2

1. Literature review

2. Simulation by Aspen Plus V.9

*

3. Conference paper writing

4. Preparation of CZA, CZA-Mn

p—
p—

5. Thesis-proposal writing

6. Characterization of

CZA, CZA-Mn

H

7. Test reaction of

CZA, CZA-Mn

8. Thesis writing

[




CHAPTER 2
BACKGROUND AND LITERATURE REVIEW

2.1 The reaction of methanol synthesis via hydrogenation

Hydrogenation produces many advantage chemicals, and its employment is
increasing spectacularly, particularly in the petroleum refining industry. The cost of
hydrogen is a major factor in restricting growth. Hydrogenation is a chemical reaction
between molecular hydrogen (H,) and another compounds or element. Hydrogen
gas is produced from hydrocarbons by the process known as steam reforming. Two
types of reaction pathways have been identified in the literature for the
hydrogenation from CO, to methanol. First, it is consisted in the direct hydrogenation
of CO, to methanol. Second, CO, is firstly converted to CO (through the RWGS
reaction), then to methanol. Generally, methanol synthesis by CO, hydrogenation
over CuO/ZnO based catalysts implicates three competitive reactions. The first

reaction is the direct synthesis of methanol from CO,:
COZ + 3H2 —> CH3OH e Hzo 3 (1) (AH298K = ‘4943 kJ/mOL)

The second one is the inter-conversion between CO, and CO (RWGS reaction):
CO, (9) + H, ™ CO (9) + H,O —(2) (AHj9g¢ = 41.2 kJ/mol)
The third one is the synthesis of methanol from CO:
CO + 2H, — CH;OH —- (3) (AHyes¢ = -90.55 kJ/mol)

For the reaction performed at 250 °C. It is clear that at low pressure, carbon
monoxide is the main product. On the other hand, at high pressure, CO is
transformed to methanol. Therefore, carbon monoxide and methanol are produced
from CO, by parallel reactions.

Hydrogenations are generally executed in the presence of a catalyst and
under high temperature and pressure. Combination of noble metals, nickel, copper,
and various metal oxide are the common catalysts. This raw material is synthesized
by catalytic hydrogenation of CO, and CO over Cu/ZnO/AL,O; ternary catalysts at
50-100 bar and 250-300°C. It has been estimated that around 2/3 for the production



of methanol in industrial conditions is obtained from the hydrogenation of CO, and

the rest is synthesized from hydrogenation of CO. [1]

2.2 The reaction of methane reforming

Steam reforming or steam methane reforming is the general and cost-
effective method for hydrogen production, and it is provided for 50% of the world’s
hydrogen production and the chemical synthesis for syngas or synthesis gas
production that actually made by reacting methane (CH,) or natural gas with water. It
is usually in the form of a catalyst like nickel to make the reaction go faster even
though the temperature is ridiculously high anyways like 800-850°C and pressure
ranging between 25 and 40 atm. These two molecules or the mixed feed react and
the product will be hydrogen gas and carbon monoxides by the following reactions:

CHg + H,O — CO + 3H, -—- (4) (AHz96¢ = 206 kJ/mol)

CO + H,O — CO, + Hy — (5) (AH,08¢ = -41.2 kJ/mol)

The first reaction is the reforming reaction, and the second is the water ¢as
shift reaction as a little bonus step because this action carbon monoxide can further
react with water to produce one extra hydrogen. Both reactions produce hydrogen.
The net reaction is highly endothermic, requiring specific heat. The combined
steam and CO, reforming of methane, CO, can be converted into higher value
products, shortened as CSCRM (see Eq. (6)), also known as bi-reforming reaction of

methane.

3CHy + 2H,0 + CO, — 8H, + 4CO —— (6)  (AH9e¢ = 712 kJ/mol)

CSCRM has recently occurred as a promising technique since it can generate a
green and sustainable energy source from biogas, a non-fossil fuel resource mainly
consists of methane, carbon dioxide and water. However, the bibliographic
knowledge about CSCRM reaction is little-known as reported in literature due to the
complexity of this reaction involving multiple main reactions, namely, SRM and DRM

as well as several parallel reactions. [2]
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2.3 Methanol

The first the homologous series of alcohols is methanol (CH;OH). Methanol is
the simple of all alcohols. Methanol is found in combined state in oil of wintergreen
as methyl salicylate and in clave oil as methyl benzoate. It is prepared by the action
of water gas and hydrogen. Customarily, methanol was made from destructive
distillation of wood and the product was known as wood alcohol. Methanol is also
known as methyl alcohol. Methanol is consisting of hydrogen, oxygen, and a single
carbon atom. It has the highest hydrogen to carbon ratio of any liquid fuel. These
chemical properties contribute to methanol sustainability as a petrochemical
feedstock and fuel. Methanol is commonly produced from natural gas. Increasingly,
methanol is produced from renewable feedstock such as renewable energy, carbon
(CO,) capture, municipal waste and agricultural waste. Methanol is produced from
such feedstock which create circular economics where what is normally deemed
waste is used to produce methanol which is a useful and higher value product such
processes effectively promote sustainability by creating value from waste and
diversifying how waste is managed. Methanol is used to produce a wide range of
extensive products such as material for constructing houses, paints, plastics, car parts
and medical equipment such as personal protective equipment. When produced
from renewable feedstock, renewable methanol becomes a sustainable, net carbon-
neutral fuel compliant with climate goal. Upon combustion methanol compounds
and physical properties results in significantly lower emission. Specifically, the
absence of carbon and carbon bonds in methanol molecules is key to the negligible
emission of soot or particulate matter and the oxygen atom contribute to a fuller
and cleaner combustion making methanol an environment-friendly fuel that
contributes to better air quality.

Commercially, methanol is produced from syngas, which is prepared from
natural gas or coal, which contains CO and H, along with a small amount of CO,.

Methanol is currently produced from syngas using copper-based catalysts. [3]



Acetic Acid Others Methanol to
9% 8% Olefins
9%
DME
7%

Methyl Chloride
3% \
Methyl
Methacrylate
3%
Methylamines
2%

Biodiesel
2%

Figure 1 World methanol demand according to use. [4]

Uses of methanol

- Formaldehyde resins used in wood products such as particle board.

- Acetic acid used in making Polyethylene Terephthalate plastic bottles and

polyester fibers.

- A solvent and an antifreeze in pipelines and windshield washer fluid.

- Denatured ethanol is used as fuel.

- As a solvent for varnishes, paints and polishes.
- Used in making dyes, drugs and perfumes.

- As a motor fuel along with petrol.

- Transportation fuel for passenger vehicles and trucks.
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- Hydrogen carrier for fuel cell vehicles, stationary fuel cell power plants, and

portable fuel cell devices such as cellular phones.

- Additive to remove harmful nitrates from wastewater treatment plant

effluent by accelerating bacterial degradation.

Physical properties
- Molar mass is 32.04 g/mol.

- Colorless liquid, possesses a strong alcoholic odor.

- Volatile, boiling point is 64.7°C , melting point is -97.6°C.


https://en.wikipedia.org/wiki/Solvent
https://en.wikipedia.org/wiki/Antifreeze_(coolant)
https://en.wikipedia.org/wiki/Pipeline_transport
https://en.wikipedia.org/wiki/Windshield_washer_fluid
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- Lighter than water, density is 0.792 g/cm?’.

- Neutral compound.

- Miscible with water in all proportions. Heat is evolved on mixing.
- Burns with a bluish flame.

- Highly poisonous in nature.

2.4 Catalyst components

In  general, catalyst components consist of 3 parts. Active phase,

Support/Carrier and Promoters and Inhibitors.
Euncticn

- High surface area

- Mechanical properties

Function - Stability

- Madification of active
- Chemical activity .
componen

Promoter

Eunction on support Eunction on active compenent
- Structural - Electronic

- Activity inhibition - Morphology

- Activity promoticn - Poisoning

Figure 2 Catalyst components and their function. [5]

Each component has different responsibility, and each substance can be classified to
one component or more than one component. All catalyst is not necessary to
consist of all 3 components, but active phase is needed for all of them. Catalyst
which has only active phase such as metal catalysts or oxide catalysts. Catalyst
which has active phase and support are classified to Supported Oxide Catalysts and
Supported Metal Catalysts. Catalyst which has promoter are called Promoted
Catalysts. For Cu/ZnO/Al,05 catalyst : Cu-active phase, Al,Os-support, ZnO-promoter.

Active phase is the active site for reaction. In general, active site are dispersed
on porosity of supported catalyst in form of nanoparticle with diameter of 1-50 nm.
Specific surface area of these particle is consisted of active site (Atom or Particle)

which can catalyze various reaction. Example of active phase substance are Metal,
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Metal Oxide and metal Sulfide. Selection of Active phase component is the first
procedure for catalyst design. The factor which used to classify active phase is
Conductivity. Those are metal, semiconductor and insulator and 3 types of active
phase can also classify to be metals and metals components which are in the form
of oxide, sulfide, nitrite, and carbine. Without active site, reaction will not occur.

Support is a porous material which have high specific surface area such as
alumina, silica, activated carbons, etc. If there is no support for metal catalyst which
is active site, it will be crystalized. Support will increase dispersion of active phase
and if metal amount is decreased, the dispersion of active phase will increase, and it
will be affected specific surface area per metal weight. Moreover, support must have
high Strength and high heat resistance properties. Therefore, Heat and stability of
support have to be improved to increase active site and supported catalyst’s
efficiency.

The purpose of preparation for catalyst which consist of support is to
separate crystal of active site. Crystallization of active phase will be occurred when
particle of catalyst dispersed on support. Transportation of active site depends on
interaction between catalyst and support. If it has weak interaction, Transportation of
active site will have high efficiency and can be crystallized easily with high
temperature than temperature that cause coalesce. On the other hand, if it has
strong interaction, the chemical compound between catalyst and support will be
occurred. Catalytic activity will be reduced. Generally, interaction between catalyst
and support should not be extremely strong or weak.

Promoters is used to support active phase and support by changing
morphological or electron properties or increasing mechanical properties and
reaction resistance with feeding substance and heat resistance. Therefore, promoters
will increase radioactivity and/or stability of catalyst. Generally, promoter will be
added in small amount (1-5 wt.%) for support and maintain substance or specific

surface area and increase radioactivity of catalyst. Promoters can be metal or metal
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oxide such as alkaline metal (Na,COs;, MgO) and rare earth metal oxide (CeO,, La,O5).

2.5 Cu, Zn, AL, Mn precursor and NaHCO,

Table 1 Information of Cupric Nitrate Trihydrate AR/ACS. [6]

CUPRIC NITRATE TRIHYDRATE AR/ACS

Purity

99.5%

Molecular formula

CU(NO3)Z'3H20

Molecular weight [¢/mol] 241.60
Shelf lite 60 months
Physical state at 20°C Solid

Colour Blue crystalline
Odour Odorless

pH value 3-4

Melting point [°C] 115°C

Boiling point [°C] 170°C

Density [¢/cm’] 2.05

Solubility in water [% weight]

138g/100cc H,0 at 20°C




Table 2 Information of Zinc Nitrate Hexahydrate. [6]

ZINC NITRATE HEXAHYDRATE
Purity 98%
Molecular formula Zn(NO3),*6H,0
Molecular weight [¢/mol] 297.48
Shelf lite 60 months
Physical state at 20°C Solid
Colour Colorless crystals
Odour Slight nitric acid odor
pH value =54
Melting point [°C] 36°C
Density [g/cm’] 2.07
Solubility in water [% weight] | 200¢/100cc H,0 at 20°C

Table 3 Information of Aluminum Nitrate Nonahydrate. [7]

ALUMINUM NITRATE NONAHYDRATE
Purity 98%
Molecular formula AUNO3);*9H,0
Molecular weight [¢/mol] Jie1a
Shelf lite 60 months
Physical state at 20°C Solid
Colour White crystals
pH value 25-35
Melting point [°C] 73°C
Boiling point [°C] 135°C
Density [g/cm”] 2.07
Solubility in water [% weight] | 64¢/100cc H,0 at 25°C




Table 4 Information of Manganese(ll) Nitrate Tetrahydrate. [7]

MANGANESE(I) NITRATE TETRAHYDRATE

Purity

97%

Molecular formula

MN(NO,),*4H,0

Molecular weight [¢/mol] 251.01
Shelf lite 60 months
Physical state at 20°C Solid

Colour Pink-White crystals
pH value 3

Melting point [°C] 37°C

Boiling point [°C] 135°C

Density [g/cm”] 2.13

Solubility in water [% weight]

380g/100cc H,O at 25°C

Table 5 Information of Sodium Hydrogen Carbonate. [6]

SODIUM HYDROGEN CARBONATE

Purity 99.7%
Molecular formula NaHCO;
Molecular weight [¢/mol] 84.01
Shelf lite 60 months
Physical state at 20°C Solid

Colour White crystals
pH value 8-8.5
Melting point [°C] 300°C

Boiling point [°C] 135°C
Density [¢/cm®] 2.16

Solubility in water [% weight]

9¢/100cc H,0 at 20°C

16
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2.6 Catalyst preparation

Catalyst preparation is the important procedure because it will be affected to
substance properties, chemical properties and state of catalyst and specific
properties of active site which are dispersed on supported catalyst. Therefore,
catalyst preparation is the determination for active site for each catalyst.

Precipitation is the one of oxide catalyst preparation that use for preparing
catalyst which consist of active phase and support. Oxide catalyst from this method
will have high specific surface area and porosity. On the other hand, these oxide
catalysts are used to be supported oxide catalyst.

Coprecipitation is the method that metals are precipitated with supported
oxide catalyst or reactant of supported oxide catalyst. Therefore, coprecipitation is
the method for preparing metal or oxide catalyst on supported metal/oxide catalyst
and bulk catalyst such as AlL,Os, SiO,, ZrO,, TiO,. Moreover, coprecipitation will cause
intimate contact between 2 or more metals which will be appropriate for
hydrotalcite substance preparation such as NigAl,(OH);,COs and NgNisAl,(OH);4COs, or

per oxide substance such as NiO-Al,Os, SIO»-Al,Os.



18

3UIse PI)sIsse ¢0D Pasn Jey} Z-v¥ZD JO 1.y} uey)

‘uoneyudpaid-o) -

[6] 12Y3IY yonul sem T1-yzD 4O Anide ay | S0V/0uz/ND : 3skered He ¢
Yl
J0j e 1 D, 0/ ¥ MOY °H Ul padNpay -
‘€7 = 40D JO uonisoduwod pasy IR\O -
4 009¢ ©dW 0°¢ D, OVC -
‘syusuodwod apixo-1addod : UoniIpuod uoidesy
U99M}DQ UOIDRIDIUI By} OS|e INg eale 3deuns "1030e3l pag-paxi) : 9dA} J030eay
1eISW DAIDR DY) 01 pale)as AJUO 10U Sem 1sAjered 'Y v 10J D 0GP 1B uoneude) - atoe k
Jo AjAioe oy HOW, | g pue D)) JO UOISISAUOD Y} "e2IN JO PIDR JI|exO
9Sea.UdUl ))IM (AYAIIDR 3S9YSIY 3Y} SDAIS pIde dU3ID) ‘PIDB DD SUISN UM S3sAeIed 7D 9 -
uoneledaid 3sAjeied Ul pIde DUID Suiseasdul Sy | "G1:GZ:09 4O uonisoduwod \y/uz/mnd -
"pIoe DD Jo Anuenb ayy Jo Suiseasdul Ag pasned ‘uoneydinaid-0d areuoque)) -
[g] | soseaiDap ainjeladwisl  UoRSNQWIOD £O%/0uUzZ/ND & 1sKjere)
uoIIPUOD Jeak
CERIIEIEIEN, $1)NSaJ JURDLIUSIS ON
uoldeay puy 2dAy Jojoeay 1sAeied) payshand

JOouRYIDW O} UOIRRUISOIPAY 0D

SMaIAaJ alnjelalln 1°¢




19

‘eale 9deyNS Joddod djesw JO JuUNowe syl pue
uolsiadsip nD 9y} aA0idwil 0} Pasn uoledLIPOW
snoaue)NWIS  S,Q8N pue ¢Qlz  ‘QuZz

"HO®HD 4O ALS 9Y3} UO pasea.dul Y3 03 |edyausq
alom ainssaid ysiy pue ASHO Ysiy oyl ‘suopoesl
uoljeueylaW pue sHANY DYl JysSnoyi ainjesaduwis)
uonoeal

9Ysly 9yl  yum  padueyus  2q

pPIN0D uoldNpoId JoueyDW By} eyl punoj sem

3 ¥sAieIed  fO4Y/08N-C0lZ-0uz-ND 1o

P3ISOP 1B MOY CH UIWUI 08 Ul PRONPaY -
T:¢ = “0D°H -

‘wie z¢-9 “ D, 01€-0€Z ;.U 0005-009T -

: UOI}IPUOD uoI}dedy

1010e34 Pag-paxi) : 9dA} 103oeay

"4 9 104 D, 009 e Uoljeue) -
‘uoneusaiduw) -

OSW pue ¢Qiz

‘OuZz Ag payipow f0Ay-A/nD : 3sKjere)

G10¢

'TVZD 104 (Y 1)/5 GST pue

1-VZD Pue 10} (Y:-7)/8 $SZ P1RIA swiy adeds 1saysiy
9U3 9ABS Do OPZ 16 3BY} PUNOJ )NSaI pauleIqo
SU 9ZIS 91)|LISAID JD))BWS puR ‘ALAIDE DIIAjeIed
19Ys1Y ‘QuWMOA a1od Ja81e) ‘eale 9DeLNS Ids8Ie)

e pey 15A|e1ed payipow-suise ay | ‘uoljeledaid oy

4y 9 Jojuwie
T D.00€ 12 MOYEN Ul °H 96G Ul pdNPaY -
1:6.:9¢

= UNH 0D BdIN G = d ;.Y 0009 = AS -

: UOI}IPUOD uoI}DedY

1010e3J-010|W Pag-paxly : 9dA} 103oeay
"Z-YZD paweu sem suise

P31SISSE €0 INOYHM 15A|B1ED PIDUDIDYDI Y -
4 9 10} Do 0G¢ e udheuUDe) -

‘oljel JeYow ‘1:¢:9 = y:uz:nD -




20

2loW pasealdul P)nod  uoneaAinde-aid vy

"J0}0Ral Pag-paxly : 2dA} J03oeay

N 'Y G 10} D, 099-0G¢ e uoneude; -
Ul UoljeuDed suunp sapixo poddns Jo uopoelajul "J0sindalid se (y4) SpAySpIewIO - 6102
3EeaM B PISNed uopRdNpas ainjesadwal MO) Yim ‘uopeydipaid-o) -
[21] | sepads Jaddod dnelsw pasiadsip oyl 1Z)vuzn) : 31sKjeyed
eviel = °N/COD/H -
Y ;3828 TW 000t = ASHM
pue ediN 0°'G M €26 -
: UOIHPUOD uoI3oeaYy
"$2}IS dIseq "J0)}oeal pag-paxly : 9dA} J0joeay
1810} pue Sa)Is diseq A1SUoiis usamiaqg uolpodold "y G 10}y ¢/ ) e uoneude) -
SYl JO 9SeaDdp DYl Isnedsq  ‘pasealdsp "6°0:¢ T:1:Z JO onel Jeyow Iz\y/uz/MND - 710e
AIAID)9S HOSHD 92Ul 9Sned pinom oS euiuunie ‘95" IM 0Z O}
suisealdul YA ‘QUZ-ND  Yum  uopdessul  pue 0 W01} )0S eujwn|e Japuiq Jo sasejusdiad
eale adeuns Jaddo) Jo asealdsp syl AQ pasned 1YSI9M JUJayIp JO uonippe ay] -
1Byl 10S eulWNE JO PIpPe DYl YlM paseaidsp ‘uoneydinaid-o) -
[11] | st AuAiDe 8yl ‘Joidau pag-pexy ayl Jo- c0IZ/£0VY/0uz/ND : 3sAeyed

"9ZIS 9))BISAID ))ews

e YlM paulo) Jaddod dmeisw ayy 03 panosdwl

"y 9 10} uije 1 ‘ainjesadwa)




21

sem Jayem  Ag paysemun pue  ainjeladws)

uoneydipaid  J9MO) DYl  pPoyIdW  Jsyiloue

A)SWEU ‘SUOI}IPUOD OM} PISPISUO)) -

"4 ¢ 10} D, 00¢ 18 UoleUD|E) -

uey} uoponposd Joueydw Joj Sduewiopad ‘uopeydipaid-o) - BLu
[bT] | 4BYsly pamoys poulsw  paysemun Yl F0Av/0uz/nD :3sAeled
Y01 404 Wie |
Do 052 18 MOY “H UlW/TW OZ Ul pIdNPaY -
CH ulw/W g1 €O W/ W 9 -
Y €28 = ASHD pue ediN 9/°C “ D, 092-00C -
"vZD 01 pasedwiod se Jaysiy yonwi : UOIHPUOD uoI3oeaYy
SI9M UDIYM 9 2T JO PIIA JoURYIDW Xew sy 1010e3) pag-paxl) : 9dA3 103oeay oruc
puUe UO[}DB3J UOIIRUSSOIPAY SULNp A}Igels Jaysiy ‘Y G 10} D, 00G e uoneuDe) -
pey 1sA1e1ed yzzD 2yl 1yl pamoys 1531 Aligels ‘PaUIPOW-I7 -
9y uonisodwod 1sAjeied paziwndo syl ‘G 0: Tz ‘uoneydpaid-o0) -
[€T] | @18 W/Z/UZ/MD JO Oljel Dlwole  uy “0Yv/0uz/0ND : 3sAjered

"05GZ 104 }5A|B3BD JOURYIDWI |BUOIJUSAUOD UBY}
2low HOMW )G sy} oAeS uopeAlde-aid 4 Wouy
15A1e3ED UZ)YUZND 1By} PUNOS Sem )| JOURYISW O}
UOI1RUDS0IPAY ¢0D 10} ND UM D94 DISISIDUAS
suoss B pajudsaid  Jeyy ‘Quz  pazMeIsAD

'Yy T 404 wie 1

Do 0G€ 38 MOY °H UIL/TW Og Ul PSONP3l -
1:¢ = “OD/°H -

;-4 000b = ASHD Pue wie 0¢ “ 3, 05 -

: UOI}PUOD uol3doeay




22

UDIYM 04G°Z6 1OUBYIDW JO ALS B 9ARS 15A\e1eD W7D
payIpow SNS 9% 0T 9yl "uononpoud joueyiaw

AQ payipow (SND) }9aysoueu auaydeis -

"1:€19 Sl Ol3eJ 9)0W Y] -

1o} 9duewlopad 3sA|eled ayy Sdueyud PNOD ‘uoneydpaid-o0)) - pioe
[GT] | 3sAje3ed yzD Sy3 03Ul SND |_UORIPPE YA S0°V/0uz/0ND  3sKjejed
Y pT 4oy uie 1 D, 662
18 MOY (°N Ul 9%G) “H Painip Ul paonpay -
‘uopeuss0IpAY 08:0Z = °H/0D -
0D 104 sIsayjuAs Joueyidw sy} dA0Idudi P)nNod -4 000GT = ASHD pue wie 0§ ‘D, 0S¢ -

15A)e18D BY) 01Ul P4 JO Suisealdul 3y | : UO[}IPUOD UOl}dedYy 020
¢0¢

"A}ID1SeQ SUOJIS B JO 3SNEDSQ MO SeM
JOUBYIDW O} UOISIDAUOD 0D 92U} 3Ng Joueyiaw
0} 0D PIUSAUOD A)ID2UIP PINOD €OU| ‘JSAOIOW
"AINIgeIS Jaysly pajgiyxe fQ%ul JO jJunowe Jaydly

yum )dwes sy} ‘91edisans ‘0D/H YUM

l010e31 Pag-paxyy : 9dA} 103oeay
“Y ¢ 10 D, 0C¢ e uoijeuixie) -
"SIUDIUOD EO%)Y puUe £0CU| JUDIRlI] -
‘uoneyudipaid-o) -

f0YV/0uZ/0ND : 3sAejed

1e1shid
N> snoydiowe e pue AJAIDE SISSYIUAS Joueylow

12ydly ‘uosiadsip Jaddod Jaysly Joj )geinoAe)

1:6 = “OD/H -

4 0561 = ASHD pue Jeq / * D, 02¢-091 -
: UOI}IPUOD UOI}OedY

1030e31 Pag-paxiy : 9dA} 103oeay

"UoljeJNl} PaYSeMUN pue Paysem




23

"1onpoud
yoea Jo A1AIIDS19S pue adueulopad dnAe1ed syl
pa109ye poddns SpIXO SIY| "%ZE 16 JO AUAIDD)SS
JOURYISW pUB UOISISAUOD 0D 9%96°¢T pue AjAnde
J13A1eIRD 1S3USIY DY} Ul PaNsad Ydlym padnpal
A)Isea S| 1 pue 3zIs 21))1e1sAID 159))ews ‘uoisiadsip
pue eale ooeuns Joddod  3s98iE) Byl pey

ypoddns G1-ygs uo 3sAjeyed Quz/md 3yl

‘2inssald duaydsowe Jspun Yy ¢ 404 D, 052
18 MOY (°N Ul %G) “H PSIMIP Ul paonpay -
‘€T = “H/A0D -

1eq Gz “ 2, 012 -

: UOI}IPUOD UOI}DedYy

101082J-0JDIW Paq paxly : 9dA} 1030eay

Y p 10} D, 0G¢ e uoheude) -

'G1-VES PoyIPoW-y pue G1-vgs

COIZ-COY “COAY se yons suoddns snouep -
‘uoneusaiduw) -

paseq Quz/nD : 3sKjeze)

L10¢

01

SNS

Jo uopowold SulpuesiNo Sy} 0} paINguIle sem
aouewlopad dnAeied paroidwl ayy “Uaysly Quz
pue OnD oPiped Us)ews oy} U9ASMOH

"SND INOYIM 1SA1RIED 7D 9U3 UO Jey) ueyl Jaysiy

'Y 940y uie T D, 087

18 MOY (“N Ul 9%G) °H PaIN|Ip Ul padNnpay -
'8:¢:69 = *N/“OD/*H ses jueoeay -

-4 000ZT = ASHD PUe ediAl ¢ “ D, 05 -

: UonIpuod uoljdesy

"J010B2I0IDIW PIQ Paxl) : dA3 10joeay

'Y 9 404 D, 0GE Ie UoljeuIde) -

"BUNIW 1eq A842UD ydiy




24

"uodNPRI €0 WOoJ) A)30a41p 10 ainssaid
MO) }EB 3jeuloj ayy Jo uonisodwodap ayy Ag
2onpold ag ued SpIXouow Uogued )Iym ‘@inssaid
Y} JoAd1eym 0D  wloj padnpoud  AdLuip
S JOURYUID)\ UOIJRUIIO) JOUBYIDW DY} 3Sealdul
ainssaid ysly pue 23el-moy YdiH uolysoduod
}sAleyed 2y} pue 23l MO ‘@unjesaduwisy
uopoeal  ‘ainssaid  uo puadsp  AjdBUoAS

UOISISAUOD 0D pue AJAIIDS9S JoueYIDI

Y 8iojune

Do 05€ 18 MOY °H "Y/7 €'] Ul padNpal -
e = H/0D -

Jeq G/-T “ D, 022-0LT -

: UOI}PUOD uol3oeaYy

1010e3J-01DIW Pag PaXly - 9dA3 10joeay
Y 1 10} D, 0G¢ 1e uoneude) -
'0T:0¢:09 4O Oes JYslam Yy/uz/nD -
‘uoneidpaid-o) -

f0YV/0uUZ/0ND : 3sAe3ed

610¢

11




25

0D Je)ndo)oWw S1eYDB) SB UMOUY Sem eyl
DP0D pue 0D USaMISQ J0BIU0D AJ3S0)D YIM SYH
1O} S9)IS DAIIDR UORIPPE JO SuleISUSL)

"D¢0D MINQ SUIWIO) 0D DN e}
JO BuiZIpigJed  suisealdul  pue  s)diped oD
JO SULISIUIS DIISeIp 01 P) Pajle) 01 XUlew SPIXO

snoydiowe suiznigeys oy} aonpoid pNod (9w

'Y T 40j wije 1 D, 0G¢ e

MOY} (G20 = N/PH) °H 21N|Ip Ul paonpay -
(1:T = OD/°H) 0Z:0b:0b = °N“H:0D -

1.4 0096 = ASHO pue Jeq 09 ‘ D, 082 -

8'0<) dulpeo) BN Yysiy pajussaid sysAjeied : UOI}IPUOD uoI3DOeay 9102 T
“(SYH) SIS9UIUAS 1OUOD)E IBYdIY IO} SIS DAI}DE lo)1oeal pag-paxiy : dA} J0joeay
‘Aoje @2epns 0D-ND 4O uoneuno) syl paroiduwl | (% 0TNY:(%9 T2)UZ: (%0 81)ND(%0°02)0D -
SUIMOYS Weal}s JO aWiy Y QT 3Sdly DY} pue (9 m "y ¢ 10} D, 0GE 1e uoneue -
9'0S) SUIPeO] BN MO) UM PISeadul SJ0YOd Y ‘uoneusaldul 39m Ag ssuipeo)
‘uoneulIo) DH SULIOAR) 1S S2eUNS 0D DJijjelaw BN JUIDIP YUM SISA|R1RD PRIIPOW-07) -
pP21L)0SI JO SUMOD JO 3SNedaq  UOReAIDeIp ‘uoneydinaid-o) -
[8T] | 1emur  suoss  paqIyxe  sisAjeed f0Av/0uz/nD 1 3skere)

UoI}IpUOD 1eak
CBIIEIEIEN, S}NS2J JUBDYIUSIS ON
uolldeay puy 2dA} J0joeay 9sAeied payshand

JouRYIDW O} UOI3RUSOIPAY 0D




26

Ayquenb Jeyow ayy usym AjAilDe diAeIRD 159q

3Y1 pue SyH oy Joj a3eudoidde y3] jo Ayuenb

! UOI}IPUOD UOI}dedY

Jleabl=EY

3)geuNns Y '9dnpal 0} JSISeS  S1sAje1ed syl AUNS ‘MOY}-SNONUIUOD e : 9dA} J103oeay
Spew ) ‘saplsag PasueYd Y pue Uz N) suowe 'Y 8 10J D, 0G¢ e uoneude) - q10¢

UOIIDRIDIUI DY} pasned pue 3deuns 3sAjeied "SJUUOD (YI1) SUILUR)OURYISHY SNOLIBA -

39Uyl Uo jusuodwod nN) Byl poseasdul pue ‘poyraw aseyd-pinbn 919)dwod v -

[0Z] | pPIDe jeam JO Junowle 2yl paseasdsp il W/uz/mnD :iskieed

“Joddod di)e1oW 3Yy) USIMIS] 1DRIUOD DDRLIUI ‘Y GT 404 wie T D, 0G¢ 1e

95010 PapUIIKD Ue Se WeaJ}s UO SWl} Suisealnul | MO) (GZ°0 = °N/H) ¢H 21nIp Ul paonpay -

Uum - sjoyode  Jaysly  spiemol - Ajgeloney (1:T = OD/°H) 0Z:00:0t = *N*H:0D -

payiys  jonpoid  Jo uonnguisip Syl SYH 14 0096 = ASHD pue 1eq 09 ‘ D, 08¢ -

pUE UOIIPAIIDE SULNP SUORIPUOD 3yl WO} SUed : UOI}PUOD uol3oeaYy
S0BNS 15A)B1eD DY} Ul UZ JO JuswWyduus Jofew 1030e31 Pag-paxiy : 9dA} 103oeay s10c

v "A1IAI}DD)9S pue AJAIDE JO WD) Ul uoisodulod "y ¢ 10} D, 0G¢ e uoneuDe) -

wnwndo 01  paziusodal  sem Gz onel "S15A)1e1eD PaLIPOW-0) -

0D/ND PUE 5)0YODe JO UOIIRUIO) Jaysly 3y} AQ ‘uopeydipaid-o) -

[61] | PSNED jey) opes 0)/ND) JO SUISEIDUl Uy £O%V/0uUzZ/ND & 3sKjeyed

‘uondiospe




27

"PIINSEIW SeM
SYH Ul pPaseaIdul 950G B 2Jaym sAjeied ayy 4oy
pajedipul aJlam sasueyd )gidsadiad 1sow sy
‘1) Io/pue Uy AQ 1Y Jo/pue uz Jo jusude)dal
JO  9%0G AQ AjAlDE  SupnNpal Ul }Nsal
B Se pPawWlo) a1om S1eIsAid OnD 2ale) Ag sasned
1ey} adepuns Jaddod pasodxs Jomo) oyl
‘15Kjeyed
9yl Uo ADIseq ayy padnpal Y S)oyode Jaysiy
JO 9SuUadXa 2y} 1B SISOYIUAS JoUuBYIDW 2}DOAPE
‘quauodwod 1y YsiH $10yode Jaysly 9onpoid 03
AJIAIDR pue AJAIIDD)9S JO SWS) Ul 9duewilopad
wnuwndo syl pajesAal i1 JO Ol3ed JIWoIe uz/n)

pue (OMyStuzsnd-y) jusuodwod |y MoT

ye

10} e 1 D, 0S¢ 38 MOY °H Ul padNPay -
1T = 0/°H -

¢WD/S 8 570 JO Ol 4/M -

1eq 0p “ D, 022-00¢ -

: UOIHPUOD uoI3oeaYy

lo10ea1 pag-paxiy : 9dA} 103oeay

‘Y v 104 D, 0G¢ ¥e uoheude) -

D Jo/pue U Ay

1Oo/pue Uz s8uUinisans pue pajowoid Yy -
'eeiegiee PUe OT:6p:Gh ‘0T:0¢:09

JO JU23UOD Jeyow saydwies a1y -
‘uoneyudipaid-o) -

W/uz/nD :3sKjeyed

¢10¢

v 01 1enba sem y3| jo

> 0£5—-09b JO d5uel

9yl Ul aJnjesadwia) uoiRdNpal WNWIXe| -
UIW/TW OGT JO 934 MOY P94 -

'1°C = OD/°H -

edN §'p * Ds 062-05C -




28

"}sKjeyed
JO UO[BAI}DEIP 2U} 0} ped) IYSiW paseaidap
AU} USUM puUB UOIIBWIO) S)Oyode Jaysly ayy
PISNED $3}IS JIPIDE YeaM JO Jaguunu ay |
"2In3oNJ3s snosod Jo Aige3s 2y
P2}eD0OAPE pUB S2YS PIDB 3eam JO Jaguinu Sy}
PSeaId9P OS)e SIY} PUB JZ 3SN ‘©dNpal 0} ISISed
15A)e1ed 9y} Spew pue Jaddod Jo uolsiadsip
3y} sulnoidull JO4 SJOYODe J2YsIY JO UOI1eulIO)
SU} pajeniul Wy pue siskjejed oy} Jo Aigels
9y} anoidwll 0} JNyOSN sem U7 ‘paseadul Os)e
3q p)nom Ayigels pue duewiopad diAeIed

SY} ‘OleJ dIWoIe Yy/IZ JO Suiseainul ay|

'Y 840 Wik T D, 08C 1e MOY (pi1=
CN)A/CHIA “Uiwi/Tud G7) EN/CH Ul peonpay -
UIW/TWQOST JO 91IMOY pood -

BJNG D M €26 -

: UOI}IPUOD UOI}De3Y

Jlell-EY

AMS ‘MOY-SNONUIIUOD e : 9dA} 10joeay
'Y 8 104 D, 00¢ ¥e uoheude) -

1:C ‘T JO SOneJ DIUOIe UZNY -
aseyd-pinbn a19)dwo) -

1ZN\v/uz/mD :3skjered

910¢




29

SPIXO 3y} pue QIS Jo Ayuenb ews ‘Aynigels

‘uoneydpaid-o) -

[¢Z] | pue AuAiDE 15Aje1ed 2yl suinoidwil 4o E0AOV/0uUzZ/ND :3sAjeie) ctoe ¢
‘OUN/YZD 104 JouBYIsW JO ALS
suiseanul Ag palueduwodde si o JSISes 9q PINOM
uoldnNpal OnD) pue 31sAjeied ayy Jo sadadoud Y GT 104 We T D, 0bZ
32eLNS pue Y)Ng Ul SUISeadul JUedIUsIS Je MOV (°N Ul 9%¢) H pain)ip ul pasnpal -
"2)ge1S 150w SYITT = “H/0D/0D -
15A1e3eD UZ-UN-YZD 9y} SPBW 10943 DI398I9UAS 4 00vZT = ASHD pue ediN G “ D, 0VC -
JI9Yy ‘sisyowoid Uz pue Uy @depns 31sAjeied : UOI}PUOD uol3deaYy 6002 1
Uo eaJe 2deuns ‘uoisiadsip N Ssealdul PINOD J010e21 pag-paxl : 2dA} 1oyoeay
17 JO UORIpPY "22euNs 1sAje1ed ayy uo uolisiadsip Yy ¢ JoJ D, 0S¢ 1e uoneude) -
nD panocsdwil pue ‘suol ND JO ainjesodwis} "SOPIXO D) pue M\ ‘Bg ‘4D UZ ‘SN
uondNpPal 2yl paseanul Uz pappe oYl 'Ses | ‘U JO lunowle jjews suippe Aq paLIpo -
SISOUIUAS wol) uonodnpoid youeyiaw o) AlAIDe ‘uoneydinaid-o) -
[€] | uBly pey sisAjeled sjowoud iz pue up f0Av/0uz/nD  :askeled
UoI}IpUOD 1eak
CBIIEIEIEN, S}NS2J JUBDYIUSIS ON
uolldeay puy 2dA} J0joeay 9sAeied payshand

JouUeYDW 0} UOIRUSSOIPAY ¢0D/0OD




30

9duewopad dnAjeied u-dolp diselp ay |
"9582.109p
21es uoponpold oueyew oy  “Qusuodwiod
£O%u| Ul paseadul 2yl ‘OS)Y  Pasesasdsp
£O%U| 3UIUIRIUOD  S)SAjeIeD Ul SISDYIUAS
JouBYlSW 1Byl PaMOYS 1NSaJ SIYL DU))eISAID
ND 3yl PIseaId9p Sealaym ‘9dBLNS N pue eale
139 9Y} paseaidul 0Sje pue SIDUBDRA UDSAXO

J2YSIY By} paseanul wnipul Jo UoRIpPY

18 MOY (°N Ul %) “H PSIMIP Ul paoNpay -
'08:01:0T = H/0D/0D -

-4 000ST = ASHD pue uije oG “ D, 092 -

: UOI}PUOD uol3deaYy

1010eal pag-paxy : dA} J0}desy

Y ¢ 10} D, 0¢g e uoneude) -

"SIUSIUOD ¢4 PUR £0CU| JuUSIHIq -
‘uoneiudpaid-o) -

f0V/0uZ/0ND : 31sAeyed

0¢0¢

1sA1e1ed payIpow-“0iz pue isAjeled payipow
-£0%en) Ul pue 3sA1e3ed Sz UeYl Jaysiy sem OIS
0} Pa1d24e Sem UdIym 1sAjeied JO 9zIS 91)e1sAid
2yl pue Anigels ‘uoneledald
1sAleled  JO  poylsw  dy  JO JOABR) DU} Sem
QU7 pue OND JO uonoels1ul POOL) "eale =20eplns
nD) 1aysly Ag umoys ‘@wnon aiod pue ‘n) Jo
uoIsIadsip 2y} ‘9deuNS |3g Sy 9Seaidul PINOM

DS SUIPPe  YUA\ PIONPOAUl e SSAIppe

'Y pT I0j wie 1 D, G627

18 MOY (°N Ul 96G) “H paInip Ul padnpai -
'G§9T:8¢’T:T = “H/0D/0D -

"4 000GT = ASHD Pue edi\ §'p * D, OV -
1 UOI3IPUOD uoljdedy

1010e3J Pag-paxi) : 9dA} 103oeay

'Y G'¢ 10} D, 0GE 3B UOeuDED -

"SOPIXO JZ pue B9 ‘U puUe (%M 9°0)

BDI)IS 1BPI0)|0D JO JUNOWE |eWS SUIppPY -




31

UIeIuOD YdIym 1sAjeied ay| “Josindaid sujuiejuod

-V AQ pa1daye 99 P)N0d }sA|eled pauleigqo sy}

'Y 1 J0J D, 0GE Je uoleue) -

sJosindaid SujueIUODAY -

JO 2duewopad SNOLBA O} Sulped) Sem ‘9d113e) ‘uopeydipaid-o) - BLu
[G2] | @uypeew Ul uz Ag Juswadeidal N Byl F0fv/0uz/nD : 3shjeyed
Y 0T 40} Wik T N ¢6b
1 MOV (°N Ul %G) “H PaINIp Ul padnpay -
'20°¢'1G°6G:L0°G 0 2e=IV/H/“0D/0D
UIW/W 0Z ‘Ses pao4 -
W Op 10UBING-Z JUSA0S -
BdN 0'G 'd M ebb -
L00¢
: UOI}PUOD uol3deay
"21IS |edads se 21s uz-nD ayr pue 1010Ba1 YD1eg-1Was ¢ 9dA} 1o3oeay
;1D Y3 219M s3sAjejed yzD 3y3 JO S)S dAI30e ay) M ¢6€ 18 Y Z1 Jo) pauq -
‘uoionpoud Youeyiaw 104 “ainjesadwa) uopRdeal ‘dupowold youeing-g -
10} paseasnul Ss3sAjeied 2y} Jo duewnopad oy ‘uoneusaidwi-o) -
[be] | &ew yaiym Quz/OnD 8y} Jo ddussaid u f0Yv/0uz/nD : 3skiered

“UINY Ul YDIYM I8U0ILS
}I 9pew pue Q) jo uondiospe sy} padusN)uUl

‘0°Ul 9y Aq pesned  pad) ‘OD/OD/H Ul

'Y pT 40j wie 1 D, G6¢




32

'g'T = QUZ/OND yum 1dues
9} UO pP3ad)oU Sem 3zIs 1eISAID ND) 1S98.e)
U} pue esase 3DeUNS N 1SOMO) Byl ‘USAOBIOWN
‘Anigeys  onAjeled sy pue  Ayanonpoud
Joueyiaw 8yj odueyus eyl ‘g'1=0uz/0Ond
1 poaWwliO) Sem  UIM]-Oued  UsAOMILS]Ul 2UIOS
1Y} punoy sem 3 ‘g T=0Uz/0OND Sl AUAIDDDS
pue  Ayapdonpoid 3599 Byl '6=*0°Y/OND
e yum o)dwes 2y JOJ POAIDSQO  JaM
BaJe 3depNS N pue |39 ISaydly 2y} pue zIs
11BISAID ND) 1S9)1BWS 9y "15A)e1ed 9AI1De Jsoul

SU3 3le 6=0%y/OND pue /'Z=0UzZ/0Nd

'Yy g1 4oy uie 1 D, 0ve

e MOY (°N Ul 9%G) °H P=IN)Ip Ul padnpay -
11°18:G6'86'6 = “H/°0D/0D -

BdN G “ D, 0GC -

: UOIHPUOD uoI3oeaYy

l010e3) pPag-pax|y : 9dA3 1030edy

‘Y ¢ 10} D, 0C¢ e uoneude) -
'suonIsoduwod snoueA yim sdnois
JUSIBHIP INOJ Ul S3SA)BIeD SIS 9T -
uoneydpaid-o) -

fF0V/0uUz/0ND :3sAjele)

810¢

"J0sIND2.d SUIUIRIUOD-|B 1US||2IXD
ue sem $(HO)NV IsAjered uoidnpoid joueyisw
34yl Ul QuZ/nD JO jusuodwod SAIDE By} Yim
IV JO uoneuiquio) ‘syedisiunod sy 03 patedwod
AJIAIIDR D1IARIRD JBUSIYy PIMOYS pue ‘@iydeiewl
ouiz  pajeydipaid-0d By} Ul UORNISANS

N> ydly pauwlopad {HONY Jo wuoj Ul Y

‘wie T D, 0¢z

18 MOY (°N Ul 9%G) “H Painip Ul paonpay -
'G:08:2:¢T = N/°H/°0D/0D -

"4 0000T = ASHD pue edi G “ D, 0¢2 -

. Uonipuod uoijdeay

1030e31 Pag-paxiy : 9dA} 103oeay




33

This study aims to use Cu/ZnO/AlL,O; catalyst for the catalytic synthesis of
methanol from CO hydrogenation, CO, hydrogenation and CO/CO, hydrogenation.
The relevant research of this study consist of 2 parts from a different source
1. Research publications include catalyst components and the weight/mole ratio of
Cu/Zn/Al, modifiers and methods. 2. Research and experimental from Kamonlak and
Phapatchaya to Continue studying. See details the following.

2.7.1 Cu

Most of literature reviews had exhibited that the species of Cu (Cu,O or
metallic Cu particles) on the CZA catalysts were the sites of active or the catalytic
active center for hydrogenation for methanol. [12], [10] The metallic Cu surface area
and basicity were main limiting factor for the catalytic activity of the CZA catalysts.
The performance of catalyst increased linearly with S, and the quantity of basic
sites. [27] The yield of CH;OH increased with the increase of the Cu surface area. As a
matter of fact, there were not a direct variation. The result exposed that the
performance of CZA catalyst were related to Cu surface area and the interaction
between Copper-oxide components. [8] CO, conversion was directly proportional to
the active sites of Cu®. [17]

2.7.2 7n

Zn which is a promoter modification leaded to the well-dispersed Cu and
increasing the metallic copper surface area, improved to the metallic copper formed
with a small size particle, enhanced the catalytic activity of CZA catalyst in methanol
production. [10] The catalyst sample with high Zn component demonstrated a high
catalytic activity along with good thermo-stability. [25] The main function which
ascribed to the ZnO was helped to the well-dispersed CuO, therefore was providing
high amount of metallic copper expose to the feeds reaction. [28] ZnO could be
used as a dispersant for copper and a hydrogen reservoir [12], ZnO was role to
provide active sites for H, spillover, and a poison scavenger. It also activated CO, and

produces catalytically active sites through Cu-ZnO interactions. [10]
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2.7.3 Al

AL,O; which is modifiers and a structural promoter was introduced into Cu-
Zn0O system to improve catalytic activity. [12], [13] Addition of Al had been reported
to improve the BET surface area or the specific surface area and copper dispersion of
catalyst, leading to a remarkable increasing in catalyst activity, and especially the
stability and improved the synergistic effect between Cu-Zn in methanol synthesis.
[25], [23] Methanol selectivity decreased with the Al loading increased. On the other
hand, for methanol, the yield of CO and CO selectivity increased with the increasing
of reaction temperature. The increasing trend in CO selectivity and yield were
resulted from increased Al loading. [13]
2.7.4 Ratio of Cu/Zn/Al

Study of the influence of CuO/ZnO weight ratios, textural properties and
catalytic performance of different CuO/ZnO/Al,O5 catalysts including (C1) : 10:80:10,
(C2) : 40:50:10, (C3) : 50:40:10, (C4) : 60:30:10, (C5) : 70:20:10. CuO/ZnO/Al,O5 catalyst
which a Cu/Zn/Al weight ratio of 60:30:10, exhibit the highest CO, conversion and
methanol selectivity. Methanol selectivity increases with the metallic copper surface
area for the samples containing 10-60% of copper, while it decreases when the
copper content exceeded 60%. It can be explained by the positive synergetic effect
obtained by the contact between copper and zinc oxides. [17] Most of relevant
research also found that using of the mole ratio is 60:30:10 [15], [10], [28] are the
same or close to. Cu/Zn/Al atomic ratio of 60:25:15 [8], 66% CuO, 24% ZnO, and
10% AL,O3 by weight. [23], molar Cu:Zn:Al ratio of 60:27:13. [19]
2.7.5 Modifiers

Different promoters had noticeable effect on Cu particle size, specific surface
area, catalytic activity, and stability of CZA catalyst in hydrogenation for methanol.
The obtained modifiers from the literature view include Mn, Zr, Cr, Mg, V, Ce, Ti, Ga,
W, Ba and Pd. [15], [3] For [23] the effect of Fe and Pd could act to restrained copper
sintering along with the oxidation of copper surface to enhanced the stability of CZA
catalyst. Zr acted to structural promoter, could preclude the aggregation of copper
and zinc, and improved the dispersion of copper, whereby enhancing the structural

of catalyst. Zr modified catalysts had shown Zr loading did not significantly affect
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CO, conversion. [13], [22] For A-Zr catalyst, the interaction between Cu-Zr ion had
occurred during the reduction. This interaction is the inverse of Cu reduction and
caused the change of CuO to Cu’. As a result, the reduction of copper became
slower and more difficult. This effect resulted in smaller copper crystallite size or
well-dispersed copper on the catalyst surface. It looked like increasing Zr could be
improve stability of the catalyst. [3] For the A-Mn catalyst, the result predicted that
the interaction between CuO-MnO had a lower reduction temperature or the added
of MnO enhanced the reducibility of CuO. Whereas, the reduction temperature for
the CuO which was not interacted with MnO was still about the same temperature. It
seems to adding Mn could enhance the activity of catalyst and when promoted Mn
and Zr to CZA catalyst the total surface area increased. When these two promoters
were added together, the specific surface area is more than 65% increasing. [3]
2.7.6 Method

The conventional co-precipitation method is commonly used in the
preparation of Cu-ZnO catalyst which is reference from the literature review. From 22
literature reviews, there are 19 papers that using the co-precipitation method. The
rest using other methods. Ultrasound-assisted, sol-gel and solid-state [27], the
impregnation method [10], co-impregnation method [24], complete liquid-phase
technology [22]. The co-precipitation [14]. Lower precipitation temperature while
preparing the catalyst was favorable for obtaining higher Copper dispersion, smaller
Copper particle, and higher methanol production activity. Kuo et al. showed that Cu,
Zn, and Al ion were appropriate for precipitation at 70 °C but cautioned that
although preparing a catalyst at a high temperature was advantageous for
precipitation, catalytic performance was low. The selection of preparation method
was important for obtaining excellent catalyst for methanol synthesis. The
preparation method could impact the size of the crystallite size, the dispersion of
metals on the catalyst surface, and the interaction between active species-support
and others which were related to the catalytic activity of catalyst. [12], [23] The
preparation method affected on the average Cu crystallite size, the interactions of
metals, the exposed copper phases surface area, the ratio of metallic

copper/oxidized copper. [27]
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2.7.7 Previous research

For studying the effect of increasing pH value in CZA catalyst preparation.
It was found that the example from XRD found slight crystallite size of CuO and ZnO
resulting to have higher dispersion of CuO based. BET surface was found that
CZA-PH9 had the lowest surface area. The main active site of Cu is reported in form
of Cu’and the CZA-PH8 showed the highest reducibility among other catalysts.
CZA-PH8 and CZA-PH9 showed high number of basic sites which can enhanced the
adsorption of CO, gas by carbonate group on surface. NH5-TPD was examined, and
high acidity was indicated that it affected to decrease of activity of CZA catalyst. XPS
exposed that  Cu”* species was mainly in all CZA catalysts. Next, study the effect of
Mn, Zr, and Si promoters on CZA-PH8 catalyst. From XRD patterns were found that
the modification of Zr, Mn, and Si could decrease crystallite size to 3.43-4.42. The Mn
and Zr have a good dispersion of CuO, ZnO and leading to low agglomeration. Mn
promoter was found to show the highest surface area. It had relation with high CuO,
ZnO dispersion in XRD part and Mn promoter improve Cu’ dispersion as measured by
H,-Chemisorption. The shifting of moderate acidity site became to weak acid is
an important property for not promoting H, saturation to undesirable H,O product.
This phenomenon was appeared with Mn promotion. This reason introduced basicity
of Mn promotion. Reaction test showed a good activity by Mn promoter. It can
improve CZA-PH8 expressing the highest CO, conversion and methanol yield at 4.70%
and 0.46%, respectively. [29]



CHAPTER 3
EXPERIMENT

3.1 Catalysts preparation

Preparation of the catalyst is considered to be very important as this affects
the physical and chemical properties of the catalyst and state of catalyst which is
characteristics of active site that are dispersed on support. Catalyst preparation is the
core for the design of optimal active sites of the catalyst.

3.1.1 CuO/ZnO/ALO; catalyst (weight ratio of Cu:Zn:Al = 60:30:10) was
prepared by co-precipitation method. The mixed aqueous solution of the copper (II)
and zinc and aluminum nitrate precursors Cu(NOs),*3H,0O (99.5% purity),
Zn(NO3),"6H,0 (98% purity) and AWNO3);"9H,O (98% purity) were dissolved in DI
water. Sodium hydrogen carbonate NaHCO; was dropped into the mixed aqueous
solution or precursor solution for adjusting pH and the pH was kept constant at 8
under stirring the temperature was maintained at 80°C for 120 min. Finally, the
precipitate was washed with DI water by centrifuge and dried overnight in air at
110°C, then, followed by calcination in air at 300°C for 3 h.

3.1.2 CuO/ZnO/ALOs-Mn catalyst with 0.1 wt.%. of Mn and the same
composition (weight ratio of Cu:Zn:Al = 60:30:10) was prepared by co-precipitation
method. DI water dissolved metal precursors including copper (Il) and zinc, aluminum
and manganese(ll) nitrate precursors Cu(NOs),*3H,0 (99.5% purity), Zn(NOs),*6H,0
(98% purity), AUINO3);*9H,0 (98% purity) and Mn(NOs),*4H,0O (97% purity). Then, the

step of co-precipitation method is similar to 3.1.1.

3.2 Catalysts characterizations

The objective of the characterizations of the catalyst are as following
1. To comprehend the relationship between physical properties, chemical properties
and catalytic properties which means finding the relationship between the structure
and function of the catalyst. 2. To measure the physical properties and chemical

properties such as pore size, surface area and etc. for designing the reactor,
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simulation and appropriate process. 3. To ensure the confidence of quality control
by using the catalyst that may change physical properties and chemical properties of
the catalyst during catalyst activation and reaction. 4. To discover the cause of the
catalyst deactivation and design the catalyst regeneration step and choose the

catalyst properties that minimize cause of the catalyst deactivation.

3.2.1 X-ray diffraction (XRD)

A sample is placed into the center of an instrument and illuminated with a
beam of X-ray. The signal coming from the sample is recorded and graphed, where
peaks are observed related to the atomic structure of the sample. X-ray diffraction is
extensively used in material characterization. The material characterization is
necessary to identify both the elements present as well as the structure in order to
fully define the material unlike other characterization methods. X-ray diffraction can
provide determination of the elemental composition of the material composition of
the material as well as the crystalline structure of the samples which is defined by
the atomic arrangement. For the crystal size of the CuO particles from the X-ray

patterns can calculate by using the Scherrer equation.

3.2.2 Scanning Electron Microscope (SEM)

Scanning Electron Microscope is used for analyze the element distributions in
different part of sample. It basically uses electrons to see objects to take the image
of the material shape, material as the agglomeration of metal species, particle size
and using morphological studies on catalyst surface. Morphology means how it looks
like the surface structure, the texture, the pore, pore size, etc., in which the physical

dispersion of CZA catalysts could be referred to the surface structure.

3.2.3 Energy-dispersive X-ray spectroscopy (EDX)

Energy-dispersive X-ray spectroscopy is a chemical technique employed in
conjunction with SEM and use to identify the element, to analyze the element
distributions in synthesize structure or different part of samples and to determine the

metal contents of each material or the precursors and catalysts.
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3.2.4 N, physisorption

The N, physisorption was used to find the specific surface area of a porous
material with the size of the pore by Brunauer-Emmett-Teller (BET) analysis.
Absorption-Desorption curves are reported on the absorption isotherm graph. The
first part of the adsorption curve is used to calculate the specific surface area which
can be calculated from section of isotherm (generally P/P, = 0.05-0.35) by BET
equation. The linearization of the BET equation is represented in BET surface area
plot graph where a function of absorbed volume is reported in function of relative
pressure from the slope and intercept which used to calculate the absorbed volume
and the specific area in m%/g of sample. Also, the adsorption curve is possible used

to calculate the pore size distribution.

3.2.5 Temperature-programmed reduction (TPR)

Temperature-programmed reduction (TPR) was used to analyze the optimal
reduction temperature of Cu oxides to metal that improve its dispersion on support
of catalyst. This technique of H,-TPR exhibits the catalyst reducibility or the reduction
behavior. To determine temperature of reduction as following, 0.05 ¢. of catalyst was
preheated to 300°C and 1 hour. The reducing was conducted with 10% H,/Ar
between 30-500°C.

3.2.6 Temperature-programmed desorption of carbon dioxide (CO,-TPD)

The technique of the basicity of the samples was measured Temperature-
programmed desorption of carbon dioxide illustrate the basicity property of the
surface. To determine the basic site as following. The 0.07 g. catalyst was loaded and
pretreated with carrier flow 25 mL/min at 250°C for 30 min and adsorbed CO, at 30°C
in 1 hour. Next step, the desorbed of CO, was heated to 500°C by heating rate of

10°C /min.

3.2.7 Temperature-programmed desorption of ammonia (NH5-TPD)
The technique of the acidity of the samples was measured Temperature-

programmed desorption of ammonia illustrate the acidic property of the surface and
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gives formation regarding number of active adsorption site and nature of adsorption
site. To determine the acid site as following, the 0.07 g. of catalyst was loaded and
pretreated with He as carrier flow 25 mL/min at 250°C for 30 min and adsorbed
NH5 analysis gas at 30°C in 1 hour. Finally, the desorbed of NH; was heated to 500°C

by heating rate of 10°C /min.

3.2.8 X-ray Photoelectron spectroscopy (XPS)

X-ray Photoelectron spectroscopy (XPS) was characterize the surface
properties of catalyst and provides the elemental information, chemical state or
oxidation state and depth resolution achievable. Cu, Zn, A, O, C species was
detected between intensity and binging energy eV. CZA catalyst was determined in

0-1200 eV.

3.2.9 CO-Chemisorption (CO-Chem)

The active metal of catalyst and disperse of active site of CZA catalysts was
obtained by using CO-Chemisorption which had the similarity method with TPR. The
catalyst must be reduced from metal oxide to active metal for H2 adsorption and
cooled down to 40°C and then purging in the flow of He for 30 min. The
chemisorption analysis was conducted by passing of the pulses of CO gas (80 ML
each time) which were dosed over catalyst sample through an injection port. For the
active metal surface area (per gram of metal) and metal dispersion of the CuO

particles can calculate by using the following equation.

MSAg (m?/gcqr) = Sgx V;:S xNp X0, X wlr:ﬁ (7)
Where

S¢ = stoichiometry factor

Vags = volume adsorbed, (cm®/g)

Vg = molar volume of gas at STP , 22414 (cm*/mol)

N, = Avogadro’s number, 6.023x10% (molecules/mol)

Oy = cross-sectional area of active metal atom, (nm?)
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D (%) = Sfo;:Sx’o’/:I”WV'x100%100% (8)
Where
St = stoichiometry factor
V,gs = volume adsorbed, (cm®/g)
Vg = molar volume of gas at STP , 22414 (cm*/mol)
m.w. = molecular weight of the metal, (a.m.u.)
%M = 9% metal, (%)

3.2.10 Inductive Coupled Plasma Spectrometer Mass Spectrometer (ICP-MS)

The actual quantity of elemental compositions of the calcined catalysts
including Cu, Zn, Al, and Mn in bulk of the CZA catalysts at ppt to ppm levels was
determined by inductively coupled plasma spectrometry mass spectrometer (ICP-MS)
which could distinguish different of element species and measure all element in

single analysis after the catalysts were dissolved with HCl as atomizer.
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Figure 3 The Schematic of methanol synthesis.
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Start from loading of CZA, CZA-Mn 0.1 ¢. each catalyst into the reactor with
quartz wool. The catalytic tests have been performed in a fix-bed microreactor. The
reactor geometries with 12 mm. of outer diameter, 10 mm. of inner diameter and
50 cm. of length. Prior to reaction, the catalyst was pretreated by N, for removal of
moisture at 250 °C and 30 min. Secondly, the fresh catalyst was reduced in 20% H,
balance N, (50 ml/min) at 300 °C under atmospheric pressure. After the reduction
step, the reactor was cooled to reaction temperature 250 °C at 1 atm. and was fed
with the reactant gas mixture for CO, CO,, and CO/CO, hydrogenation (CO/H, = 1:2,
CO,/H, = 1:3, CO/CO,/H, = 1:1:2 respectively). The catalyst was tested for methanol
synthesis by time on stream in 5 hours. The analysis gas was detected by multi-

detector TCD and FID GC-2014. as shown in Table 6 and Table 7.



Table 6 Condition of TCD detector.

Gas Chromatograph

Shimadzu GC 2014

GC type Multi-detector
Detector 1 TCD

Pack-bed reactor Shincarbon
Carrier gas Helium gas
Injector temperature 170 °C
Column temperature Initial 150 °C
(Link FID) Hold 240 °C

Cool down 150 °C

Detector temperature

150 °C

Time analysis

15 min

Table 7 Condition of FID detector.

Gas Chromatograph

Shimadzu GC 2014

GC type Multi-detector
Detector 2 FID
Capillary column Rtx-5

Carrier gas

Nitrogen gas

Hydrogen gas

Air zero gas
Injector temperature 170 °C
Column temperature Initial 150 °C
(Link TCD) Hold 240 °C

Cool down 150 °C

Detector temperature

150 °C

Time analysis

1 min
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3.4 Simulation

Simulation with Aspen plus V.9 software.

3.4.1 Identify elements and compounds that employ in the process such as
methane, water, carbon monoxide, hydrogen, carbon dioxide and methanol.

3.4.2 Consider selecting a thermodynamic model. In this work uses Redlich-
Kwong-Soave-Boston-Mathias (RKS-BM) because all elements and compounds as
covalent compounds are non-polar and slightly polar that suitable for hydrocarbon
production processes such as gas and petrochemical processes with having to admit
that there is no any equation of state that can be used very well with all kind of
fluids in any case or condition.

3.43 The reactor used in the simulation is RStoic which know the
stoichiometry of various reaction, conversion or extent of reaction without needing to
know reaction rate known as chemical kinetics. That suitable for simulations reaction
or sequential reaction.

3.4.4 Define all equipment used in this process and connect the next line to
each device in the process.

3.4.5 Specify the components, the feed rate of each component, temperature
and pressure of the feed line, and the operating condition of reactor in each process
according to results of a relevant researches for methane steam reforming,
bi-reforming, CO and CO/CO, hydrogenation, respectively. For CO hydrogenation and

CO/CO, hydrogenation will use the same relevant research for simulation.

3.4.5.1 M. Nazari and S.M. Alavi. 2019. An investigation of the simultaneous
presence of Cu and Zn in different Ni/Al,Os catalyst loads using Taguchi design of

experiment in steam reforming of methane. [30]

- The methane steam reforming reaction : CH; + H,O <> CO + 3H,
- The water gas shift reaction : CO + H,O «=> CO, + H,
- The operation condition : temperature = 700°C, pressure = 1 atm.

- The ratio of water to methane = 4:1,
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The feed rate of methane = 0.0002719 mol/min

- Results : CH4 conversion = 99, H, yield = 331, CO selectivity = 30

3.4.5.2 N. Kumar, A. Roya, Z. Wanga, E.M. L’Abbate, D. Haynes, D. Shekhawat
and J.J. Spivey. 2016. Bi-reforming of methane on Ni-based pyrochlore catalyst. [31]

- The bi-reforming of methane reaction : 3CH,; + CO, + 2H,0 <> 4CO + 8H,

- The operation condition : temperature = 950°C, pressure = 1 atm.

- Mol% : CO, = 16, CHg = 51, H,O0 =33

- Results : CH, conversion = 96.6, CO, conversion = 99.1,

CO selectivity = 124.36, CO yield = 99.5

3.4.5.3 William L. Luyben. 2010. Design and Control of a Methanol
Reactor/Column Process. [32]

- The CO hydrogenation reaction:  CO + 2H, <> CH;0OH

- The CO, hydrogenation reaction : CO, + 3H, <> CH;OH + H,0O

- The operation condition: temperature = 254°C, pressure = 42 atm.

- The feed rate of CO = 785 kg/h, The feed rate of CO, = 2630 ke/h.,
The feed rate of H, = 7616 kg/h.

- Results : CO, conversion = 96, CO, conversion = 96, H, conversion = 98.6,
The methanol in the distillate product = 3278 kmol/h

These examples are further used to be a guideline and to ensure that the
simulation from Aspen Plus V.9 is reliable for investigating the energy consumption
for methanol as shown in 3.4.8.

3.4.6 Order to run program then compare the results in each process from
simulation by aspen plus software such as yield with the results from relevant
research. If found that the results is similar then look at the next result of energy.

3.4.7 Simulation of the methane steam reforming using reactor as RPlug with
reference to the size of reactor, catalyst specifications, LHHW-type equations

(Langmuir-Hinshelwood-Hougen-Watson), shown in (9), (10).
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And kinetic parameters from relevant research, [33] for filling kinetic factor, driving
force expression and adsorption expression [34] at operating condition: temperature
= 700°C, pressure = 1 atm (Fig. 4) to use as information to verify that the results from
the simulation using RStoic can be accepted and then double check the heat of

reaction obtained from simulation with experiment for more accurate.

Figure 4 The simulation of methane steam reforming in Aspen Plus using RPlug
model block.

For the results of energy used to compare between process with CO, to be
used as a co-reactant and process without CO,. To do so, it must be set basic the
amount of feed flow rate into the reactor in the same flow rate. Therefore, it must
be set basic the amount of feed flow rate into the reactor in the same flow rate in
both processes consist of the reforming process and methanol synthesis. However,
the results from the simulation, such as yield, of the process must be equal to the
actual results from the experiment before adjusting the values.

There are 4 processes for simulation in this study which conclude 1. Methane
steam reforming 2. Bi-reforming of methane 3. CO hydrogenation 4. CO/CO,

hydrogenation. Shown in Fig. 5-8
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Figure 5 The simulation of methane steam reforming in Aspen Plus using RStoic

model block.
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Figure 6 The simulation of bi-reforming of methane in Aspen Plus using RStoic model

block.
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Figure 7 The simulation of CO hydrogenation in Aspen Plus using RStoic model

block.
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Figure 8 The simulation of CO and CO, hydrogenation in Aspen Plus using RStoic
model block.

3.4.8 For the simulation of CO, CO, and CO/CO, hydrogenation, the
procedures as 3.4.1-3.4.6 are repeated by using the experimental results to

determine mass and energy in each process.



CHAPTER 4
RESULTS AND DISCUSSION

4.1 Catalyst characterization

The fundamental characteristics of heterogeneous catalysts are generally
structuring with pores. Thus, porous structures, shapes, surface area, and
pore size distribution are important properties in catalysis. The internal surface area is
determined by using The N, physisorption technique or BET based on the adsorption
and condensation of N, at the boiling point of liquid N, of 77K at 1 atm. The
adsorption of adsorbate is the category of physical adsorption (physisorption) or Van
Der Waals adsorption that is an interaction between of atom adsorbed on a solid
surface and molecules of adsorbate without a form of chemical bonding. Pore size

distribution of CZA and CZA-Mn catalysts are shown in Fig. 9.

0.0 02 04 06 08 1.0
T T T T

CZA
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Relative pressure (P/P,)

Figure 9 The N, adsorption-desorption isotherm at 77K, 1 atm of CZA and CZA-Mn
catalysts after calcination.

The N, adsorption-desorption isotherm plots reveal the presence of
microporosity (2-50 nm) and two catalysts have the type IV isotherm indicating that

capillary condensation of N, can occur in this porous structure. In addition, these
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isotherms show the type H3 hysteresis loop, which is unlimited adsorption with a
high ratio of P/P,. [35] On the surface with pore, N, can diffuse inside. If N, which
adsorbed in the pore was known, it can be converted to pore volume and surface
area. If the adsorbed molecular size of N, which occupies an area of cross-sectional
area 0.162 nm?, the specific surface area is calculated by using Brunauer-Emmett-
Teller, BET method with isotherm graph at a relative pressure (P/Py) in the range of
0.05-0.30. For the cumulative pore volume and radius of a pore, they are calculated
by Barrett-Joyner-Halenda, BJH method with isotherm graph at a relative pressure
(P/Py) in the range of 0.99 and the quantitative measurement of the surface area of

CZA and CZA-Mn catalysts is shown in Table 8.

Table 8 Textural properties and Reducibility result.

Reducibility
Seer®  Ve? / Dew® Sa o Do d =
Samples  (m’g)  (em’/9)  (m) (m%79) (%) (m) TR, TR,

CZA 55 0.26 15.2 8.2 1.3 6.5 221.5 -
CZA-Mn 58 0.22 10.8 Sl 15 7.8 211.0 2393

¢ Determined from BET method
°¢ Determined from BJH desorption method

It is found that the Mn-modified CZA catalyst does not change the textural property
significantly. CZA-Mn has higher BET surface area, pore volume and pore size are
smaller than CZA catalyst. Determination of surface area is important because usual
reaction occurred at the catalyst surface. Therefore, high surface area indicates well
dispersion of the active site. If a catalyst has high surface area, pore size will be small
because even though a high amount of pore is good, but very small pore can lead to
a low diffusion capacity of reactant or product through the pore. Therefore, the pore

structure and surface area have to be optimized.
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CO-chemisorption technique was used for measuring the dispersion of active
sites which can give information for well-dispersed catalyst by measuring the amount
of active metal surface area (per gram of metal) and % metal dispersion as shown in
Table 8. It is found that the Mn-modified CZA catalyst improves the dispersion of
CuO species. Well-dispersed catalyst has occurred when active phases are monolayer
dispersion on a support surface, or it has to be very tiny. A selective adsorbate is
used for indicating active phase concentration, but it is not adsorbed on the support
surface. This technique is effective with a heterogeneous catalyst because chemical
adsorption is the physical adherence or bonding of ions and molecules (adsorbate)
through the surface of another molecule. Adsorbent on the surface cannot be
moved dependently and it has monolayer coverage. Therefore, we can calculate the
amount of active site position from adsorbed gas measurement. Calculation of
surface area used for activating the reaction is important for catalyst characterization.
According to common principle, the active site of catalyst is directly proportional to
the active site concentration which is ready for activating the reaction.
The concentration of active metal sites is a function of metal loading and dispersion
of active phase. D¢, value is defined as the ratio of atom or molecule of the active

site on the surface which ready for reaction activation.
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Figure 10 The SEM-EDX images of CZA catalyst.
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Figure 11 The SEM-EDX images of
CZA-Mn catalyst.
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The scanning electron microscope (SEM) was a common technique for
studying the different surface morphology of two catalysts. The SEM images are
shown in Fig. 10 and Fig. 11 indicating that the microstructure of granular catalysts
are observed between the two CZA catalysts. The Mn-modified CZA catalyst also
maintained its overall morphological characteristics or does not change the
morphology significantly. SEM can be used with the EDX, which enables highly local
resolved elemental analysis of the surfaces. Because of its excellent spatial
resolution, it can show a detail of surface analysis at high imaging magnifications. The
EDX images are also shown in Fig. 10 and Fig. 11 revealing that two catalysts are
well-dispersed according to all elements distributed on the catalyst surface. The
energy dispersive X-ray spectrometry, EDX and inductively coupled plasma mass
spectrometry, ICP-MS can be used for determining the composition of any portion or
analyze the catalyst elemental distribution. All values are summarized in table 9
which present in percent weight of all elements. It was found that ICP-MS gave the
actual metal composition, which was close to the expected composition of the
catalyst, more than the EDX. This is due to the analysis of ICP-MS is for elemental in
bulk catalyst, whereas the EDX is performed for elemental analysis in near surface

layer of the catalysts.

Table 9 Element distribution of CZA and CZA-Mn catalysts.

CZA CZA-Mn
Wit% EDX ICP-MS Wit% EDX ICP-MS
Elements  (Expect) (Wt%) (Wt%) (Expect) (Wt%) (Wt%)
Cu 60.0 54.1 57.4 60.0 515 58.4
Zn 30.0 33.6 33.3 30.0 36.1 31.9
Al 10.0 12.3 9.3 10.0 10.9 9.7

Mn - - - 0.1 1.5 0.1
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Catalyst characterization analysis based on the basic properties of catalyst
can classify into 3 types. Those are physical property, mechanical property, and
chemical property. According to the catalyst characterization analysis above, it
analyzes physical properties which are particle/crystallite size, surface area, pore
volume, pore size, the concentration of active metal sites, and dispersion of active
sites except for the EDX, ICP-MS and CO-Chemisorption which uses for analyzing the
chemical composition that is a chemical property. For catalyst characterization
analysis in case of the chemical properties, they consist of chemical structure,
chemical composition, oxidation state, reduction behavior, acidity, and basicity. For
this literature, the mechanical property is not included.

Study of structural properties of catalysts by wusing X-ray diffraction
spectroscopy (XRD) is the oldest technique and most common technique for catalyst
characterization. The XRD application of catalytic studying is used for indicating
crystalline phases in the catalyst. For indicating phase composition of catalyst, it
shows a diffraction pattern that is compared as a fingerprint for the specific character
of each phase. In common, heterogeneous catalyst consists of many phases which
cannot be identified. Catalyst phase can be identified by pattern comparison with
diffraction pattern of a pure phase or the reference pattern database such as powder
diffraction file, PDF and there is a program for phase identification of samples by
comparing diffraction pattern with all possible pattern in all databases.

The preparation of CZA and CZA-Mn catalysts is based on the co-precipitation
method for CO/CO, hydrogenation reaction. In this literature, XRD is used for active

site and promoter phase identification.
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Figure 12 XRD pattern of CZA and CZA-Mn catalysts after calcination. [21]

The XRD patterns of CZA and CZA-Mn catalysts after calcination at 300°C are
shown in Fig. 12 indicating the characteristic diffraction peaks consistent with the
Bragg angles 20 peaks of CuO phase over those catalysts at 20 of 35.5°, 38.8°, 48.5°,
58.1°, 61.6° 65.9°, 68.3°, and 75.2°. [17] Moreover, the peaks of CuO are visible as
strong intensity peaks due to the highest copper loading amount (around 60 wt%)
and the diffraction peak at 20 of 31.9° [17] is attributed to ZnO phase. Meanwhile,
absence of Al,O; features is found as a separate phase or disappearance of
diffraction peaks with the broad reflections. [19] Generally, the diffraction peak
characteristic of alumina appears at 20 of 66.5° and 68.2°. [17] It is possible because
a poorly crystallized aluminum existed in an amorphous state/character of the oxide
precursors refers to a high dispersion and the particle sizes are too small or the
relatively low calcination temperature. In fact, Al,O; acts as a structural spacer and in
higher Al contents, catalysts tend to be more amorphous. [26] Generally, the
addition of low Mn content at 0.1 wt% leads to a concern that XRD cannot show its
unique diffraction pattern because XRD has limitations. Provided that material is
present the amount greater than ~1 wt%. of the sample for mixed materials or
sufficiently crystalline to diffract X-rays (crystallites larger than 3-5 nm). Generally, the
peaks in the XRD pattern of manganese appeared at 20 around 35.0°, 40.7°, 58.8°,
70.3°, and 73.9°. [36]

With the added Mn-modified CZA catalyst, the intensity of diffraction peaks is
stronger and sharper than that with the sample without Mn suggesting higher CuO
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crystallinity and larger CuO crystallite sizes. The obtained average particle/crystallite
size of CuO nanoparticles in catalyst samples was calculated from the width at half
maximum from XRD patterns by Scherrer equation, as recorded in Table 8. It can be
seen that CZA-Mn catalyst exhibited relatively large CuO crystals compared with CZA
catalyst. The crystallite size of CuO increased slightly from 6.5 nm to 7.8 nm. [3]

For X-ray photoelectron spectroscopy, it provides the information of the
chemical composition and oxidation state of each element of catalyst samples. For
catalysts studied in this literature, the components include Cu, Zn, Al, Mn, O, and C.
Carbon will appear in hydrocarbon contaminant. A peak position will be determined
by comparing binding energy and XPS data Tables and reference data because
binding energy is the specific characteristic of each element. Therefore, XPS spectra

can be used for the catalyst characterization.
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Figure 13 XPS spectra of CZA and CZA-Mn catalysts.
From Fig. 13, it shows that photoelectron peaks for all elements, which are expected
to have an Auger electron peak also occurred that is reducing ion bombardment by
the release of Auger electron in the complex compound. The binding energy period
occurred in a range of low to 250 eV peak for Al2p. It will be unresolved because it
has a low separate value due to using a high energy scanning period. Moreover, the

peak of Cls which cannot be identified specific properties of the complex compound
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because the surface is not clean by sputtering or oxidation in XPS machine which

C-peak always occurs. Hydrocarbon compound which may be adsorbed is because of

pump oil or atmosphere.
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Figure 14 XPS signals of CZA and CZA-Mn catalysts. (a) XPS of Cu species, b) XPS of

Zn species and c) XPS of Al species

In the XPS spectra, the metal composition of Cu, Zn, and Al for two typical

fresh catalysts are presented in Fig. 14 and Table 10, the binding energy of Cu2ps/,

and Cu2p;, peaks are located around 935.4-936.2 eV and 954.8-956.3 eV,

corresponding to copper species existing in the state of Cu®" ions in oxide form

(mostly CuO) which mainly acts as the active phase for mixed CO/CO, hydrogenation

reaction to methanol. Moreover, The XPS characterization also shows the intensity of

the shake-up satellite at 943.6-944.9 eV and 963.8-964.5 eV attributed to Cu2ps,, and

Cu2py,,, respectively. It confirms that the presence of Cu?" is only evident on the
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catalyst surface. The satellite peaks are attributed to CuO charge transfer between
metal and surrounding licand. [37] The binding energy of Zn2ps, and Zn2p,,, peaks
are located around 1023.0-1024.0 eV and 1046.4-1047.1 eV indicating to the
oxidation state of Zn*" in the form of ZnO on the surface of both catalysts. In
addition, the XPS peaks at 78.1-79.1 eV are an indication of the presence of Al2p that
can be assigned to the chemical state of A" in ALOs.

However, it can be seen that all of the peaks related to Cu, Zn, and Al
composition of Mn-modified CZA catalyst shift to the higher binding energy. The
possible reason is the increasing binding energy due to an increase in oxidation state
but in this case, there is no change of the oxidation state. The increasing binding
energy can be related to the increasing electronegativity due to the added

Mn-modified CZA catalyst.

Table 10 XPS spectra of Cu, Zn, and Al species of CZA and CZA-Mn catalysts.

Binding energy (eV)

CU2+ Zn2+ AL3+
Samples Cu2psy; Cu2py ZN2P3/; ZN2py/; Al2p
CZA 935.4 954.8 1023.0 1046.4 78.1
CZA-Mn 936.2 956.3 1024.0 1047.1 79.1

The temperature-programmed reduction (TPR) is commonly used for
monitoring the reduction behavior of the catalysts to determine what temperature

should be used for catalyst activation.
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Figure 15 H,-TPR profiles of CZA and CZA-Mn catalysts.

The TPR profiles/patterns of two catalysts are given in Fig. 15, two catalysts
display an onset temperature at 120°C and the reduction temperature in the range
between 210 and 240°C. However, these can also be referredas “the H,
consumption”. It indicates only Cu®" species in CuO that is reduced below 300°C
while the reduction of Zn, AL, and Mn in oxide form is impossible at these
temperatures. The pure CZA catalyst shows the main sharp reduction peak (221°C)
characteristics but CZA-Mn exhibits another small shoulder peak (238°C) while the
TPR profile of the main peak (211°C) is stronger or shaper and more symmetrical. [9]
These results suggested that the modification of this promoter with the added
amount of Mn can facilitate the reduction of CuO. The position of the main
reduction peak shifts to lower temperature from 221 to 211°C. It is affected to highly
dispersion of Cu oxide species and is assigned to CuO exposed in support oxide
structure due to interaction between CuO/Al,Os. The higher temperature shoulder
peak is attributed to the stronger interaction between metal and support or the
reduction of CuO in bigger nanoparticles which show higher CuO crystallinity and
larger CuO average crystallite sizes with the Mn-modified. These results are in good
agreement with those results obtained by XRD analysis measurement.

The NHs-TPD technique is performed to evaluate the surface acid properties

of the catalysts. The acidity can be divided into three regions of the acid site with a
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different range of NH; desorption temperatures. As presented in Fig. 16, it shows

regions of the weak acid sites (below 300°C), the moderate acid sites (300-500°C), and

the strong acid sites (above 500°C).
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Figure 16 NH-TPD profiles of CZA and CZA-Mn catalysts.
The weak acid sites were ascribed mainly occurred by ZnO. Besides,
the moderate and strong acid sites were attributed to the interaction between ZnO
and Al,Os, which refered to the Bronsted acid sites and Lewis acid sites, respectively.

[38] The information about the acidity of the pre-reduce catalysts surfaces are shown

in table 11.
Table 11 The amounts of acid sites of CZA and CZA-Mn catalysts.
Number of acid sites (Mmol/g.cat) Number of total
acid sites
Samples Weak Moderate Strong (Mmol/g.cat)
CZA 178.76 2240.27 137.01 2556.03
CZA-Mn 234.61 1987.07 170.47 2392.15

It can be ascribed to the moderate acid site that is dominant for two catalysts. For
CO/CO, hydrogenation reaction to methanol, many researchers proposed that the
presence of the high intensity of the weak acid sites could improve the adsorption of
CO/CO, molecules and desorption of product as methanol. [16] This study reveals
that the number of total acid sites of CZA is slightly higher than CZA-Mn. Moreover,

the addition of Mn may be beneficial or promote the formation of methanol and
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improve the catalytic performance related to the selectivity of product with the
number of weak acid sites increased.

The information about the basicity of the pre-reduced catalyst is provided by
CO,-TPD technique. As shown in Fig. 17 and table 12,
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Figure 17 CO,-TPD profiles of CZA and CZA-Mn catalysts.
Three regions in the desorption curves or the CO,-TPD profiles are assigned to the
weak basic sites (below 300°C) that were ascribed the CO/CO, adsorbed on surface
OH groups saturating coordination vacancy (e.g. alumina), the moderate basic sites
(300-500°C) were related to the coordination of metal-oxygen bond as metal-oxide
pairs, where metals are Zn, Al or Mn, and the strong basic sites (above 500°C) were
attributed to unsaturated O ions.

Table 12 The amounts of basic sites of CZA and CZA-Mn catalysts.

Number of basic sites (Mmol/g.cat) Number of total
basic sites
Samples Weak Moderate Strong (Lmol/g.cat)
CZA 168.43 715.80 244.07 1128.30
CZA-Mn 89.79 106.30 1054.54 1250.63

It is found that Lewis basic sites are dominant in the catalyst synthesis. For CO/CO,
hydrogenation reaction to methanol, many researchers proposed that the
distribution of basic sites was influenced importantly by the selectivity of CH;OH, and
it increased linearly with the increase of the proportion of strong basic sites to the

total basic sites. [11] This study shows a large amount of moderate basic sites, which
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are observed on CZA catalyst, whereas the addition of Mn increases the number of
total basic sites and can be ascribed to the strong basic site that was dominant for
CZA-Mn catalyst. Moreover, it is found that the number of strong basic sites is about
4.3 times as high as that of the CZA catalyst, which is in good agreement with the

selectivity of methanol.

4.2 Catalyst performance

In this study, the catalyst activity testing is performed at a GHSV of 24,000
ml/gcat/h in a fixed amount of total feed gas flow rate at 40 ml/min under different
feed composition of CO,/H, = 1:3, CO/H, = 1:2, and CO/CO,/H, = 1:1:2 over 0.1 gram
of copper/zinc-based catalysts prepared by co-precipitation method which are used
for methanol synthesis via CO, CO,, and CO/CO, hydrogenation. The temperature of
the reactor is kept constant at 250°C with atmospheric pressure. By reason of the
target product is methanol, thus this study will be focused on the productivity, space
time yield of methanol with different feeds gas which is tested for 5 hours on stream

for CZA catalyst as shown in Fig. 18.
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Figure 18 Catalytic activity of CZA catalyst for hydrogenation to methanol with
different feeds gas.
It is found that the productivity of methanol increased for the CO
hydrogenation with increasing time on stream. This tends to increase steadily and the

obtained result is similar to production with mixed CO/CO, reactant co-feeds. The
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hydrogenation of CO to methanol always produces the highest STY of methanol
during the hydrogenation testing due to methanol is only product that can be
obtained. The lowest methanol formation is produced from CO, hydrogenation and
the methanol production slightly decreases because of the deactivation of the
catalyst during 5-hour test period. In general, industrial methanol production by CO,
CO,, and CO/CO, hydrogenation reaction was operated at high pressure (50-100 atm).
In this study, CO is the major product observed for CO, hydrogenation. In parallel
from methanol production, the reverse water gas shift (RWGs) is another main
reaction in the CO, hydrogenation process, which has low CO, conversion and
methanol selectivity at low pressure over the CZA catalysts. It can be concluded that
methanol and CO are produced at the same intermediate species. For hydrogenation
to methanol with different feed reaction, it seems to occur in different active sites of
the catalyst surface for adsorption and dissociation of CO,, CO and H,. As known, CO
hydrogenation proceeds through oxidized Cu sites, the surface was majorly covered
by Cu® and while the metallic Cu covered the surface is the main source of
methanol which was CO,. On the other hand, CO, oxidized the surface metallic Cu
to Cu™ and CO and H, was easily reduce Cu® to metallic Cu. Likewise, H,O and CO,
stabilized the Cu™. [1] It can be also found that the creation of the Cu-Zn active site
by formation of the Cu-Zn alloy on the Cu surface, which is related to the role of
ZnO was also ascribed to the stabilization of Cu®. [21] Therefore, amount of
methanol which is synthesized from CO or CO, depended on the ratio of Cu*/Cu. In
addition, higher CO, amount in the feed restrains the methanol production. With
comparison of the activity in CO, hydrogenation and CO/CO, mixed feed, it shows
more decrease in activity in CO,/H, feed compared to CO/CO,/H, feed. In fact,
CO,/H, feed has more oxidizing properties than CO/CO,/H, feed because there is no
CO to recover active copper sites and Cu’/Cu’ cycles are disrupted. Therefore, the
CO hydrogenation is decreased. [1] Next, the results of effect of Mn content in CZA-
Mn catalyst on methanol synthesis under the same condition and time on stream

are shown in Fig. 19.
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Figure 19 Catalytic activity of CZA-Mn catalyst for hydrogenation to methanol with
different feeds gas.
It is shown that adding Mn-modified on CZA catalyst can increase catalyst
performance having higher quantity of methanol production in different feed
mixture. Moreover, it can also improve the selectivity to methanol. Tendency for
methanol production is CO hydrogenation > CO/CO, hydrogenation > CO,
hydrogenation which is similar to methanol production by using CZA catalyst. From
the results of catalyst characterization, it confirms that adding Mn promoter can
increase catalytic activity by increasing of Cu dispersion obtained from CO-
chemisorption technique suggesting that the specific activity with the metallic copper
surface area increased. Meanwhile, another important factor is basicity or the nature
or number of basic sites by CO,-TPD technique. It is found that the strong basic site,
strong CO, adsorption, which is dominated for CZA-Mn catalyst is in a good
agreement with the selectivity of methanol. Generally, the intermediate species were
adsorbed on strongly basic sites preferred to be hydrogenated into methanol but it
should be known that strong adsorption of CO, was not sufficient and stronger
adsorption, dissociative adsorption and finally spill-over of hydrogen species on the
surface were necessary. It is found that when adding Mn-modification, the position of
the main reduction peak shifts to lower temperature from H,-TPR results indicating
well-disperse of CuO species. Therefore, it does not only help to accelerate the

dissociation of hydrogen and improves spillover effect, but also likely generates
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oxygen vacancies. Due to strong basic sites prefer to be hydrogenated into methanol.
Therefore, acidity or the nature or number of acid sites relate to the high selectivity
of methanol with the number of weak acid sites increase which is related to NH5-TPD
results showing that the amount of weak basic sites of CZA-Mn is more than CZA.
Next, the results of effect of CO,/H, and CO/CO,/H, in hydrogenation to methanol
over CZA-Mn are shown in Fig. 20.
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Figure 20 Catalytic activity of CZA and CZA-Mn catalyst for CO, and CO/CO,

hydrogenation to methanol.

However, the increasing of Mn-promoter occurs to the hydrogenation of CO, become
dominant. It is found that CZA-Mn in CO,/H, feed is more stable and have reached
the steady-state period with a faster rate than the observed rate in the CO/CO,/H,
feed. Probably in the latter feed, strong adsorption of CO, on the reduced copper
decreases the CO hydrogenation gradually and reaches steady-state period later than

CO,/H, feed. [1]

4.3 Energy consumption in methanol synthesis

The overall energy consumption and energy consumption to produce 1 mol
of methanol in methanol synthesis in hydrogenation with different reactant feed gas
containing CO,/H,, CO/H,, CO/CO, /H, are evaluated by Aspen Plus V9 simulation. At
first, it starts by specify the components, the feed rate of each component,
temperature and pressure of the feed line, and the operating condition of reactor in

each process according to results of a relevant researches for methane steam
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reforming, bi-reforming, CO and CO/CO, hydrogenation, respectively. As shown in
APPENDIX.G for using as guideline or example for simulation, it can be applied to
catalyst performance testing. In this study, it uses Redlich-Kwong-Soave-Boston-

Mathias (RKS-BM) model. The reactor used in the simulation is RStoic.
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Figure 21 The energy consumption to produce 1 mol of methanol for hydrogenation
with different feeds gas.

From Fig. 21, it is shown that tendency for using energy consumption to
produce 1 mol of methanol is in the order of CO, hydrogenation > CO/CO,
hydrogenation > CO hydrogenation. It is found that adding Mn promoter can
decrease energy consumption for 1 mol of methanol production for 44.8%, 33.3%
and 6.6% for CO,, CO and CO/CO, hydrogenation, respectively. Moreover, the
CO/CO, feed with composition feed of 1:1 through hydrogenation reaction increases
energy consumption for 1 mol of methanol production for 3.6 and 5.1 times of
energy consumption for hydrogenation of CO using CZA and CZA-Mn, respectively.
Therefore, using CO, as co-reactant or reactant, the overall energy consumption and
energy consumption for 1 mol methanol production will be increased. The purpose
of using CO, to be another reactant or co-feed is practical with the trade off in the
higher energy consumption due to the temperature dependence of the heat
capacity which is used to calculate gases properties, generally the use of the ideal

gas heat capacity rather than the actual heat capacity. The ideal gas heat capacity of
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each gas is different depending on the function of temperature (without pressure).
The ideal gas heat capacity is increased toward an upper limit. Even though the ideal
gas heat capacity can be applied for real gases correctly and accurately especially in
low pressure. In this study, it indicated that energy of system depends on the
enthalpy change of the products as they are heated from 298.15 K (25°C) to 523.15 K
(250°C) and also depends on the amount of the species in the products stream such
as CO, hydrogenation with feed ratio of CO, to H, = 1:3 as shown in APPENDIX.H. H,
which is used as reactant is applied in the small amount, remaining high. Therefore,
energy which is used for heating will be also high. Moreover, the ratio between the
heat capacities of gases in the ideal-gas state of CO, and CO is 1.69. If heat is
supplied to the reactor, products will reach a temperature of 523.15 K (250°C) from
298.15 K (25°C). The overall energy consumption is shown in Table 13.

Table 13 The overall energy consumption for hydrogenation with different feeds gas.

Total energy consumption, x10°® kw

Samples CO, hydrogenation CO hydrogenation CO/CO, hydrogenation
CZA 4.82 a.4a7 4.63
CZA-Mn 4.96 4.43 4.59

It is shown that energy consumption is inversely proportional to quantity of
methanol synthesis. In common, heat of reaction for hydrogenation is always
exothermic reaction, referred to reaction in which heat was given from the system to
the surrounding. Products were more stable than reactant. Exothermic reaction
shows as negative value as the same with heat duty value in APPENDIX.G (table G.9)
but this study is found that heat duty is (+) positive because there is low methanol
production which has low CO, and CO conversion in all processes. Heat duty with (+)
positive sign may indicate that if the requirement for methanol production following
the experiment of catalyst performance under operating condition at 250°C under
atmospheric pressure. The temperature has to be maintained and ideally, heater, as
utility, should be equipped to enable all the important parameters to be monitored

and controlled because it is endothermic process.



CHAPTER 5
CONCLUSIONS AND RECOMMENDATION

The methanol synthesis in hydrogenation with different feed composition of
CO,/H,, CO/H,, and CO/CO,/H, over Cu/ZnO/AL,O; catalysts at 250°C under
atmospheric pressure and the effect of addition manganese in catalytic performance
are investigated. According to the result for catalytic activity, adding manganese as
modifier increases catalytic activity for methanol synthesis as observed by increasing
of methanol STY that is corresponding with the results of catalyst characterization.
For physical properties, manganese added on the catalyst can improve dispersion of
CuO species, which can facilitate the dissociation of hydrogen and improve spillover.
For chemical properties, adding manganese not only facilitate the reduction of CuO,
but also enhance the number of total basic sites and the strong adsorption of CO,
due to the shift of moderate basic site to strong basic site and increases the weak
acid sites that help to improve the selectivity of methanol.

The overall energy consumption and energy consumption of 1 mole of
methanol production in the hydrogenation processes are investigated with Aspen
plus V.9 software. The simulation results have shown that overall energy
consumption and energy consumption for 1 mol methanol production is increased
by applied CO, as co-reactant or reactant through hydrogenation reaction. Tendency
of methanol production is CO, hydrogenation> CO/CO, hydrogenation> CO
hydrogenation, which is opposite with methanol production quantity. Therefore, the
results indicate that energy consumption after adding manganese as modifier for 1
mol of methanol production decreases by 44.8%, 33.3% and 6.6% for CO,, CO and
CO/CO, hydrogenation, respectively. Furthermore, CO/CO,/H, feed with 1:1:2
composition can increase the energy consumption of 1 mol-methanol synthesis to

3.6 and 5.1 times of CO hydrogenation.
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Recommendations

(1) Effect of feed composition of CO/CO,/H, can be studied by various
composition of reactant feed for finding optimal feed which can produce the highest
methanol quantity.

(2) Stability of catalysts can be studied by increasing time of reaction to be
longer for studying deactivation of catalyst by TPO technique.

(3) Mn content can be studied for CZA catalyst for increasing of catalyst
activity.

(4) Behaviors of spent catalysts can be studied for investigating change in
basic properties of catalyst after hydrogenation process.

(5) For keeping reduce catalyst & spent catalyst, they should not be touched
by air and using them for catalyst characterization analysis immediately because

Cu have high oxidation properties.



APPENDIX
APPENDIX.A CALCULATION OF CATALYST PERFORMANCE

A.1 CO, conversion

CO, conversion (mol%) = ) COZ‘ZLO x100
2,in 2,out

A.2 CO conversion

Oin
CO conversion (mol%) = ————x100
Coin - Coout
A.3 Methanol selectivity
mole of Methanol
SMeOH (mOl%) = x100

All product

A.4 Space time yield
weight of produced alcohol

STY h) =
(mg/gcat ) catalyst Weight X time



Table A.4.1 Space time yield of methanol and CO on CZA catalyst of

CO, hydrogenation.
Time STY of methanol STY of CO
(h) (Mg/geath) (Mg/gc,th)
0 - -

1 12.81 4828.02

2 12.33 4796.68

3 11.89 4701.01

a4 11.89 4651.85

5 11.67 4673.54

Table A.4.2 Space time yield of methanol and CO on CZA-Mn catalyst of

CO, hydrogenation.
Time STY of methanol STY of CO
(h) (Mmg/gyth) (mg/gesch)
0 - -

1 22.87 8300.50

2 QNS 8034.70

3 22.95 7951.61

q 22.90 7927.34

5 22.97 7885.38
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Table A.4.3 Space time yield of methanol on CZA catalyst of CO hydrogenation.

Time

(h)

STY of methanol
(Mg/gcath)

0

1

50.39

73.81

85.94

95.81

O P OO DN

103.88
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Table A.4.4 Space time yield of methanol on CZA-Mn catalyst of CO hydrogenation.

Time

(h)

STY of mathanol

(mg/gcath)

32.32

70.80

101.14

130.91

O A OOIDN

154.74
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Table A.4.5 Space time yield of methanol on CZA catalyst of CO/CO, hydrogenation.

Table A.4.6 Space time yield of methanol on CZA-Mn catalyst of CO/CO,

hydrogenation.

Time

(h)

STY of Methanol

(Mg/gc,ch)

0

1

14.22

17.50

19.97

21.62

O P OO DN

21.96

Time

(h)

STY of Methanol

(mg/gcath)

19.31

20.56

21.73

22.59

O A OOIDN

23.41




A.5 Catalytic properties of CZA and CZA-Mn catalysts
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Table A.5.1 CO and CO, conversion and product selectivity obtained from CZA and

CZA-Mn catalysts for the hydrogenation at 5 h-reaction time.

CO, hydrogenation CO hydrogenation
Cco, CcO Methanol CcoO Methanol
conversion | Selectivity | Selectivity | conversion | Selectivity
Catalyst (mol%) (mol%) (mol%) (mol%) (mol%)
CZA 1.6 99 1 1.6 100.0
CZA-Mn 34 98 2 2.5 100.0
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Figure A.5.1 Catalytic properties of CZA and CZA-Mn catalysts at 250°C, 1 atm for

CO, hydrogenation.
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Figure A.5.2 Catalytic properties of CZA and CZA-Mn catalysts at 250°C, 1 atm for

CO hydrogenation.
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APPENDIX.B CALCULATION OF CRYSTALLITE SIZE

B1. The Scherrer equation

Where

D = KA
~ PBcosO

D = Volume average crystallite size, (A)

K = a constant, (0.9)

A = X-ray wavelength, CuKOL radiation, (A = 1.5406 A)

B = the peak width, (radian)

0 = the angle between the beam and the normal on the reflection plane,

(degree)
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APPENDIX.C CALBRATION
C.1 CO calibration
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Figure C.2.1 The calibration of CO,.
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C.3 CH30OH calibration

Methanol
0.025
y =0.000000227934791x
0.02 R2=0.9789

0.015
5
£
>

0.01

0.005

0

0 20000 40000 60000 80000 100000

Area

Figure C.3.1 The calibration of methanol.



APPENDIX.D X-RAY PHOTOELECTRON SPECTROSCOPY

D.1 Chemical species of CZA catalyst.
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Figure D.1.2 XPS signals of Zn species.
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D.2 Chemical species of CZA-Mn catalyst
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APPENDIX.E CALCULATING VOLUME CHEMISORBED

E.1 Calculation volume chemisorbed in CO-Chemisorption
n

3y — Vinj z _ ﬁ
Vads(Cm ) m X i=1(1 Af
Where:
Vinj = volume injected, cm’
= mass of sample, ¢
A; = area of peak i
Af = area of last peak

Table E.1.1 Area of each peak of CZA catalyst adsorbed CO gas.

Peak Number Area
1 0.09662
2 0.10361
3 0.11014
4 0.1125
5 0.11562
6 0.1172
7 0.12026
8 0.12523
9 0.13045
10 0.13692
11 0.13357
12 0.13954
13 0.13798
14 0.13944
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Table E.1.2 Area of each peak of CZA-Mn catalyst adsorbed CO gas.

Peak Number Area

1 0.06016
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Figure E.1.1 CO-Chemisorption of CZA catalyst.
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APPENDIX.F THERMGRAVIMETRIC ANALYSIS
F.1 TGA curves for CO, hydrogenation.
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Figure F.1.2 TGA curve of the CZA-Mn catalyst for CO, hydrogenation.
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F.2 TGA curves for CO hydrogenation.
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F.3 TGA curves for CO/CO, hydrogenation.
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APPENDIX.G DISCUSSION OF SIMULATION RESULTS
G.1 Effect of CO, utilization in reforming of methane and methanol synthesis.

This study studied the operating condition of the reactor for methane steam
reforming, bi-reforming, CO and CO/CO, hydrogenation from relevant researches as a
guideline for a process simulation with experimental results obtained through the
simulation process using Aspen Plus V.9. by using RKS-BM model for monitoring
composition and energy consumption value.

For methane steam reforming reaction and bi-reforming. Refer to literature of
[30] as shown Table G.1.1. This experimental was defined ratio of H,O to CHg is 4:1
and CH, feed rate is 0.0002719 mol/min. but the obtained results must be used to
further comparison. Thus, mole flow rates of the components in feed stream was

defined to 100 mol/min by maintaining ratio of H,O to CH, as shown in Table G.1.2.

Table G.1.1 Mole flow rates of the components in feed stream and product stream

on methane steam reforming.

FEED PRODUCT

Mole Flows | mol/min 0.0013595 0.0018979
CH, mol/min 0.0002719 0.0000027
WATER mol/min 0.0010876 0.0006281
CcO mol/min 0 0.0000789

H, mol/min 0 0.0009979
CO, mol/min 0 0.0001903
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Table G.1.2 Mole flow rates of the components in feed stream and product stream

on methane steam reforming. (Assume total flow rate of feed steam to be 100

mol/min)

Table G.1.3 The product yield of methane steam reforming from simulation vs.

experimental.

FEED PRODUCT
Mole Flows | mol/min 100 139.60
CHq mol/min 20 0.20
WATER mol/min 80 46.34
CcO mol/min 0 5.94
H, mol/min 0 73.26
CcO, mol/min 0 13.86

%YIELD
ASPEN EXPERIMENT %ERROR
co 29 30 3.33
H> 367 331 10.88
CO, 70 69 1.45

From Table G.1.3, it showed that product from pilot experiment comparing

with actual experiment, product value can be calculated by equation (11).

%Y, =

i(mol)

CHy in(mol)

x100
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It was found that CO, and CO production were nearly the same but hydrogen
production has error/ tolerance of obtained results. RStoic reactor had to be checked
reliability because only mass balance could run in RStoic. Therefore, RPlug reactor
for literature of [33] was applied. Due to reforming reactions were reversible reaction
which the rate of reaction depended on operating condition and substance
concentration. For the reaction prediction, the factors which concerned were kinetic
information and chemical balance for RPlug by adjusting kinetic information with
simulation by using Langmuir-Hinshelwood-Hougen-Watson equation as shown in
Table G.1.4. It was found that two types of reactor provided nearly the same value.

Therefore, Rstoi reactor was acceptable.

Table G.1.4 Mole flow rates of the components in feed stream and product stream

on methane steam reforming from RStoic vs RPlug.

RStoic RPlug
FEED PRODUCT FEED PRODUCT

Mole Flows | mol/min 100 139.60 100 139.84
CH, mol/min 20 0.20 20 0.08
WATER mol/min 80 46.34 80 48.92
CcO mol/min 0 594 0 8.76

H, mol/min 0 73.26 0 70.91

Cco, mol/min 0 13.86 0 11.16
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Table G.1.5 Mole flow rates of the components in feed stream and product stream

on bi-reforming.

FEED PRODUCT
Mole Flows mol/min 100 195.14
CH,4 mol/min 51 3.43
WATER mol/min 33 1.29
CcO mol/min 0 63.42
H, mol/min 0 126.85
CO, mol/min 16 0.14

Table G.1.5 have shown the simulation results for bi-reforming, refer to

literature of [31] comparing with value from RStoic reaction from Table G.1.2 and

Table G.1.5 have found that production ratio between hydrogen and CO from

methane steam reforming is more than from bi-reforming by increasing to 6 time. On

the other hand, the total amount of CO and hydrogen production produced from

methane steam reforming is less than bi-reforming and then considering the energy

consumption for 2 processes have shown in Table G.1.6 and Table G.1.7.

Table G.1.6 Total energy consumption and the energy consumption per mole of

main products on methane steam reforming.

ENERGY CONSUMPTION
Total 17417 | kW
CO 29.32 kW/mol.min™ | 1759.26 | KJ/mol
H, 2.38 kW/mol.min® | 142.64 | KJ/mol
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Table G.1.7 Total energy consumption and the energy consumption per mole of

main products on bi-reforming.

ENERGY CONSUMPTION

Total 293.06 | kw

CO 4.62 kW/mol.min™ | 277.24 | KJ/mol
H, 2.31 kW/molmin™® | 138.62 | KJ/mol

According to Table G.1.6 and Table G.1.7, the overall energy consumption for 2
processes is positive. It is concluded that reforming reaction is endothermic process.
For consideration of using energy for 1 mol hydrogen production. It was found that
the energy consumption for 2 processes was nearly the same. On the other hand, for
CO production, it was found that energy using for methane steam reforming is more
than for 1 mol CO production. Due to chemical reaction consideration, CO produced
from methane steam reforming is reacted with water, water gas shift reaction is
occurred. It is found overall energy consumption for bi-reforming is more than
methane steam reforming because of using CO, as co-reactant which conformed to

the total amount of CO and hydrogen production from bi-reforming.
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Table G.1.8 Mole flow rates of the components in feed stream and product stream

on CO hydrogenation and CO/CO, hydrogenation.

CO/CO,
CO HYDROGENATION FEED PRODUCT HYDROGENATION FEED PRODUCT

Mole Flows | mol/min | 210249.9 | 178513.4 | Mole Flows | mol/min | 210250 100970
co mol/min | 16529.4 661.2 Cco mol/min | 13083.3 523.3

H2 mol/min | 193720.5 161984 H2 mol/min | 153333.3 1973.3
Cco2 mol/min 0 0 Cco2 mol/min | 43833.3 1753.3
CH30H mol/min 0 15868.2 CH30H mol/min 0 54640
WATER mol/min 0 0 WATER mol/min 0 42080

Table G.1.9 Total energy consumption and the energy consumption per mole of

main products on CO hydrogenation and CO/CO, hydrogenation.

ENERGY CONSUMPTION

CO HYDROGENATION

Total -2511.16 | kW
MeOH -0.15825 kW/mol.min™ -9.49506 | KJ/mol
CO/CO, HYDROGENATION
Total -41301.9 | kw
MeOH -0.75589 kw/mol.min™ -45.3535 | KJ/mol

For methanol synthesis of [32] literature. Table G.1.8 showed using CO, as co-

reactant provided higher methanol production by increasing to 3.4 time of methanol
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production from CO hydrogenation because methanol production for CO,-H, reaction
is more than from CO-H, reaction. From Table G.1.9 have found that negative
overall energy consumption refer that methanol synthesis is exothermic process and
overall energy consumption for using CO, as co-reactant and energy consumption

using for 1 mol methanol production have to be higher.
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APPENDIX.H CALCULATION OF THE HEAT REQUIREMENT FOR THE REACTOR.

H.1 Calculate the heat requirement for the reactor.

Example: The methanol synthesis from CO, hydrogenation reaction with 250°C and
atmospheric pressure:
CO, + 3H; = CHsOH + H,O — (A)
The only other reaction to be considered is the reverse water-gas shift reaction:
CO, + Hy = CO + H,0 - (B)
The reactants are supplied and products are obtained as shown in Table H.1.1 and
heat is supplied to the reactor so that the products reach a temperature of 250°C

(523.15 K). Assuming the temperature of reactants to be room temperature at 27°C
(300.15 K).

Table H.1.1 Mole flow rates of the components in feed stream and product stream

on CO, hydrogenation (CZA catalyst).

FEED PRODUCT
Mole Flows mol/min 3.98x10” 3.98x10”
Co, mol/min 7.97x10° 7.79x10°

H, mol/min 2.39x107 2.37x107
CH;OH mol/min 0 3.60x10"
H,0 mol/min 0 1.78x10”

CO mol/min 0 1.77x107

N, mol/min 7.97x10° 7.97x10°

Solution :
Standard heat of reaction at 298.15 K from Table: Standard Enthalpies and
Gibbs Energies of Formation at 298.15 K are
CO,(g) : -393,509 J CH5OH(g) : -200,660 J
H,O(g) : -241,818 J CO(g) : -110,525 J
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CO, + 3H, = CHsOH + H,0
AH%56 = (200,660 J) + (-241,818 J) — (-393,509 J) = -48,969
CO, + H, = CO + H,0

AHg = (-110,525 J) + (-241,818 J) - (-393,509 J) = 41,166 J

We now devise a path, for purposes of calculation, to proceed from reactants
at 27°C (300.15 K) to products at 250°C (523.15 K). Because data are available for the
standard heats of reaction at 25°C (523.15 K), the most convenient path is the one
which includes the reactions at 25°C (523.15 K). This is shown schematically in the
accompanying diagram. The dashed line represents the actual path for which the

enthalpy change is AH. Because this enthalpy change is independent of path,

AH = AHR + AHSg + AHP

A — Products at 1 bar
,,” and 523.15 K
o 7.79x10° mol/min CO,
o 2.37x10° molmin H,
Af”z" aHG|  360x107'molmin CH;OH
‘ 1.78x107 moVmin H,0
/” L77x107 mol/min CO
Reactants at 1 bar _’IQHS 7.07x10°° mol/min N,
and 300.15 K >
7.97x10°° mol/min CO, AHZ5
2.39x10°° mol/min H,
7.97x10° mol/min N,

For the calculation of AHSyg, reaction (A) and (B) must both be taken into
account. Because 3.60x10'% mol reacts by (A) and 1.77x107 mol reacts by (B),
AHS5g = (3.60x10°)(-48,969) + (1.77x107)( 41,166) = 7.27x107>J

The enthalpy change of the reactants from 300.15 K to 298.15 K is
AHR = (Zini(Cp,),, )(298.15-300.15)
Where the values of (Cgi)H/R are

c9
i—)“ = A+ BT+ CT?+ DT? ; T (kelvins)

~
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For constants in equation shown in Table H.2. From Table: Heat Capacities of Gases

in the Ideal-Gas State.

Table H.1.2 Heat capacities of gases in the ideal-gas state.

Chemical

species A 10°B 10°C 10°D

CH,OH 2211 12.216 -3.450 -
H,0 3.470 1.450 i 0.121
o, 6.311 6.311 . -0.906
H, 3.249 0.422 . 0.083
o 3,376 0.557 ~0.906 0.031
N, 3.280 0.593 i 0.040
o, [o15(6.311 + 6.311T + —0.906T~2)dT = —11.078
H, [2215(3.249 + 0.422T + 0.083T"2)dT = —6.936
N, [2%15(3.280 + 0.593T + 0.040T~2)dT = —7.004

Whence,

AHY = (8.314)[( 7.97x10°)(-11.078) + (2.39x10°)-6.936) + (7.97x10°)(-7.004)]
= -2.576 x107 J

The enthalpy change of the products as they are heated from 298.15 K to 523.15 K is

calculated similarly:
AHO = (zini(cgi)H )(523.15-298.15)

Where (Cgi)H/R values are

o, [oi2(6.311 + 6.311T + —0.906T~2)dT = 1363.660
H, [o-12(3.249 + 0.422T + 0.083T"2)dT = 781.989
CH,OH - [ (2,211 + 12.216T + —3.25T?)dT = 1492.011
H,0 [ (3470 + 1.450T + 0.121T2)dT = 932.179
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523.15

o - [2295(3.376 + 0.557T + —0.031T2)dT = 806.593
N, [22395(3.280 + 0.593T + 0.040T~2)dT = 798561
Whence,

AHS = (8.314)[(7.79x10°)(1363.660) + (2.37x10°)(781.989) + (3.60x107'°)(1492.011) +
(1.78x107)(932.179) + (1.77x107)(806.593) + (7.97x10°)(798.561)]
- 0.298 J

Therefore,
AH = 7.27x107 + -2.576 x107 + 0.298 = 0.302569 J = 5.042x10°® kW
For calculate the energy consumption for 1 mol methanol production is

6 Xy 60—
S min

3.60x10-10 1ol
min

5.042x10"

= 8.33x10° kJ/molcrson

Table H.1.3 Mole flow rates of the components in feed stream and product stream

on CO, hydrogenation (CZA-Mn catalyst).

FEED PRODUCT
Mole Flows mol/min 4.03x10” 4.03x10”
Co, mol/min 8.05x10°® 7.73x10°

H, mol/min 2.42x107 2.39x107
CH5OH mol/min 0 6.73x10™"°
H,O mol/min 0 3.18x10”"

CO mol/min 0 3.17x10”

N, mol/min 8.05x10° 8.05x10°
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Table H.1.4 Mole flow rates of the components in feed stream and product stream

on CO hydrogenation (CZA catalyst).

FEED PRODUCT
Mole Flows mol/min 4.11x107 4.11x107
CO, mol/min 0 0

H, mol/min 2.19x107 2.19x107
CH,OH mol/min 0 3.48x10”
H,O mol/min 0 0
CO mol/min 1.10x10” 1.10x10”
N, mol/min 8.21x10° 8.21x10°

on CO hydrogenation (CZA-Mn catalyst).

FEED PRODUCT
Mole Flows mol/min 4.07x107 4.07x107
CO, mol/min 0 0

H, mol/min 2.17x107 2.17x107
CH5OH mol/min 0 5.17x10°
H,O mol/min 0 0
CO mol/min 1.09x10” 1.09x10”
N, mol/min 8.14x10° 8.14x10°

Table H.1.5 Mole flow rates of the components in feed stream and product stream
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Table H.1.6 Mole flow rates of the components in feed stream and product stream

on CO/CO, hydrogenation (CZA catalyst).

FEED PRODUCT
Mole Flows mol/min 3.85x107 3.85x107
Co, mol/min 7.71x10° 7.60x10°

H, mol/min 1.54x107 1.53x107
CH,OH mol/min 0 9.94x10°1°
H,0 mol/min 0 1.12x10”

CO mol/min 7.71x10° 7.82x10°

N, mol/min 7.71x10° 7.71x10°

on CO/CO, hydrogenation (CZA-Mn catalyst).

FEED PRODUCT

Mole Flows mol/min 3.86x107 3.86x107
Co, mol/min 7.73x10° 7.68x10°

H, mol/min 1.55x107 1.54x107
CH5OH mol/min 0 1.06x10”
H,0 mol/min 0 4.30x10®

CO mol/min 7.73x10° 7.77x10°

N, mol/min 7.73x10° 7.73x10°

Table H.1.7 Mole flow rates of the components in feed stream and product stream
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