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Abstract

Sorption enhance steam reforming (SESR) is a technique which involves the integration
of three reactions in one stage; namely steam reforming (SR), water gas shift (WGS)
and CO2 sorption

This project was developed to study the Water Gas Shift reaction at high temperature in
a packed bed reactor. All reactions were carried out with a Trimetallic (Pd/Co-Ni/HT)
catalyst with different Pd loadings and analyzed by gas chromatography.

Rate expressions from different mechanisms were analyzed in order to identify the more
proper catalytic water gas pathway over the Trimetallic catalyst.

Furthermore, sorption enhanced water gas shift reaction, using dolomite as sorbent, was
studied by means of conversion and sorption strength.



Index

INEPOTUCHION.......ceiiiiii ettt r et r e sr e e sr e nr e e sreenneens 5
3 I T TSR PSRRRN 6
1L BHOIMASS. ceuetninin ettt et ettt ettt ettt e en e eaaen 6
1.2 PrOCESS «viiiiiiiiiiii i 7

1.2.1 Hydrogen Production via Gasification Pathway .......cccccceeviiiiiiiniiiniii e 8
1.3 Water gas shift catalyst....cccoooiiiiiiiiiiiiii e, 13
1.3.1 Nibase catalySt fFOr WGBS ...........ooooiiiiiiiiiiei ettt ettt e eeree e e eare e e e earee e e sbaeeeenrees 14
1.3.2 Co base catalyst fOr WGS...........coooviiiiiiiieiecreee et cetree e estee e e esre e e eeeabaeeeenbeeeesabaeeeenrees 14
1.4 Sorption Enhance Techniques.........ccccooviiiiiiiiiiiiiinneene, 17
1.5 WGS rate expression mechanisSms ..........coceviviiiiinininineninenenenen. 18
2, EXPEIIMENTAL .....oiiniiiiie e e ettt e s te e e tte e abeesbeeebaeebee s 22
2.1 Catalytic preparation .......c.oocviiiiiiiiiiieiee e eee s 22
2.2 CharacteriZation ........c.vuveiuiini e 24
P D {2 { b LTSRS PRSP 24
2.2.2 CREMISOFPRION. .......eiiiieiiie ettt et e sttt e et e e s teesbeeebaeesateessbeesnsaesnses 24
2.3 Reaction order and SE experiments ........c..cccoeveviiiiiieniniinenenn.n. 24
2.3.1 St UP deSCIIPLION ....c.eiiiiiiiiie ettt e s e e s te e e bee e ate e abeeebaeeees 25
2.3.2 Experimental ProCedure..............coociiiiiiiiiiecee e 26
2.4 Calculations ...o..euieii i 27
BURESUILS ...ttt ettt et r e r e e Rt r e e R e e r e e re e reenreenneen 30
Bl X R DD .ttt 30
3.2 ChemiSOrPtion ..o.cuiniiii e 31
3.3 Water gas shift reaction mechanism.........c.c.cocoiiiii. 33
3.4 Experimental H2 and CO Orders ......ccceeveviiiniiiiiiniiiiiieieeanananns 37
3.5 Experimental Activation Order.........ccceuviviiiiiiiiiiiiiiiieieieieananas 38
3.6 Experimental SEWGS ......cooiiiiiiiiiiiiiiee e 40
5. CONCIUSION .t 44
ADDreviations & SYMDOIS.........ii i et e e e e e st e e ba e e e e ar e e e e s raeeeenaraeeeaans 45
REFERENGCES ..ottt et e e s e e et e e e e e r e et e e e e s e s nb e e e e e e e e esaannnrnneeeasaas 46
APPENDIX Attt e e et e e e e e e e et e e e e e ae et e e e e e b reeeeeeeeaannre A
F Y] o= g Vo 1D = SRS B
PN o o 1] T | SRR UPUPRRNY D



PN ] 0= o Vo 1t USSR
FaY o oT=T o o [ I PO PSP P URTSPPTPPPTOT
APPENAIX F oottt ettt ettt et e e st e e st e e e bt e e h b e e s te e et e e e b ae e hteeaabeeebeeebeeebaeenabeesabeeaas
P Y o oY= a Lo LD C TR URRRRNS



Introduction

Nowadays Hydrogen has many applications into the chemical and petrochemical
industry. Also it has been identified as a possible energy carrier, both, as an electron
donator for fuel cells in future commercial vehicles, as well as a basis component in
liquid fuel conversion.

Although considered the simplest and most abundant element on earth (about 75% out
of existing matter contains it), is hardly to find it into its elementary form, usually is
bonded with other elements, organic or inorganic, such is the examples of water,
biomass and natural gas.

The processing of these substances for acquiring hydrogen in its pure form is a difficult
and expensive technique. Presently, Natural gas is used as the main organic source to
produce hydrogen via steam reforming, unfortunately it has been predicted that
petroleum resources have been declining ™! leading to a partial and continuous cost
increment, forcing the society to find alternative sources. The continuous change-over
of feedstock from fossil to renewable is emerging as an inevitable necessity.

All biomass oxygenated compounds (CnHmOp) are a plenty and cheap source for
hydrogen production. A maximum yield will be the result of highly efficient and
suitable processes.

Sorption enhance steam reforming is the combination of the traditional steam reforming
(SR) and water gas shift (WGS) reactions for H, production, but despite of the old-style
processes, this technique involves the addition of CO, sorption and the performance of
all reactions in a single unit.

The changes among CO/CO; ratio, owing to the CO, sorption reaction, will shift the
equilibrium of the SR and WGS reactions. To stabilize those changes a new equilibrium
is established. From previous works it has been observed that the new partial
composition of the reaction products has achieved a higher H, yield?®3],

In order to enhance a high H, yield, a suitable catalyst is required. Based on previous
works? 5114 and the good stability, activity and selectivity for WGS and SR,
Palladium, Nickel and Cobalt have been chosen to develop the present study. In
addition hydrotalcite (HT)-like materials was selected to be the support of this tri-
metallic catalyst.



1. Theory

1.1 Biomass.

The United States annually wasted more tones of biomass-carbon-source as "trash™ than
the consumed from petroleum resources®”; this means that biomass can highly reduce
the dependence of petroleum.

Among the benefits of biomass against petroleum we can highlight the following points:

e Biomass resources are renewable.

e Biomass resource needs are available

¢ Refining of these resources will create a large number of jobs, since biomass can
be found everywhere

¢ Reduce the toxic burden associated

Only four basic chemical structures present in biomass are of significance for
production of fuels and industrial products:

» Saccharides and polysaccharides (sugars, starches, cellulose, hemicellulose)
Their basic chemical structure is CH,0. Most hydroxycarbons occur naturally as either
five- or six-membered ring structures. This ring structure may include only one or two
connected rings (sugars) or they may be very long polymer chains (cellulose and
hemicellulose). 2
The basic six-sided saccharide structure is exemplified by glucose Long-chain
polymers. Glucose or other hexoses are mainly categorized as starch or cellulose (figure
1.1).

» Lignins (Polyphenols)

Lignin is a network polymer structured upon multi-substituted, methoxy,
arylpropane, and hydroxyphenol units.

» Triacylglycerides or lipids (vegetable oils and animal fats)

A three-carbon hydroxycarbon, dehydrated glycerol, with three medium to
longchain fatty acids attached.



» Proteins (vegetable and animal polymers made up of amino acids)

Proteins are long-chain polyamides based solely upon amino acid units.

The use of biomass in the chemical and petrochemical industry has relied mainly on the
usage of polysaccharide, lignocellulosic (biomass composed from cellulose,
hemicellulose and lignin), and triacylglyceride feedstock. [2*

CH,OH CH,OH
O O
(o) H

0 H H e

Figure 1.1 six-sided saccharide structure of Cellulose!®

1.2 Process

As seen in figure 1.2, a range of different processes will lead to the development of
unique products and co-product. According to the main approach of this study it’s
important to prioritize the processes involved in the production of Syngas, which are:

e Pyrolysis

Treatment of biomass at moderate temperatures (300 to 600°C ) in the absence of O,
to produce a partial depolymerization of the material.

e Gasification

Is a biomass pyrolysis process at a higher temperature (> 700), which is carried out
through the addition of water vapor to produce methane and light hydrocarbons,
which are reformed to produce synthesis gas (gas synthesis).

e Thermochemical Liquefaction

Is a Pyrolytic processing with addition of H,, CO, CO, and selected catalysts

(sodium or potassium carbonate and potassium hydroxide) to convert the biomass
into hydrocarbons, mixed phenols.
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Figure 1.2.- Biomass-derived industrial organic chemicals.

Despite that the processes of pyrolysis and hydrolytic liquefaction generate syngas; H,
is not catalogued as profitable product, being bio-oil their main yield®?, instead H, is
recycled. In pyrolysis, is used as combustion gas meanwhile at HL is used either as
heating source or process reactant %!,

1.2.1 Hydrogen Production via Gasification Pathway

Biomass has, on average composition of 6 wt % of hydrogen[®*?*, which would make
it, in principle, a “cheerless” source for H2 production. Nevertheless, H, can become a
profitable yield by the implementation of the traditional processes after the gasification,
namely, Steam reforming and Water Gas Shift. In fact, a raw gasification gas contains
48-55 vol %, dry basis’®®, which makes it as feedstock for the process of SR. Schematic
diagram a conceptual biomass reforming process is displayed in figure 1.3. In addition,
for a pure Hydrogen product, after LTS, several “purification” techniques are used, such
as PSA (pressure sing absorption), membrane separation, wet scrubbing and cryogenic
separation, being PSA highly reliable for a desired purity of 99.9%!%"1,
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Figure 1.3.- Syngas production from gasification process design. [28]

1.2.1.1 Gasification

Gasification process involves a rapid and continuous denaturalization caused by the
temperature increase in biomass. According to the desired performance and products,
gasification can be held between 3 different reactor designs (Figure 1.4), these are:

Updraft gasifier

Biomass flows from top toward the bottom of the reactor, whilst oxygen/steam enters
from the bottom flowing upward. The higher contact time between the hot inlet gases
with biomass makes this reactor a suitable and efficient energy recover technology for
feeds with high moisture content, even this technology can be used for small-scale
applications, unfortunately high tar levels of approximately 100 g/Nm3 are produced
(291 product gas leaves at the top of the reactor

Downdraft gasifier

Biomass and oxygen/steam flows from top toward the bottom of the reactor. Unlike the
updraft gasifier this technology yields lower tar level, approximately 1 g/Nm3,
unfortunately[29] feed is restricted upon moisture content, which shouldn’t exceed 20%.
Product gas leaves at the bottom of the reactor, as well as updraft gasifier this system is
used for small-scale applications.

Fluidized-bed gasifier

Biomass is reduced to fine particle size and flowed in the bottom of the reactor.
Likewise, high speed oxygen and vapor is flowed undernead the biomass, forcing it to
flow upwards through a heated bed of sand and char. Fuel particles lose moisture and



pyrolyse rapidly, sand acts as abrasive removing ash from fuel particle, the tar yield is
relatively low (10 g/Nm3) (!, This system is used for large-scale applications.

A) Updraft Gasifier B) Downdraft Gasifier C) Fluid-Bed Gasifier
alon s.oTss ——
v. |
— —Product Gas A — «——Oxidizer
[ . J ~— Biomass
«— Oxidizer

. = Oxidizer —__— Product Gas

Figure 1.4.- Gassification reactor design.

The stoichiometry of gasification process is presented in the set of equations A, in
which cellulose is thermal discomposed in the presence of H,O and O,. The main
reaction products will be Hz, CO,, H,0, CO and CH,. According to the total energy
balance, the overall reaction in the gasification process becomes an exothermic process,
which leading to seize the energy produced to supply the high amount of heat needed to
crack and reform the molecules of H,O and CHy, in the succeeding process.

Stoichiometrical Reactions AH(kJ/mol)
C5H1205 5CO + 5H2 +C 180 (Al)
CeH120s 5CO + CHy4 + 3H, 300 (A2)
CeH1,0s 3CO + CO, + 2CH, + H, -142 (A3)
CeH120s + % O, 6CO + 5H, 71 (A4)
CeH1205 + O, 50 + CO, + 5H, 213 (A5)
CeH120s + 20, 3CO +3CO, + 5H, 778 (A6)
CeH,05 + H,0 6CO + 6H, 310 (A7)
CeH1,05 +3H,0 ———>  4CO +2CO, + 8H, 230 (A8)
CeH1,05+7H,0 —>  6C0O, + 12H, 64 (A9)
CO +H,0 6CO, + H, -41 (A10)
CO + 3H2 CH,4 + H,0 -206 (A11)

The overall composition of the gasification outlet will present very small traces of
undesired compound, such as tar .13% (dry basis) and H,S .04% mol (dry basis) !,
This last one will represent a significant treat for the lifetime and performance of the
catalytic processes. In order to avoid the catalyst poisoning it is important to add a
pretreatment stage, following the example pathway displayed in figure 1.3, calcined
dolomite is used as a sorbent agent for the removal of CO, (which can cause coke
formation at the reforming process due to the excess of C) and H,S. H,S sorbion
stoichiometry reaction is presented in equation B.

10



2 [CaCO3+MgO0] + H,S = [CaS+MgO0] + H,0 + CO, (B)

Worth mention that this is not the unique technique for H,S removal, but it is an
accurate one for low H,S concentrations.

1.2.1.2 Steam Reforming

Hydrogen is mainly produced by the endothermic reaction of CH, and H,0, the
stoichiometry of gasification process is presented in the set of equations C. In order to
avoid the carbon formation steam/carbon ratio is higher than stoichiometric, for
hydrogen process the recommended loading in the feed is a S/C ratio of 2.5.

From a thermodynamic point of view steam reforming depends on process conditions,
CO,, favoured by low temperature while CO and H2 at equilibrium is favoured by high
temperatures.

Stoichiometrical Reactions AH(kJ/mol)
CHy4 + H,0 CO +3H, 260 (c1)
CO+H,0 CO, +H, 41 (CZ)
CH4+ CO, 2CO + 2H, 247 (c3)
CH, C+2H, 75 (ca)
20, C + CO;, -173 (C5)

To boost H2 production, steam reforming will be followed by water gas shift reaction.

1.2.1.3 Water Gas Shift

In order to increase the production rate of Hidrogen, water-gas shift reaction is used,
regarding the exothermic equation D, this process converts the mixture of steam and
carbon monoxide into carbon dioxide and more hydrogen. Concerning that the reaction
is moderately exothermic, the process is held in an adiabatic reactor.

AH
CO + H,0 6CO, + H, -41(kJ/mol) (D)

According to the figure 1.5, equilibrium constant is thermodynamically favored at low
temperatures, the equilibrium constant and CO conversion decreases upon temperature
increment, however equilibrium is kinetically limited.

11
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Figure 1.5.- the temperature effect is given by the formula k = exp(m% —4.33) [19]
Due to the invariance in the number of moles during the course of the reaction, pressure
effect has a negligible function during WGS equilibrium.

For the purpose of a higher yield, the process is executed in two sequential reactors, the
first kinetically favored at high temperature and the second thermodynamically favored
at low temperature.

The first stage is called high temperature shift, where temperature is operated between
300°C and 500°C and is run over a chromium or copper promoted iron-based catalysts
B The main purpose of this unit is to increase the production rate of hydrogen up to
75 mol% while reducing the CO concentration up to 3 mol%!, high temperature will
favors fast CO consumption and minimizing catalyst bed volume.

In terms of low temperature shift, operating temperature is executed between 210 -
250°C over a copper-zinc-aluminum catalyst bed™, the carbon monoxide concentration
will tend to decrease up to 0.3 mol%EY.

Besides temperature, water will also plays determining role during the WGS
conversion, this effect is presented in figure 1.6. The increment in the molar S/G ratio
will improve the CO equilibrium conversion, especially above 150°C. The amount of
water added to SR and WGS stages must be balanced taking into account the steam
production expenses and operating design conditions.

12
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1.3 Water gas shift catalyst

According to process requirements, two different catalysts are used for both HTS and
LTS. As seen in figure 1.7 typical catalyst composition will be a significant factor for
CO conversion.

The commercial HTS iron-based catalyst is unsupported and has a composition ranging
Fe,03 (80-95%), Cr,03 (5-15%), and CuO (1-5%). The Cr,O3 additive acts as a
stabilizer preventing hi?h temperature sintering, while Cu promoter reduces S/C ratio
upto a range of 20% ¥, Prior to the reaction, Fe,O3 must be reduced to Fe;O4, which is
thought to be the active component of the ferrochrome catalyst, the reduction is held

upon a mixture of air and an inert gas at a temperatures of 250-400-C.

In the other hand, the commercial LTS Cu-based has a composition of Cu (51%), ZnO
(31%) and Al,O3 (18%)R3 Activation requires the reduction of CuO to Cu, which is
done by heating up the catalyst below 230°C, to avoid sintering, while a carrier gas
(nitrogen or natural gas) and small amount of hydrogen passes through it.
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Figure 1.7.- Different performance of FeCr catalyst at HTS; where commercial catalyst
has shown to be the more active
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Under the purpose of the study, nickel and cobalt were analyzed as potential precursors
for WGS reaction, similarly hydrotalcite as the metal support.

1.3.1 Ni base catalyst for WGS

Ni-based catalysts are known for its high performance at the steam reforming process;
this is triggered due to its high heat-conductivity that facilitates heat control, it also has
been recognized as an alternative catalyst for WGSE*.

Unfortunately, as shown in equation E at temp between 250 and 400C Ni based
catalyst is an effective precursor for methanation

AH
CO + 3H, CH4 + H,0 -206(kJ/mol) (E)

However, it has been shown that the impregnation of Ni-base catalyst with K can
promote the activity for WGS and decrease the methanation selectivity™**!. The
comparison for the performance of this catalyst is displayed in figure 1.8.
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Figure 1.8.- Comparison of three different catalysts for WGS reaction at 350°C and GHSV
of 4000 h-1. Gray bar: CO conversion (%); dark gray bar: H2 production (%); black bar: CH4

production (%); black dot: carbon balance (—)[34].

1.3.2 Co base catalyst for WGS

Cobalt is a highly active WGS catalyst, however, it is unstable and can produce
significant by-product hydrocarbon formation due to CO hydrogenation.

Transition metal carbides, such as CoMo carbide, have shown a high activity for the
WGS reaction and good oxidation stability **! but they are easily deactivated in the
presence of sulfur. To reduce deactivation, the addition of alkali metals such as K and
Zn, has shown an increased on conversion due to the better coke resistance, especially
for K B3,

Moreover, it has been shown that a stable CoCr204 catalyst promotes high activity and
improved sulphur resistance for WGS reaction. ¢

14



1.3.3 Hydrotalcite

The support determines the dispersion of the active metal particles, strong interaction
between metal and support can do a better resistant catalyst to sintering and coking.
Also they can participate as an oxidizing or reducing reaction intermediates.

Hydrotalcite-like material offers potential abilities as catalyst supports, this due to its
shape recognition for guest materials. Among its advantages are:

o Anion exchange ability in the interlayer.
o Cation exchange ability in the Brucite-like layer.
o Basicity due to their surface hydroxyl functions.

This will give a high activity, selectivity, stability and homogeneous mixture of metal
oxides (8!

Hydrotalcite compounds are characterized by the following formula:

M1 , 2*Mx **(OH)2(A™ )0 X MH20
Where M?* is a divalent cation ( Mg®*, Ni**, Co*"), M*" is a trivalent cation (AI**), and
Am_ is an interlayer anion ( COs*, OH). The value of x is typically in the range of

0.20-0.33

As seen in figure 1.8, hydrotalcity structure is divided into metal ions and anions layers.
Metal ion layer has the Brucite structure, Mg(OH)2, interaction between divalent and
trivalent ions induces a net positive charge which is occupied by an anion layer charge.
The space left by the anion molecule will be filled with water.

/AI(OH)G - octahedron

Mg(OH)y - octahedron

Figure 1.8.- Hydrotalcite Structure **!
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As examples, Ce-promoted Ni-catalysts from HTE™ and Ni on HT B®! like materials
were used for methane reforming, as a result, they demonstrated high methane
conversion; even, Ni-HT was compared with NiAl,O3 support, revealing a better
performance under severe temperature conditions.

1.3.4 Noble metals

Most of the recent studies have been directed in using any of the precious metals like Pt,
Rh, Pd and Au deposited on Ceria, Zirconia, Alumina, Titania, Thoria or Magnesia
supports. Besides it affinity for WGS reaction they also promoted the suppression of
methanation 1%,

Grenoble et al. “Y studied the relationship between the activity of the metal catalyst by
means of the strength of interaction between the CO and the surface of pure metal
(Figure 1.9). CO-M interaction will be proportional to the heat of absorption, for metals
that absorb CO weakly the activity will be low, nevertheless if the CO-metal interaction
Is very strong the CO-M intermediate becomes stable and hence reaction production
becomes slow.
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Fig 1.9.- Volcano-shaped relationship between metal turnover number at 300C and heat of
adsoption of carbon monoxide.

However, as shown in figure 1.10, an experiment performed between Pt containing
catalyst against conventional Cu-base catalyst demonstrate that IM8 (Johnson Matthey
Pt-containing catalyst) and to Pt—CeO, WGS catalysts are more active than CuzZnO-
Al,O3 at intermediate temperature range, enhancing CO conversion and decreasing
Methanation.
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Pt-containing WGS formulations
67,500 cc/g cat/hr, 11.4%C0O (mol, DRY) in synthetic reformate
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Figure 1.10.- Performance of a Johnson Matthey Pt-containing WGS catalyst compared to Pt-
Ce02 at the same metallization, synthetic reformate containing 11.4% CO (mol DRY) [48]

Likewise, J. Wagner at al. " compared the effect of different Ce supported metallic
catalysts for WGS reaction, demonstrating a higher activity from Pd/ceria and Ni/ceria
than either Col/ceria or Fe/ceria.

1.4 Sorption Enhance Techniques

The in-situ removal of CO2 during WGS and SR has shown a positive enhance during
the production of H21*3% 114 This method has been performed by packing a mixture of
a CO2 adsorbent and a WGS/SR catalyst in a single unit.

According to Le Chatelier’s principle, if partial pressure of CO, descreases as soon as it
is formed, the CH,4 reforming and water-gas shift reactions can proceed beyond the
conventional thermodynamic limits increasing a higher yield in H2.

The overall reaction occurring are expressed in the set equitions F. Equations 1 and 2
represent, respectively, SEWGS and SESR reactions

Stoichiometrical Reactions AH
(kJ/mol)
CO+H,0+Ca0 ——— > (CaCOsz+5H, -178 (F1)
CH,+H,0+Ca0 ——> C(CaCO;3+4H, -12.9 (F2)

According to the adsorption capacity, kinetical performance for absorption and
desorption, thermal stability, availability and cost, calcium carbonate has proved to be
an excellent material for CO2 adsorption. 171,

The stoichiometry for a CO2 soption reaction is presented in equation G.

CaO(s) +CO,—mM> CaCO3(S) (G)

17



Grace Jr et al. (2 demonstrate that dolomite has a better mechanical integrity in thermal
cycling operation than limestone

Following the above reactions Calcium carbonate must be regenerated after a time on
stream. The schematic representation of this process is shown in figure 1.11, in which
the SESR process will be integraded for two reactors. All three reactions, F1, F2 and
F3, will be held in this first reactor, which has been previously loaded with a mixture of
based reforming catalyst and Ca-based CO, sorbent.

The second reactor is used as a thermal regenerator; CO, will be removed from the
sorbent catalyst either under hot air stream or other inexpensive gas.

95% + H, Flue Gas
Catal Regenerated Acceptor
atalyst Acceptor
+
Acceptor
Feed P Fuel
CH, T
H,0 \“—/ Spent Acceptor .
Air
Primary Reactor Regenerator

Figure 1.11.- schematic representation a SESR process unit
1.5 WGS rate expression mechanisms

The Kinetic rate expressions are important parameter during process design; they are a
crucial part for the development and improvement of reactors.

The evaluation of HTS process involves the study of methanation and WGS reactions.

WGSR mechanism over the metal oxide catalyst has been broadly classified as
regenerative and associative mechanism, also known, respectively, as redox and
carboxyl mechanism.

Redox mechanism is based on water dissociation at the catalyst surface, to produce Hy;
meanwhile oxygen at the surface will react with CO to produce carbon dioxide [**!

Redox Mechanism

CO+* <«<—> CO* 1
H20 + * <—> H20* 2
H20* + * <—> OH*+H* 3
OH* +* <—> O*+H* 4
CO*+0* <—> CO2*+~* 5
CO2* <—> CO2+* 6
2H* <—> H2+2* 7
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The carboxyl mechanism is an adsorption - desorption model where water is dissociated
into H, and OH(-). The hydroxyl molecule will interact with the absorbed CO forming a
carboxyl intermediate in the surface which then decomposes to form H, and CO..

Carboxyl Mechanism

CO+* <«—> CO* 1
H20 + * <——> H20* 2
H20* + * «—> OH*+H* 3
CO*+0OH* s COOH*+* 4
COOH*+* «____ ~ H*+CO2* 5
CO2* «—> CO2+* 6
2H* <« > H2+2* 7

The redox mechanism is normaly used to explain the high temperature water gas shift
reaction. Whereas, low temperature water gas shift has been explained using both
mechanisms.

Methanation mechanism was proposed by Kelley at al. neglect CO, formation,
considering that the amount produced was about 2% of the CH,4. Nevertheless,
according to the main approach of this project, consider this mechanism would be
erroneous. In the other hand Iglesias et al. suggested two possible pathways for the
chain growth, (based in Fischer—Tropsch over a Fe catalyst) either H-assisted and
unassisted routes

Unassisted CO dissociation

CO+* <——> CO*

H2 + 2* <——> 2H*

CO* +* <—> C*¥+0*
C* + H* <« > CH*+*
CO* + O* <«—> CO2* +2*
CH* + H* «— > CH2*+~*
CH2* + H* «—> CH3*+*
CH3*+H* <«—> CH4+2*

H-assisted CO dissociation

CO+*

H2 + 2%

CO* +H *
HCO* + H*
HCOH™* +*
OH* + H*
CH* + H*
CH2* + H*
CH3* + H*
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Several authors have obtained different ranges of kinetic expressions, most of the works
confirm to the power law rate expression for kinetic equilibrium. Reverse WGS is used
as an approach to balance the reaction equilibrium.

Base on literature review, table 1% summarizes a list of kinetic data achieved
using noble metal in the WGS reaction.

Operating Arrehnius Parameter Reaction Order
Catalyst oGl [ [ L [ m | g | p |
q p
Ko Ea
(CO) | (H20) | (CO2) | (H2)
. rRu BRI 1.5x 10’ 80 - - ; ;
. Rulceria 1000°C .008 5.0 x 10’ 80 - - - -
Ni t0.05s 8.0 x 10’ 85 - - - -
N T 1.7 x 108 85 - - - -
contact
Rh . 3.0x 10° 130 - - - -
D time coated
Rh/Ceria 1.5 x 10™° 130 - - - -
I on lumina
Pd 4.0 x 10° 100 | - - - -
support
Pd/Ceria 4.0 x 10’ 100 - - - -
5wt% -
Pt 1.0x 10 80 - - - -
: loading Z
Pt/Ceria 25x10 80 - - - -

. 5.1 x 10° 96 +
Rt Ve 30°C | olecules/sisite | 5 Rl B

. 3.23x 10° 95 +
RIS 350 molecules/s/site | 10 ~24 | 53 ) )

latm,225 °C
1%Pt/Al;O3 - 68 1 11 -07 | 44
285°C
1atm,2850C
1%Pt/AIO3 - 84 .06 1 -09 | -44
345 °C
1.66%PUALO; [P e 81 11 .82
9% Pt/AIZO3 1atm,100 oC 02 55 = '22
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1.9 x 10° 82 +

Fl T 270°C | molecules/s/site | 5 A ) )
1%Pt/CeOz 1 atm 200 - 75 -.03 44 -.09 .38
°C
1%Pt/CeOz 1 atm 240 46 0 1 - -
°C

- 1%Pt/CeO; 91 14 .66 -54 | -.08

1.18 x 10° 80 +

340°C | moleculesisisite | 53 | 98 | ©° ) )

3.84 x 10° 107+

- 0 _ 1 .
uc 340 °C molecules/s/site 6 3 33

1%Pt/T|02

Pt/SiO,

1.4%Pt —8.3%

1 atm 260 - A A4 -12 | -4
CEOQ/ A|203 °C 86 3 o >
2% Pt/ 1%
Re/CeO2- 1atm 210 - 71 -.05 -.32 .85 -.05
7102 °‘C-260 °C
100 °C -
Rl 350°C 1.8x 10° 61 | - - - -
y (CU'Cena) CO/H20=
.33

Table 1: Reaction orders and activation energy for different noble metal catalysts

Power law rate expression is given by
r = KP'coP™H20P"co2 Pdxz (1 — B)

Where rate constant k is expressed as

Ko is preexponential or frequency factor, Ea is activation energy and f is the approach
to equilibrium and is given by

Pcoz Pu2

- KeqPcoPH20

Whether § is higher than .2 it means that the reaction is not at thermodynamic
equilibrium. As indicated in the chapter 1.2.3.1, Keq is the equilibrium constant.
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2. Experimental

Co—Ni Catalyst derived from Hydrotalcite-Like material was prepared by co-
precipitation; in addition small traces of Pd with different concentrations were deposited
via surface redox reaction.

The different compositions during for the catalyst preparation is given in appendix A.
In the same manner Pd dissolution calculations are provided in appendix B.

2.1 Catalytic preparation

HT-derived Ni-Co catalyst was prepared stoichiometrically under a fixed metal loading
of 20% Ni and 20% Co.

A homogeneous cation solution of Co(NO3)2.6H,0, Ni(NO3)2.6H,0, Mg(NO3)2.H,0
and AI(NO3)3.9H,0 was diluted in 400 ml of deionized water into a three- necked
reactor flask. An anion solution of NaOH and Na,COsz; was prepared and diluted
homogenously in 400ml of deionized water in an Erlenmeyer flask. This mixture was
pumped drop by drop to the cationic solution with an average flow of 200 ml/h.

Once the solution has been homogenized, the pH is adjusted to 8.5 using HNO. Finally,
the mixture is refluxed to 80°C during 12 hours aging time. The resulting slurry is
washed and filtered with deionized water, until it reaches a pH in the range of 7.4, The
catalyst is then dried and calcined at 600 °C for 6 hrs. with an increasing heating rate of
5 °C/min.

In order to achieve the Palladium surface redox reaction, the catalyst must be reduced
under a molar flow of N, and H, at 650 °C for 11 hr. with an increasing heat of °5
C/min. Once the Ni-Co HT catalyst has been reduced the reactor is cooled. All the H,
must be removed in order to have an inert atmosphere inside the reactor.

In the meantime, the cation solution Pd(NO3),*2H,0 is diluted with deionized water and
heated up to 80°C over 12 hrs.

The deposition of Pd*" ions into the reduced Ni-Co HT catalyst is done via a redox
reaction at inert atmosphere
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Picture 2.1 .- Pd surface redox setup

Equation H1 & H2 describe the overall redox reactions as it supposed to occur.

Ni(s) + Pd?* (aq) — Ni?* (aqg) + Pd(s) (H1)
Co(s) + Pd** (aq) — Co?* (aq) + Pd(s) (H2)

As shown in picture 2.1, Pd solution is pumped at the top of the reactor flowing
downstream the catalytic bed. Once the Pd solution has been reduced (solution use to
crystalline), the reactor is removed, and the catalyst is dryed during 12 hrs, finally the
catalyst is calcined at 600°C for 5 h with a heating increase of 5°C/min

All catalyst were prepared in same manner, different compositions regarding Pd
percentages are summarized in table 2

Composition

Ni (%) Co (%) Pd (%) HT Base (%)
20.00 20.00 0 60.00
19,69 19,69 1,545 59,07
19,39 19,39 3,044 58,17
19,10 19,10 4,498 57,30

Table 2. - Pd/Ni-CO HT Partial Compaosition.
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2.2 Characterization

Characterization was done using X-ray Diffraction and Chemisorption techniques. All
procedures were followed at NTNU.

2.2.1 XRD
Metal dispersion was calculated using a AXS D8 Focus unit.

The structural analyst is obtained from the average diffraction of an X-ray beam
projected through a particle lattice over an angular range of 90° at a scan speed of
2°/min with and increment of .02

All graphic peaks were analyzed with EVA software version.

2.2.2 Chemisorption

The Metal dispersion was calculated by hydrogen chemisoption isotherms in a quart
micro-reactor, using the Micrometrics ASAP 2010 unit by means of static
chemisorption principle.

Samples were calcined before starting the insitu reduction for chemisorption.

Once the catalyst has being reduced, a known volumetric quantity of gas (H2) is
gradually dose into the quartz reactor. When the reactor content has reached the
equilibrium, the number of H, moles adsorbed is measured concerning the decrease in
pressure of the system. This measure is repeated, but increasing the pressure of the gas
until equilibrium.

Once the second trial is finished, the volume (Y axis) and Pressure (X axis) isotherms

are plotted, the difference between the two isotherms represent the chemisorbed amount
of H,.

Dispersion can be calculated with the formula 1. Where Vg is the gas adsorbed over
an average atomic weight; this one is represented by .

Vads x M
ExWwW

D(%) =

X 100 (1)

E regards to the ration among the adsorbed gas molecules per metal particles, and W is
the fraction of metal in the catalyst.

2.3 Reaction order and SE experiments

All experiments were carried out in the “Microactivity reference reactor” SPANSK I,
located at Chemistry hall, at the Chemical Engineering Department, NTNU.
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Previous experiments all catalyst was pelletized, ground and sieved to 250-500 um
particle size.

2.3.1 Set up description

As can be appreciated in figure 2.2, the SESR setup present 3 Bronkhorst mass flow
controllers, that are integrated directly both to the control panel and the digital remote
control system (desktop computer). Additional mass flow controllers can be connected
to the gas inlet, but they must be locally controlled.

In Additional to the flow controllers, water is introduced with by a Gilson HPLC pump
which downstream, is connected to the internal evaporator. The pump is controlled
locally in order to dose the specific amount water that will flow downdraft the reactor
for its conversion.

Once the gases and steam has been mixed, they flow through a six way valve; whether
the valve is set at the by-pass position, gases will flow toward the outlet directly to the
ventilation fume, without having any contact with the catalytic bed. If the by-pass
position is deactivated, the gases will flow through the reactor. After the reaction has
been made, gases are cooled down by means of a condenser (Peltier) integrated in the
MA unit. The water that hasn’t been drained out will be condensed with the addition of
a cold trap. Finally a portion of gases will flow through the Agilent 3000 Micro GC,
that will measure the mole fraction composition of the product gas.

?Mg@

Micro GC analyzer
Flow Controlers Figure 2.2 — SESR and WGS setup
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2.3.2 Experimental procedure

Kinetic and SEWGS experiment were held in different quartz reactors, as seen in figure
2.3 kinetic experiments were performed in tubular fix bed reactor of 8mm@ x 19.25 cm
with a volume of 38.704 cm?®, in the other hand sorption enhance experiments were
perIormed in a 14.5mm@ x 19.5 cm tubular fix bed reactor with a volume of 128.801
cm

o™
ph
T
12
P 4
1 o
M
406
) 2 " 2
| :
‘,"‘ 50.;[‘
9:
¢1_5°‘“ o 1
21."‘1‘7[ﬂ L
go” 4
187 14,5”""’
w*““' 8

Figure 2.3.- 5:1 scale representation of the quartz reactors. Left hand side belongs to the
kinetic reactor whereas left hand represents the sorption enhance reactor model.

Inside the reactor there is a capillary tube, which is used to place a thermocouple; this
one will sense the temperature in which the reaction is occurring. All experiments were
drove in the set-up exposed in chapter 2.3.1

2.3.2.1 Experimental kinetic study

The catalytic bed was prepared with a mixture of 4.8 mg of catalyst and 40 mg of of a-
Al,O3 supported and packaged over a fine base of alumina wool.

When the reactor is ready, we proceed to perform the leak test followed by the reduction
of the catalyst; this one is carried out with a mixed gas flow of H, and He at 620C for
10 hrs with an increasing heating rate of 10 °C/min.

After the reduction has finished the catalyst is cooled down to the temperature
conditions of the experiment and the H, remnant is dragged out with He.

Once the temperature has reached the set point, the six-way valve is turned into the by-

pass position and letting all the other gases to flow inside the setup. It is important to let
the gases flow over 10 minutes, in order to stabilize the mass flow controllers. To
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ensure any deviation in the gas supply the known flows are measured by the micro GC
analyzer. Finally the by-pass is turned off and the experiment is carried on.

All Kinetic experiments were performed in a low convertion regimen to avoid the
influence of the forward reaction, the different gas concentrations according to diverse
experimental ratios are presented in the tables Fla, F1b & Fla in appendix F.

2.3.2.2 Experimental Sorption Enhance Water Gas Shift

Alike, SEWGS experiments follow the same procedures for leak test and reduction as
the Kinetic tryouts. In contrast, the catalyst bed was prepared with a mixture of .4 g of
catalyst and 4 g of Dolomite sorbent, which were supported and packaged over a fine
alumina wool base.

Gas stabilization is executed equally as the procedure described in the kinetic
experiment, but unlike, SEWGS is only ran with CO and water to produce WGS
reaction, in addition He is used as a carrier gas.

SEWGS reaction occurs when the micro GC analyzer measurements are below
equilibrium. Once the CO, detected has grown until reaching a steady state, the
experiment is concluded, leading to the desorption step; this one is executed by flowing
air at 700C for 4 hrs. with an increasing heating rate of 15 °C/min. For the evaluation of
these experiments the reaction and regeneration were repeated 7 times on a cyclical
manner.

2.4 Calculations

WGS reaction rate is described in formula 2, were XCO represents de convertion , W de
mass of the catalyst and F the molar flow of CO. As mention in chapter 1.5, if B is
higher than .2 it means that due to the forward reaction the equation is not at
thermodynamic equilibrium, in order to correct this, the rate expression will be divided
by (1 - B), giving up a new reaction rate (Formula 3).

dxCO
r= 2
(Fo? @
f=—"
=1 3)

Carbon balance will be calculated upon equilibrium from the inlet flows and the molar
partial pressures measured by the micro GC analyzer. This mass balance is expressed by
formula 4, being Fout the unknown data. The total CO conversion regards to CO, and
CH4 formed. As seen in formula 5 and 6, respectively, conversion can be calculated
between the ratio of the molar flows of product against CO at the inlet,
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Fin (YCO + YCO2) = Fout( Y'CO + Y'CO2 + Y'CH4) (4.1

Fin(YCO+ YCO2)

Fout = (Y'CO+Y'CO2+ Y'CH4) (4'2)
Fout * Y'CH4
XCH4 = —— - 5)
XCO2 = (Fout* Y'CO2)—(Fin* YCO2) (6)

Fin*x YCO

Turn over frequency is calculated by dividing the reaction rate under the number of
sites, were M is the molar weight of the metal composition, Xy.co-pp is the fraction of
the metal loading and D is the metallic dispersion.

r+M
TOF = SeopaniD )

As seen in formula (9), molar flow of CO, can be calculated multiplying the mole
fraction per total flow-out. According to the different phases in the SEWGS
experiments, each cycle can be classified as SEWGS, transition and HTS phase. The
aim of the experiment is to calculate how many grams of H2, CO2 and CH4 differ
either by increment or inhibition during the SEWGS period against the HTS. Formula
10 will be used for the calculate the mass change; this one is achieved by the differential
between SEWGS and Steady State average of CO, flow at the outlet, multiplied by both
the time on stream (t) and molecular weight the gas.

In order to know the total flow-out, Unisim software was used, simulating the same
conditions as the lab experiment. Gibbs reactor is used to simulate the HTS; since
unisim provides all Gibbs free energy data for the reactants. After the reactor unit a
splitter component was used to separate the dry products of methanation and WGS
reactions at equilibrium.

Simulation results can be found in appendix F.

Y'coz « Fout = Fcoz (8)

mco= (FCOZ(sewgs) — FCOZ(SS)) * M xt 9
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Same formulas (8 and 9) can be used to calculate de mass and molar flow of CH, and
H,.
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3. Results

3.1 XRD

The X-ray diffraction testing was made to calcined samples, so as to differentiate the
patterns of the Metal-HT presented in figure 3.1 which belongs to the catalyst calcined
about one month before the characterization, on the other hand figure 3.2 shows the
patterns of a freshly calcined catalyst (on the same day of tryout).

Figure 3.1 shows both characteristic diffraction reflections of HT structure and spinel
phases. The 26 peaks located about 21°, 38°, 44°, 55° and 60° can belong to CoAl,O,,
C0,AlO04, MgCo0,04, NiC0,0,4 and/or Co304; these oxides have similar XRD patterns.
The peak located at 19° belong either Co304 or Co, it is also important to mention the
growth in 35° peak according to the noble metal content in each sample; this belongs to
Pd, same condition occurs in the opposite way relating to Ni and Co oxides, were the
25% Pd content catalyst has the sharpest peaks. Finally, last but not least, the usual HT
pattern located at 63°, that probably was re-formed due to the re-hydration of the
catalyst. Sample 1% Pd/20Ni-20Co HT has the sharpest HT peak, which is gradually
reduced according to the increment in Pd, concluding that this one affects the crystal
structure of catalyst.

5000

4000

[ ]
Zom, fiate S N e AJ A

1000

Counts

ZTheta (Coupled TwoTheta/Theta) WL=1.54060

Figure 3.1.- XRD pattern of the “partial hydrated” catalyst, from top to the&ttom, 1%Pd/20Ni-
20Co HT, 3.0Pd/20Ni-20Co HT, 4.5Pd/20Ni-20Co HT, peaks marked with a7X are characteristic of
CoAl,0,, Co,AlO,, MgC0,0,, NiC0,0, and/or Co;0,, the peak marked with a @ are caracteristed
of Co304 and Co, the peaks marked with @ and A belongs, respectively, to Pd and a HT
structure.
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Figure 3.2 shows a vanish in HT pattern, caused by the water removal in the structure,
in the same manner Pd 35° peak disappeared, leading to the formation of PdO. This one
IS not so easy to identify because its spectra overlies with the Ni and Co oxide peaks.

*
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*

Counts

1000+
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2Theta (Coupled TwoTheta/Theta) Wl=1.54060

Figure 3.2.- From top to the bottom, 1%Pd/20Ni-20Co HT, 4.5Pd/20Ni-20Co HT XRD pattern of
Co030,, COA|204, NiA|204, Pd03, PdO, |\/|gC0204, NiC0204, AlegO4

3.2 Chemisorption

To calculate the volume of the chemisorbed monolayer (Vm), it is important to identify
from the sorption isotherms when the volume of H; adsorbed has reached the Langmuir
model behavior. This means that the development of the isotherm is under equilibrium
and it is steadily increasing.

Chemisorbed monolayers corresponding calcined samples 25, 50 and 75 Pd are
displayed in figure 3.3, were to absorption equilibrium start in the range of 105.
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Chemisorbed Monolayer
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Figure 3.3.- Chemisorbed monolayers from top to the bottom, 1%Pd/20Ni-20Co HT, 3.0Pd/20Ni-
20Co HT, 4.5Pd/20Ni-20Co HT

Same characterization was done to the uncalcined 25, 50 and 75 Pd samples, in order to
know how does calcination alters the physical properties of the surface. A summary of
the data obtained in both, calcined and uncalcined, testing is summarized in table 3.

Chemisorption results

Sample
Pd % D (%) d (nm) Metazl surface area
(M“meta/Jcatalyst)
25 Pd uncalcined ‘ 5.9 16.7 15.18
25 Pd calcined ‘ 8.6 11.6 21.66
50 Pd uncalcined ‘ 5.0 20.0 11.69
50 Pd calcined ‘ 6.5 15.4 16.49
75 Pd uncalcined ‘ 3.2 30.97 7.45
75 Pd calcined ‘ 3.9 25.32 10.39

Table 3.- Diffraction, Diameter and metal surface area, as a results of chemisorption
characterization

As seen in table 3, for all the catalysts, the dispersion and metal surface area follow the
same trend, 25Pd>50>75, alike, low dispersion goes along with a higher crystal size, in
the mean that 75Pd reported the highest diameter. Also according to the support
property, calcination facilitates the dispersion of metals in the catalyst.
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3.3 Water gas shift reaction mechanism

For the porpoise of the study, the two mechanisms proposed in section 1.5 were
developed using Langmuir-Hinshelwood model, in addition a COH intermediate and a
carbonaceous acid formation —dissociation mechanisms were also proposed and
developed.

All Rate determining steps were selected according to the “possible” main reaction in
the catalyst surface.

e Redox mechanism
(1) CO+*——> Co*
(2) H0 + *<—>H,0*
(3) H0* + *<——> OH* + H*
(4) OH+*<———>0*+H*
(5) CO*+0*<&————>(C0,* +*
(6) CO*<———>CO,+*

(7) 2H* €«<——>H,* + 2*

If step 3 (water dissociation) is the rate determining step:

K3K3Pr,0(1 = B)

Pco Py Pco Pco,+/ P
14+ KiPco + KoPy o + %+ /—2+ 5—+ e
e 2120 " Ke K7~ KiKsKsPco K K4 KsKe+/ K7 Peo

If step 4 (OH dissociation) is the rate determining step:

KyK; K3/ K7Py,o P> (1= B)

= 2
PCO PH PCO K3K2\/ K7PH 0
1 + K1PC0 + K2PH20 + K62 + K_72 + KlKSK;PCO + PH 2

2

If step 5 (CO2 formation) is the rate determining step:

KsK: Ko K3Ky K7 Peo Py, 0Py, (1 — B)

7"5 = 2
PCO PH K2K3K4K7PH 0 K3K2 \Y K7PH ]
\’ 2 H,
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e Carboxyl mechanism
(1) CO+*<———>Co*
(2) H0 + *<—>H,0*
(3) H0* + *<———>OH* + H*
(4) CO+OH*<——>COOH* +*
(5) COOH* +*<——>CO,*+H *
(6) CO*<—>CO,+*
(7) 2H* <———>H* +2*
If step 3 (water dissociation) is the rate determining step:
K3K;Py,0(1 = B)

Pc02+ @_l_ Pco,+/ P, 4 Pco,+/Pu,

Ke * K7~ KsKe\JK;  KiKyKsKe\/K7 Peo

1+ KiPco + KZPHZO +

If step 4 (COOH dissociation) is the rate determining step:
KyK1K3Ky\[K7 PeoPu,o P> (1= B)

Pc02+ PH2 Pco,+/ Ph, KSKZ\/K7PH2

K_G 7 KSKG\/E \/_

If step 5 (COOH dissociation) is the rate determining step:

1+ KiPco + KyPy,0 +

. KsK;K3K;Ke\|K7 PcoPu,oPi;> (1 = B)
5 = 2
Pco, 4 Py, 4 K1 K> K3Ke+/ K7 Py, 0Pco +K3K2\/K7PH20

K K Py Py

1+ KiPco + KyPy,0 + =

2 2

e Mechanism involving COH
(1) CO+*<———>cCo*
(2) H,0 + *<—>H,0*
(3) H0* + *<———>O0H* + H*
(4) OH* + *&——>0* + H*
(5) CO* +H*<——>COH* +*
(6) COH* + O*<————> COOH* + *
(7) COOH* + *¢———— > CO,*+H*
(8) COy*<—>CO,+*
(9) 2H*<———>H,* +2*
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If step 4 (OH dissociation) is the rate determining step:

K4K3K>/Kq PHZOPIIZ'S(l -B

T =

2
L4 K P+ KP +Pcoz + @_l_ Peo, +K3K2\/K9PH20+ K1 KsPco/ Py, + Pco,+/ Pr,
1o 2H0 TR Ky * Ki1KcK7KgKsPco /P, VKo KgKs K7/ Ko

If step 5 (COH formation) is the rate determining step:

K
K —=Pgo P, (1 —
5 r—K9 co Hz( B)

2
P P, K,K; KoK, P, K;K,\/KqP, Pco, Pr,+/ P Pco. /P,
<1+K1PCO+K2PH20+IC(OZ+ %+ 2838084 0 | B3y folhz0 €0, Hy/ TH, Co, HZ)
6 9

rs =

_I_
Pa, JPu, K;K3KyKeK:KsKo\[Ko Puyo - KsKsKo[Ko
If step 6 (COOH formation) is the rate determining step:

KoK 1 KsKy K3 Ko\ Ko PCOPHZOPEZ'S(l -B

2
P P K, KKK, P, KK,/ Ko P, K KsPco+/ P, Pco,+/ P,
<1+K1Pco+K2PH20+IC(02+ %+2394H20+32 97H0 | 1858¢co H2+ C0, H2>
6 9

Te =

Py, N JKs KsKsK;\[Ky
If step 7 (COOH dissociation) is the rate determining step:

K7 KoK Ks Ky K3 Ko/ Ko PCDPHZDPIJZ-S(l -B
2
P, P, K,K; KoK K, P, K3 K,/ Ko P, K, KsPo./P,
1+ K, Pop + KpPy o+ 522 4 |z “287905 4 Hp0 4 8 7oV 9 a0 4 15 CON Wy g kKK, K, K, /I(.;PCOPH o/Pa
2 Ks K, Py, \ Pu, NS 2 2

e Mechanism involving COH & HCOOH

r, =

(1) CO+* «—>Co*

(2) H0 + *<——>H,0*

(3) HO* +* €<—————>O0H*+H*

(4) CO* +H* €————> COH*+*

(5) COH* + OH* €<—————>HCOOH* + *
(6) HCOOH* + 2¥<—————>(C0,* + 2H *
(7) CO*<——>CO,+*

(8) 2H* €«————>H,* +2*

If step 4 (OH dissociation) is the rate determining step:

K
Ky ——=PoPip (1 —
4\/@ co Hz( ﬁ)

P P KK,/ KgP, P.. P, P.o. Py /P
1+ K Peo + KpPyyo + Cop | |THp | M3%2V780H0 | Tco, Ty €0, THyA TH,
7

K Kg [Py, KeKeK7 * K,K3KeKsKer[Ks Puyo
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If step 5 (COH formation) is the rate determining step:

Ky KsKyK3 K> PeoPu,o(1 = B)

KG Kg \/P—HZ K6K7K8 \/_

If step 6 (COOH formation) is the rate determining step:

2

P P K;K,\/KgP, P.o P, K, K,Pqo./P

1+ K Poo + KoPyo + Cop , |THy , X3M2vT8THe0 | TcolH | 14(;? Hy
8

KeK1KsK4K3 K3 Kg PooPryo(1 = B)

Te =

2
P Py KiK,KgP K K,Ppo/P
1+ K Poo + KyPpp + =2+ |2+ 22880 4 g KK KoK, Py,oPro + —— CI? H
6 8

R KT R TG

Table 4 summarizes the possible reaction orders obtained according to the reaction mechanisms.

Reaction Order

CO CO; H.O

0 0 1

0 0 1

1 0 1

0 0 1

Carboxyl . 1 0 1
mechanism

1 0 1

0 0 1

Mechanism 1 O O

involving COH 1 0 1

1 0 1

Mechanism : 1 0 0

involving COH 1 5 1

&
HCOOH 1 0 1

Table 4.- Theoretical reaction orders for each reaction mechanisms proposed
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3.4 Experimental H2 and CO orders

In order to identify the reliance of H, and CO partial pressure, and to clarify whether
either one or different possible mechanism described in chapter 3.3, defines the reaction
order of the WGS reaction mechanism, samples 50 and 75Pd were analyzed by means
of different H, and CO partial pressures at 450°C in the range of 31.7-5.8 and 23.1 - 5.8
Kpa respectively. All data regarding experimental part is displayed in the appendix F.

Along with H, and CO, He and CO, were used to during each sample testing, the first
one as a carrier gas and to balance the volumetric flow to 520 ml/min, CO, was used as
a reference boundary.

Figures 3.4 and 3.5 display the results obtained during experimental research, both
plots denote positive order; this indicates that can follow the one of the mechanisms
previously described. All data collected within these experiments is summarized in
table 5.

3.5 /.

'3 /I/

25 * /
I/
—

1 1.5 2 2.5 3 35
InPCO (kPa)

Figure 3.4: dependence of the WGS reaction according to CO partial pressure; from top to bottom
sample 3.0Pd/20Ni-20Co HTand 4.5Pd/20Ni-20Co HT (450°C, 1.5 bar, 5.8-23.1 Kpa CO, 57.7 kPa
H20, 26.0 kPa H2, 23.1 kPa CO2, 27.5 — 20.2 kPa He)
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15

In TOF (s1)

0.5

1 1.5 2 2.5 3 35 4
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Figure 3.5: dependence of the WGS reaction according to H2 partial pressure; from top to bottom
sample 3.0Pd/20Ni-20Co HTand 4.5Pd/20Ni-20Co HT (450°C, 1.5 bar, 14.4 Kpa CO, 57.7 kPa
H20, 5.8 — 31.7 kPa H2, 23.1 kPa CO2, 27.5 — 20.2 kPa He)

3.5 Experimental Activation Order

The activation energy will be defined as the overall energy required to split the strong
C-0O and H-O-H bonds.
The activation energy is associated with the reaction between adsorbed C, H and O

atoms.

For an elementary reaction the temperature dependence of the rate constant is given by
the Arrhenius equation.

Figure 3.6 outlines the behavior of the reaction rate among 400 — 475°C temperature
conditions. All data regarding experimental part is displayed in the appendix E2.
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0
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0.162 0.164 0.166 0.168 0.17 0.172 0.174 0.176 0.178
1000/RT (mol/J)

0.16

Figure 3.6.- Arrenius plot for HTS reaction; from top to bottom sample 4.5Pd/20Ni-20Co HT and
3.0Pd/20Ni-20Co HT (400- 475°C, 1.5 bar, 14.4 Kpa CO, 57.7 kPa H20, 26.0 kPa H2, 23.1 kPa
CO2, 28.8 kPa He)

Kinetic results

H2 order
Ea q
(kJ/m0|) Low partial High partial oraer
pressurre pressure
**25 Pd calcined 69.1 .55 -1.07 91
50 Pd calcined 45.64 .39 -1.28 1.24
75 Pd calcined 36.581 .51 -1.01 1.088

Table 5.- Kinetic data for three metallic catalyst

**data collected [50].

Results from the kinetic modeling give the assumption of a first order dependence in the
CO rate; however H; order has a variation according to the partial pressure. A higher
inflow tend to decrease in CO conversion, even it can be seen from tables F2a* and
F2b* an escalation in methanation. For a low partial pressure the reaction order will be
defined in .5 and -1 for high pressure.

Also the activity of the catalyst follows the Arrhenius like behavior but the increment of
Palladium decreases the activation energy on the catalyst which means that Pd enhances
the catalyst activity.
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3.6 Experimental SEWGS

Experimental WGS was performed into the same conditions for 50 and 75 Pd samples.
Inlet composition was carried out under a S/C ratio of 4, with a volumetric flow of 40
ml/min of water and 10 ml/min of CO. In addition He was used as a carrier gas. All
reaction cycles were tested at 450°C and a pressure of 150 Kpa.

Figures 3.7 and 3.8 belong both to the sample of 50 Pd and for 75 Pd. At first glance,
we can identify a faster deactivation in 75 Pd sample against 50 Pd. Table 6

summarizes the data concerning the gas yield during SEWGS phase compared with
HTS.

According to Unisim simulation the total molar flow of the dry basis components will

gmol

be of: .5585=——
min

50 Pd sample
100 5 ; T

10 ’ WGS

Gas concentration (%vol.)
-

01 -

0.01 + T T T T
0 20 40 60 80 100 120

Time on stream (min)
Figure 3.7.- catalyst performance during the first cycle of 50 Pd sample. Gas composition is
expressed in dry basis, #H,, ACO,, @ CH, ® CO Reaction conditions 450°C, 1.5 atm, volumetric

water flow of 40 ml/min and 10 ml/min of CO, catalyst preparation of .4 mg of 3.0Pd/20Ni-20Co
HT and 4 gms of dolomite.

75 Pd sample
100 4 H H

10 |

Gas concentration (%vol.)
-

01

0.01 - ? - : . |
0 20 40 60 80 100 120
Time on stream (min)
Figure 3.8.- catalyst performance during the first cycle of 75 Pd sample. Gas composition is
expressed in dry basis, ®H,, ACO,,8 CH, ® CO_Reaction conditions 450°C, 1.5 atm, volumetric flow

of 40 ml/min of water and 10 ml/min of CO, catalyst preparation of .4 mg of 4.5Pd/20Ni-20Co HT
and 4 gms of dolomite.
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SEWGS CO2 H2 CH4

Time on inhibed produced inhibed
Stream

54.5 min -686.45 gms 31.24gms | -1.34gms

51.50 min -690.91gms | 32.30gms | -4.72gms

Table 6.- Total mass balance comparition between SEWGS reaction and HTS

According to the average catalyst yield, the comparition between both catalyst slightly

favored the 75Pd sample, however according to the tables in appendix G, steady flow of
has a higher convertion in 50Pd catalyst.

50 Pd sample

Gas concentration (%vol,)

Time on stream (min)

Figure 3.8. - Cyclical hydrogen production for 50 Pd sample. The catalyst has different

performance according to the number of cycle, according to the slope, @ first cycle,Asecond cycle,
mthird cycle@forth cycle. Reaction conditions 450°C, 1.5 atm, volumetric water flow of 40 ml/min

and 10 ml/min of CO, catalyst preparation of .4 mg of 3.0Pd/20Ni-20Co HT and 4 gms of dolomite.
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75 Pd sample

Gas concentration (%vol.)

40 : . ‘L L ’ .
0 20 40 60 80 100 120

Time on stream (min)

Figure 3.9. - Cyclical hydrogen production for 50 Pd sample. The catalyst has different

performance according to the number of cycle, according to the slope, @ first cycle,Asecond cycle,
mthird cycle@forth cycle. Reaction conditions 450°C, 1.5 atm, volumetric water flow of 40 ml/min

and 10 ml/min of CO, catalyst preparation of .4 mg of 4.5Pd/20Ni-20Co HT and 4 gms of dolomite.

50 Pd sample

L

F-

10

Lo

L

Gas concentration (%vol.)

0.1

Lo

0.01 &

100 120

Time on stream (min)

Figure 3.10. - Cyclical CO, production for 50 Pd sample. The catalyst has different performance
according to the number of cycle, according to the slope, ®first cycle, &second cycle, Bhird cycle,
oforth cycle. Reaction conditions 450°C, 1.5 atm, volumetric water flow of 40 ml/min and 10 ml/min

of CO, catalyst preparation of .4 mg of 3.0Pd/20Ni-20Co HT and 4 gms of dolomite.
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75 Pd sample
100 :

10

Gas concentration (%vol.)
—

0.1 5

0.01 T T T =T T T
0 20 40 60 80 100 120

Time on stream (min)

Figure 3.11. - Cyclical CO, production for 50 Pd sample. The catalyst has different performance
according to the number of cycle, according to the slope, ®first cycle, &second cycle, Bhird cycle,
oforth cycle. Reaction conditions 450°C, 1.5 atm, volumetric water flow of 40 ml/min and 10 ml/min

of CO, catalyst preparation of .4 mg of 4.0Pd/20Ni-20Co HT and 4 gms of dolomite.

As seen in above figures (3.08-3.10) the catalyst is gradually losing its conversion
strength. This is caused both by catalyst deactivation and sorbent saturation. Catalyst
can deactivate gradually due to sintering, since the desorption of the CO2 is held at high
temperatures within a constant flow of 100ml/min of air (exothermic reaction), in the
other hand sorbent desaturation must be done at 1000°C (46) for a maximum
desorption, otherwise traces of CO2 will kept in the dolomite structure.

Figure 3.12 shows how the SEWGS time on stream decreases by the loss of strength of
the catalyst

[e2]
o

A O
o O

w
o

N
o
Ll

=
o
Ll

Time on stream (min)

o

5 7 9
cycle

[N
w

Figure 3.11. — Decrease in timing for the SEWGS reaction. @ represents sample 50Pd, and Asample
75Pd. Reaction conditions 450°C, 1.5 atm, volumetric water flow of 40 ml/min and 10 ml/min of

CO, catalyst preparation of .4 mg of catalyst (4.0Pd/20Ni-20Co HT and 4.0Pd/20Ni-20Co HT )and
4 gms of dolomite.
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5. Conclusion

From the XRD data we can assume that the catalyst is more like amorphous form, as the
peaks aren’t so sharp, which indicates that the crystal size is not well developed during
the synthesis.

Pd deposition in the catalyst decreases the dispersion and metal surface and thus has the
highest crystal size. Calcination facilitates the dispersion of metals in the catalyst.

According to the reaction rates obtained and the reaction mechanism developed step 5
(CO2 formation) from redox mechanism seems to be a profitable rate equation at high
hydrogen orders. But this reaction rate is no accurate at low hydrogen partial pressure.

Among 50 and 75 samples, 50 present the best conversion, but not the best selectivity.
Kinetic experiments demonstrate that methanation decreases according to the increment
of Pd in the catalyst.

SEWGS experiments demonstrate a high increment compared to both experimental

steady state and simulation equilibrium conversion. From both catalysts, 75 and 50 Pd,
50 Pd shows a higher yield during SEWGS and HTS reactions.
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Abbreviations & Symbols

B Equilibrium factor

D Dispersion

%) Diamter

Ea Activation energy

GC Gas chromatography

HL Hydrolytic liquefaction

HT Hydrotalcite

HTS High temperature water gas shift
LTS Low temperature water gas shift
R Universal Gas constant

S/IC Steam carbon ratio

SEM Scanning electron microscope
SESR Sorption enhance water gas shift
SEWGS ---- Sorption enhance steam reforming
SR Steam reforming

Vabs Volume adsorbed at the surface
WGS Water Gas shift

XRD X-ray Diffraction
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APPENDIX A

The catalytic base composition has been calculated under previous works [13].
Table Ax belongs to the Mass weight per component regarding the preparation
of 100mg.

Catalytic base composition

, Cation solution (mg) Anion Solution (mg)

P Mg(NO3),.H-0 Co(NO3)2.6H,0 Ni(NO3)2.6H,0 | AI(NO3)s.9H,0 Na,COs NaOH

0 31,972 14,567 14,614 28,135 5,962 23,998

- 2500 [RTEIE 14,567 14,614 28,135 5,962 23,998
- 5000 EEIZ 14,567 14,614 28,135 5,962 23,998
75.00 31,972 14,567 14,614 28,135 5,962 23,998

Table AX. - Pd/Ni-CO HT Catalyst preparation at 100 mg base



Appendix B

Considering previous research projects [13] it can be defined that the total
dispersion for a 20Co-20Ni HT catalyst corresponds to 8.7%.

According to this, we can make the following analogy.

08 g(Ni+Co Surface) ., 40 g (Ni+Co)total _ 0348 g(Ni+Co Surface)

g(Ni+Co)total 100g Catalyst gCatalyst

Ni+Co Surface 1 mol (Ni+Co -4 mol Pd (Max
0348 & face) LINIHCo) 5 9184%10* molld (Max)
gCatalyst 58.8g(Ni+Co Surface) gCatalyst

Ni Molar Weight=58.7 u
Co Molar Weight=58.9 u
Pd Molar Weight=106.4 u

58,7+58,9
M(Ni +C0):T: 58,8 g/mol

If we consider a 100% of reaction between Ni and Co molecules with Pd in a
ratio of 1 we will get:

Pd
Ni

- 5.9184 x 10 — 4 22PN 1054 I

gCatalyst mol
Pd
—=7
Co
Pd

At a 100% Pd sample the mas of Pd will be: .062979 E

g catallyst

In order to prepare the Pd dissolution:

Pd(NO3),*2H,0 Molar Weight= 266,43 u

The ratio of Pd content will be.

gPd
g Pd(N03)2:2H20

.40




Considering the required at a 100%

Pd Pd(NO3)2-2H20
062979 ———— X 40t B2 % 100
g catallyst gPd
o ) g Pd(N03)2-2H20
For the 100% composition we must dissolve A57 —————

g catallyst

Same procedure is repeated, but considering a lower percentage of Pd
molecules interacting with the Ni and Co molecules



Appendix C

Compound Formula M.W State Purity Supplier

Cobalt(ll) nitrate
Co(NO3)2:6H20 291.04 S >99.99 Merck
Hexahydrate

Aluminum nitrate Al(NO3)3-9H20 375.13 S >99.99 Sigma Aldrich
Nonahydrate

Sodium Hydroxide NaOH 40 S >99.99 Merck

Nitrogen N2 28 G >99.999 Yara Praxair

Table C.1 — Chemical List



Appendix D

As an example for dispersion calculations we will use the isotherms obtained
from chemisorption during the characterization of samples 0 and 50 (calcined
one).

‘.—_H—/_.

y =0.0016x + 7.8815
R?=0.9914

Equilibrium
(Steadily increasing)

3

y =0.0019x + 4.9575
R?=0.9909

Volume Adsorbed (cm 3/g STP)
[}

0 50 100 150 200 250 300 350

Pressure (mmHg)

Figure D1.- Adsorbtion isotherms for Pd(50%)/ Ni-Co HT and single Ni-Co HT

As mention in chapter 3.2, Vaps must be calculated at total vacuum conditions.
Table D1 display the values of Vs Obtained extrapolating the data from the
steadily behavior.

Sample Vabs (Mass base) @ 0 mmHg

0 7,88

50 4.95

Table D1 — H2 chemisorbet @ 0 mmHg

Vabs Obtained must be expressed in molar base, for this purpose it is suitable to
make the following analogy.

Vads (
gc

mol)_Vd cm?® P
at) ads gcat xRT



Were R is the universal gas constant, P and T means pressure and temperature
at standard conditions.

Table D2 presents the values obtained after substitution:

cm
mol 1 atm
Vads (—) — 7.88 153““3 x —— Sample
geat T | .082057 (m) x 273.15K 0
cm?
mol gcat 1 atm Sample
Vads ( cat) =493 103cm3 |* atm = L 50
g k. 1082057 (=-—%) x 273.15K

Sample Vags (Molar base) @ 0 mmHg

0 0.000351

50 0.000220

Table D2 — H2 chemisorbet @ 0 mmHg

With the Vags In molar base, it is possible to use the formula for dispersion (this
formula has been already explained in chapter 1.3.3).

Recalling from appendix B

Ni  Molar Weight=58.7 u
Co Molar Weight=58.9 u
Pd Molar Weight=106.4 u

n
i=1Xi

metals =

Substituting

.000351 (;”C—‘be 58.8215 (%)
04) =

D(%) 1 Molec H2 g Co+ Ni x 100 Sample

2 Molec (Ni, Co) X gcat 0

4




mol g
.00022 (gca t) x 62.34 (W)

%) =
DY) = T olec 12 18 gCo+nNi+pa 190 Sample
2 Molec (Ni,Co, Pd) x geat 50
Sample D (%)
0 10.323
50 6.65

Average diameter of the sample can be calculated in the mean of partial
diameter of particles.

_ 116  Pd(%) 96  Co(%) 101 Ni(%) Sample
d(Pd-Co-Ni)(nm)= (D% X oo )+ (D_%x 100 )+ (D% * oo ) 0
_ 96 Co(%) 101 Ni(%) Sample
d(Co-Ni)(nm)= (D—%x 100 )+ (D_%x 100 ) 50
Sample d (nm)
0 9.5
50 15.4




Appendix E

Figure E1 describes Unisims schematic representation of the reactor and splitter unit used to
simulate de experimental conditions during SEWGS tryouts.

1:

Pressure E bar

Molar Flow gmole/min

Master Comp Volume Flow (H20) : m3/h

Master Comp Volume Flow (CO) I

Figure E1.- schemetic model of the equilibrium methanation and WGS reactions at 450°C, 1.5 atm,
volumetric water flow of 40 ml/min and 10 ml/min of CO. the sppliter unit is used to calculate a dry
yield.

The following data sheets belong to the mass balance and main inlet conditions in each stream.
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4 CANADA
? Date/Time: Friday Jun 28 2013, 18:13:35
¢ Fluid Package: Basis-1
7| Material Stream: 12

8 Property Package: Peng-Robinson
— CONDITIONS

11 Overall \apour Phase

12] Vapour/Phase Fraction 1.0000 1.0000

13| Temperature; (C) 4500 450.0

14| Pressure: {bar) 1.500 " 1.500

15] Molar Flow (gmole/min) 2,50 2,501

16] Mass Flow {g/min) 47.91 47.91

17| Std Ideal Lig Vol Flow (mLfmin) 50.00 7 50.00

18] Molar Enthalpy (kJkgmole) -2,120e+005 -2,120e+005

18] Molar Entropy (kJikgmole-C) 2023 2023

20| Heat Flow (k) -3.182e+004 -3.182e+004

21] Lig Vol Flow @Std Cond (mLfmin) 50.84 50.94
m COMPOSITION

24
E Overall Phase ‘“apour Fraction 1.0000
2 COMPONENTS MOLAR FLOW MOLE FRACTION MASS FLOW MASS FRACTION LIQUID VOLUME LIQUID VOLUME
27 (kgmolefh) (ka/h) FLOW (m3/h) FRACTION

28] Methane 0.0000 " 0.0000 0.0000 0.0000 0.0000 0.0000
28] Ethane 0.0000 ° 0.0000 * 0.0000 * 0.0000 0.0000 " 0.0000
30| Propane 0.0000 * 0.0000 * 0.0000 * 0.0000 0.0000 * 0.0000
31| iButane 0.0000 * 0.0000 * 0.0000 * 0.0000 0.0000 * 0.0000
32| i-Pentans 0.0000 * 0.0000 * 0.0000 * 0.0000 0.0000 0.0000
33| Hydrogen 0.0000 " 0.0000 * 0.0000 * 0.0000 0.0000 " 0.0000
34| CO2Z 0.0000 * 0.0000 * 0.0000 * 0.0000 0.0000 * 0.0000
35| CO 0.0171 01141 * 04786 * 0.1668 0.0006 * 0.2000
36| HzO 0.1330 7 0.8850 23882 7 0.8332 0.0024 ~ 0.8000
37| H2S 0.0000 ° 0.0000 * 0,0000 * 0.0000 0.0000 * 0.0000
36| Air 0.0000 " 0.0000 * 0.0000 * 0.0000 0.0000 0.0000
38| Owxygen 0.0000 * 0.0000 * 0.0000 * 0.0000 0.0000 0.0000
40] Nitrogen 0.0000 * 0.0000 * 0.0000 * 0.0000 0.0000 * 0.0000
41] Total 0.1501 1.0000 28748 1.0000 0.0030 1.0000
% Vapour Phase Phase Fraction 1.000
4] COMPONENTS MOLAR FLOW MOLE FRACTION MASS FLOW MASS FRACTION LIQUID VOLUME LIQUID VOLUME
45 (kgmele/h) fkg/h) FLOW (m2/h) FRACTION

46| Methane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
47| Ethane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
48] Propane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
48] i-Butane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
50| i-Pentane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
51] Hydrogen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
521 CO2Z 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
53| CO 0.0171 0.1141 04786 0.1668 0.0006 0.2000
54| Hz2O 0.1330 0.8850 2.3952 0.8332 0.0024 0.8000
55| H2S 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
561 Air 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
57| Owxygen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
58] Nitrogen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
59 TDEI 0.1 @1 | .DD&D 2 B748 q D_DDD D.DI;SD 1.0000
150] Fluid Package: Basis-1
51} Material Stream: 15 ” _

62 Property Package: Peng-Robinson
= CONDITIONS

65 Overall Vapour Phase Liguid Phase Agueous Phase

G6) “apour/Phase Fraction 1.0000 1.0000 0.0000 0.0000

67| Temperature: (C) 5588.0 588.0 558.0 558.0

68 Pres&re: {bar) 1.500 1.500 1.500 1.500
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4 CANADA
T Date/Time: Friday Jun 28 2013, 18:13:35
5 . . Fluid Package: Basis-1
i Material Stream: 15 (continued) ,
8 Property Package: Peng-Robinson
— CONDITIONS
11 Overall Vapour Phasa Liguid Phase Agueous Phase
12] Molar Flow {gmole/min) 2.501 2.501 0.0000 0.0000
13] Mass Flow {g/min) 47.91 47.91 0.0000 0.0000
14] 5td Idesl Lig Vol Flow {mLimin) 57.96 57.96 0.0000 0.0000
15| Molar Enthalpy (kdkgmole) 2.121e+005 -2.121e+005 -2.121e+005 -2.121e+005
16| Molar Entropy (kJkgmole-C) 207.3 207.3 2073 2073
17] Heat Flow (kdih) -3.182e+004 -3.182e+004 0.0000 0.0000
18| Lig Vol Flow @Std Cond {mLimin) 54,92 54,93 00000 00000
— COMPOSITION
21
m Overall Phase Vapour Fraction 1.0000
123] COMPONENTS MOLAR FLOW MOLE FRACTION MASS FLOW MASS FRACTION LIQuUID VOLUME LIQUID VOLUME
24 (kgmole/h) (kg/h) FLOW (m3/h) FRACTION
25] Methane 0.0000 0.0001 0.0003 0.0001 0.0000 0.0003
26] Ethane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
27| Propane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
28] Butane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
20] i-Pentane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
30| Hydrogen 0.0164 01062 0.0330 0.0115 0.0005 01380
il Co2 0.0165 01068 0.7240 0.2518 0.0008 0.2523
az] co 0.0007 0.0043 0.0182 0.0063 0.0000 0.0066
33] HzO0 0.1165 0.7766 2.0982 0.7302 0.0021 06048
34| HzS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
a5]  air 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
36] Owygen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
37| Nitrogen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
38| Total 0.1500 1.0000 28748 1.0000 0.0038 1.0000
% Vapour Phase Phase Fraction 1.000
ﬂ COMPONENTS MOLAR FLOW MOLE FRACTION MASS FLOW MASSE FRACTION LIQUID WVOLUME LIQUID VOLUME
42 (kgmole/h) (kg/h) FLOW (m3/h) FRACTION
43] Methane 0.0000 0.0001 0.0003 0.0001 0.0000 0.0003
44| Ethane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
45] Propane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
46| Butane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
47] i-Pentane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
48] Hydrogen 0.0164 0.1082 0.0330 0.0115 0.0005 0.1360
49] CO2 0.0165 0.1085 0.7240 0.2518 0.0009 0.2523
501 CO 0.0007 0.0043 0.0182 0.0083 0.0000 0.0068
51] H20 0.1165 0.7786 20992 0.7302 0.0021 0.6049
52| H2S 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
53] Air 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
54] Owygen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
55] Nitrogen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
56| Total 0.1800 1.0000 2.8748 1.0000 0.0035 1.0000
% Liquid Phase Phase Fraction 0.0000
59 COMPONENTS MOLAR FLOW MOLE FRACTION MASS FLOW MASS FRACTION LIQUID VOLUME LIQUID VOLUME
50 (kgmole/h) (kg/h) FLOW (m3/h) FRACTION
61] Methane 0.0000 0.0001 0.0000 0.0001 0.0000 0.0003
52| Ethane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
53] Propans 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
G4] Butans 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
65] i-Pentane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
6] Hydrogen 0.0000 0.1082 0.0000 0.0115 0.0000 0.1360
57 CO2 0.0000 0.1086 0.0000 0.2518 0.0000 0.2523
68] co 0.0000 0.0043 0.0000 0.0063 0.0000 0.0066
59] Honeywell International Inc. UniSim Design (R400 Build 16067) Page 2 of 4
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4 CANADA

? Date/Time: Friday Jun 28 2013, 18:13:35

6] . . Fluid Package: Basis-1

i Material Stream: 15 (continued) ,

8 Property Package: Peng-Robinson

m COMPOSITION

% Liquid Phase (continued) Phase Fraction 0.0000
13] COMPONENTS MOLAR FLOW MOLE FRACTION MASS FLOW MASS FRACTION LIQUID VOLUME LIQUID VOLUME
14 (kgmoleth) (kath) FLOW (m3/h) FRACTION

15| H20 0.0000 0.7766 0.0000 0.7302 0.0000 0.6048
16] HzS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
17| Air 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
18| Oxygen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
19] Nitrogen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
20] Total 0.0000 1.0000 0.0000 1.0000 0.0000 1.0000
% Aqueous Phase Phase Fraction 0.0000
123] COMPONENTS MOLAR FLOW MOLE FRACTION MASS FLOW MASS FRACTION LiQuIb VOLUME LiQuID VOLUME
24 (kamoleth) (kg/h) FLOW (m3/h) FRACTION

25| Methane 0.0000 0.0001 0.0000 0.0001 0.0000 0.0003
26| Ethane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
27| Propane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
26| -Butane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
20] -Pentane 0.0000 0.0000 0.0000 0.0000 10,0000 0.0000
30| Hydrogen 0.0000 01082 0.0000 0.0115 0.0000 01380
1| Co2 0.0000 01088 0.0000 0.2518 0.0000 0.2523
3z| co 0.0000 0.0043 0.0000 0.0063 0.0000 0.0066
33| Hz20 0.0000 0.7766 0.0000 0.7302 0.0000 0.6048
4] HzS 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
35| Air 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
36| Oxygen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
37| Nitrogen 0.0000 0.0000 00000 0.0000 0.0000 0.0000
36 Totil 0.0000 1,0000 0.0000 1.0000 0.0000 1.0000
Edl Fluid Package: Basis-1

m Material Stream: 24

41 Property Package: Peng-Robinson

42

m CONDITIONS

44 Overall Vapour Phase

45] Vapour/ Phase Fraction 1.0000 * 1.0000

46] Temperature: (C) 50.00 * 50.00

47| Pressure; (bar) 1.500 ° 1,500

46] Molar Flow (gmole/min) 0.5585 0.5685

49] Mass Flow (g/min) 12.93 1293

50| Std Ideal Lig Vol Flow {mL/min) 2290 2290

51] Molar Enthalpy (kJkgmole) -1.847e+005 -1.847e+005

52] Molar Entropy (kJkgmole-C) 153.8 153.8

53| Heat Flow (kdih) 6524 -6524

54| Lig Vol Flow @5Std Cond {mLimin) —

m COMPOSITION

57

5_3 Overall Phase “apour Fraction 1.0000 *
2 COMPONENTS MOLAR FLOW MOLE FRACTION MASS FLOW MASS FRACTION LIQUID VOLUME LIQUID VOLUME
60 (kgmole/h) (ka/h) FLOW (m3/h) FRACTION

61] Methane 0.0000 0.0006 0.0003 0.0004 0.0000 0.0008
62| Ethane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
63| Propans 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
G4] -Butans 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
65| -Pentane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
G6] Hydrogen 0.0164 0.4880 0.0330 0.0426 0.0005 03442
67| CO2 0.0165 0.4909 0.7240 0.9335 0.0009 0.6384
G6] CO 0.0007 0.0184 0.01112 0.0235 0.0000 0.0166
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Case Name: Ci\Users\Christian\Desktop\wgs1.usc
Unit Set: Newlser
Date/Time: Friday Jun 28 2013, 18:13:35

Material Stream: 24 (continued)

Fluid Package:

Property Package:

Basis-1

Peng-Robinson

Im enlqloa u\l&- wa fre =

COMPQSITION

==

m Qverall Phase (continued) Vapour Fraction 1.0000 *
13] COMPONENTS MOLAR FLOW MOLE FRACTION MASS FLOW MASS FRACTION | LIQUIDVOLUME | LIQUID VOLUME
14 (kgmole/h) (ka/h) FLOW (m3/h) FRACTION

15| H20 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
16| Hes 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
17 Air 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
18] Oxygen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
19] Nitrogen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
20| Total 0.0335 1.0000 07756 1.0000 0.0014 1.0000
% Vapour Phase Phase Fraction 1.000
23] COMPONENTS MOLAR FLOW MOLE FRACTION MASS FLOW MASS FRACTION LQuiD voLUME LIQuID VOLUME
24 (kgmele/h) (kg/h) FLOW (m3/h) FRACTION

25| Methane 0.0000 0.0006 0.0003 0.0004 0.0000 0.0008
25| Ethane 0.0000 0,0000 0,0000 0.0000 0,0000 0,0000
27| Propane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
28| i-Butane 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
29| i-Pentane 0.0000 0,0000 0,0000 0.0000 0,0000 0,0000
30] Hydrogen 0.0164 0.4890 0.0330 0.0426 0.0005 0.3442
il coz 0.0185 0.4909 0.7240 0.9335 0.0009 06384
32| co 0.0007 00184 00182 0.0235 0.0000 00166
33| H2O 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
34] H2s 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
35| Air 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
36| Oxygen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
7] Nitrogen 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
38| Total 0.0335 1.0000 0.7756 1.0000 0.0014 1.0000
39
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Appendix F

Activation Energy Inlet data

m= 4.8 mg
¥ H2 0] €02 H20 He Fin GHSV
°C Pa mL/min % kPa mL/min % kPa mL/min % kPa mL/min % kPa mL/min % kPa ml/min |cm3/gcat]
475|1.50E+05 739 90 17.3 26 50 9.6 14.4 80 15.4 231 200 38.5 57.7 100 19.2 28.8 520| 6500000
450( 1.50E+05 139 90 17.3 26 50 9.6 14.4 80 15.4 23.1 200 38.5 51.7 100 19.2 28.8 520| 6500000
425|1.50E+05 7.39 90 17.3 26 50 9.6 14.4 80 15.4 231 200 38.5 57.7 100 19.2 28.8 520| 6500000
4 400| 1.50E+05 7.39 90 17.3 26 50 9.6 144 80 154 23.1 200 38.5 57.7 100 19.2 28.8 520| 6500000

Table Fla.- Inlet conditions for Activation energy experimental calculations. 3.0Pd/20Ni-20Co HT sample

m= 48
¥ H2 CH4 co co2 PCOZ |PCO P H2 PCH4 PH20  (Xmeth |Xwgs B Dipersion|r |rf TOF In(TOF) |1000/RT
‘C Pa % % % % % % mol/gcat*®s seg-1
475|1.50E+05 7.39| 26.063 0.193| 10.594| 25.74| 0.22238| 0.08651| 0.24127| 0.00167| 0.44818| 1.39597| 26.1778| 0.18721 0.065 0.01111] 0.01367| 13.0958| 2.57229| 0.1608
450| 1.50E+05 7.39| 255785 0.1365| 10.982| 24.836| 0.21891 0.09016| 0.23916| 0.0012| 0.45057| 1.0082| 23.4399| 0.17436| 0.065| 0.01019| 0.01234| 11.8258| 2.47028| 0.16636
45| 1.50E+05 1.39) 254706 0.0728| 12.6754| 23.886| 0.20886| 0.10043| 0.23079( 0.00064| 0.4593| 0.53402| 15.2157| 0.14138 0.0e5( 0.0068| 0.00792| 7.58804| 2.02657| 0.17232
4 400 1.50E+05 139 25.667 0.06| 11.503 23.24| 0.204%| 010437 0.2272( 0.00053| 0.46295| 0.44401| 11.9806| 0.13039 0.065 0.00556| 0.0064| 6.12997| 1.81319| 0.17872

Table F1b.- Inlet conditions for Activation energy experimental calculations. 4.5Pd/20Ni-20Co HT sample



Activation Energy outlet data

m= 4.8 mg
P H2 o €02 H20 He Fin GHSV
‘C Pa mb/min |% kPa ml/min |% kPa mb/min |% kPa mb/min |% kPa mb/min |% kPa mL/min  |{cm3/gcat*h
475\ 150E+05)  7.39 9| 173 26 50| 96 144 80| 154 231 200 385 577 100, 192|288 50|  650000C
450| 1.50E+05|  7.39 9 173 26 500 96 144 80| 154/ 231 2000 385 577 100 192|288 50|  650000C
425/ 1506405 7.39 0 173 26 500 96 144 80| 154/ 231 2000 385 577 100, 192] 288 50|  650000(
il 400| 150E+05]  7.39 9 173 26 500 96 144 80| 154/ 231 200 385 577 100, 192|288 50|  650000C
Table Fla*.- Outlet measurements from GC and kinetic calculations for activation energy, 3.0Pd/20Ni-20Co HT sample
m= 4.8
P H2 CH4 |co 02 [pcO2 [PCO  [PH2  [PCH4 |PH20  [Xwgs Dipersion|n r | TOF  |In(TOF) |1000/RT
°C Pa % % % % % mol/gcat*s seg-1
475 1.50£+05|  7.39) 259132 0.22767| 9.91461 26.1693| 0.22872| 0.08004| 0.24666 0.00199| 0.44259| 31.3669| 0.21545|  0.039| 1.93E-06| 0.01331) 0.01696| 27.0878| 3.29908| 0.1608
450/ 1.50E+05|  7.39) 26.1648) 0.135| 10.7563| 25.515 0.21999| 0.08909| 0.24035 0.00117| 0.4494| 24.3601| 0.17866| 0.039| 2.00E-06| 0.01056| 0.01286| 20.535 3.02213| 0.16636
425150605 7.39) 25.9329| 0.18114] 114964 25.1943] 0.2156| 0.09333| 0.23484| 0.00155 045468| 20.5471| 016142  0.039| 2.07E-06| 0.00943) 0.01125| 17.9605 2.88817| 0.17232
I 400 L.50E+05|  7.39| 25.1342| 0.07039| 12.2281| 24.5961) 0.20961) 0.09969| 0.23165| 0.0006| 0.45846 15.8597| 0.14373|  0.039] 2.15E-06| 0.00733| 0.00856| 13.6647| 2.61482| 0.17872

Table F1b*.- Outlet measurements from GC and kinetic calculations for activation energy, 4.5Pd/20Ni-20Co HT sample




H2 Order Inlet data

m= 4.8 mg
H2 co co2 H20 He Fin GHSV
mL/min  |% kPa mL/min  |% kPa mL/min |% kPa mL/min  |% kPa mL/min  |% kPa mL/min |cm3/gcat*h
1.50E+05 7.39 110 21.2 31.7 50 9.6 14.4 80 15.4 231 200 38.5 57.7 80 15.4 23.1 520 6500000
450| 1.50E+05 7.39 Q0 17.3 26 50 9.6 14.4 80 15.4 231 200 38.5 57.7 100 19.2 28.8 520 6500000
450| 1.50E+05 7.39 80 15.4 23.1 50 9.6 14.4 80 15.4 23.1 200 38.5 57.7 110 21.2 31.7 520 6500000
450| 1.50E+05 7.39 50 9.6 14.4 50 9.6 14.4 80 15.4 231 200 38.5 57.7 140 26.9 40.4 520 6500000
450| 1.50E+05 7.39 35 6.7 10.1 50 9.6 14.4 80 15.4 231 200 38.5 57.7 155 29.8 447 520 6500000
450| 1.50E+05 7.39 20 3.8 5.8 50 9.6 14.4 80 15.4 231 200 38.5 57.7 170 32.7 49 520 6500000

Table F2a.- Inlet conditions for H2 order experimental calculations. 3.0Pd/20Ni-20Co HT sample

m= 4.8 mg
H2 COo co2 H20 He Fin GHSV
mL/min |% kPa mL/min  |% kPa mL/min  |% kPa mL/min |% kPa mL/min  |% kPa mlL/min |[cm3/gcat*h
1.50E+05 7.39 110 21.2 31.7 50 9.6 14.4 80 15.4 23.1 200 38.5 57.7 80 15.4 231 520 6500000
450| 1.50E+05 7.39 90 17.3 26 50 9.6 14.4 80 15.4 23.1 200 38.5 57.7 100 19.2 28.8 520 6500000
450| 1.50E+05 7.39 80 15.4 231 50 9.6 14.4 80 15.4 23.1 200 38.5 57.7 110 21.2 31.7 520 6500000
450| 1.50E+05 7.39 50 9.6 14.4 50 9.6 14.4 80 15.4 23.1 200 38.5 57.7 140 26.9 40.4 520 6500000
450 1.50E+05 7.39 35 6.7 10.1 50 9.6 14.4 80 15.4 231 200 385 57.7 155 29.8 447 520 6500000

Table F1b.- Inlet conditions for H2 order experimental calculations. 4.5Pd/20Ni-20Co HT sample




H2 Order outlet data

m= 4.8
H2 cHe  |co 02 [pco2 [pco [pH2  fpcHt [PH20  [xmeth [xwgs  [B Dipersicn|n r if T0F  |In(ToR) [in{f) [rco  [in(pH2)
% % % % % % mol/seg |mol/gcat*s seg-1 Mol frac
450 150E+05| 739 30.328]  031) 122265 23.3238 0.20267 0.09168] 0.26314] 0.00269| 0.43981| 2.35783( 17.3979] 0.17894)  0.065) 2.00E-06| 0.0082336] 0.01003| 9.66158) 2.26816| -4.60237 0.1133] 3.45729
450 1.50£+05]  7.39] 255785 0.1355 10.982| 24.836 0.21891] 0.09016] 0.23916] 0.0012] 0.45057| 1.0082 23.4399] 0.17436]  0.085) 2.00E-06] 0.0101892] 0.01234] 11.8258] 2.47028| -4.39483 0.1133] 3.25662
450 1.50£+05|  7.39] 23.4845] 0.335) 9.001) 2541 0.27645| 0.09461) 0.10016 0.00145] 0.52733| 1.01374] 32.952| 0.07391  0.085) 2.00E-06] 0.0141559] 0.01525] 14.7271| 2.68969| -4.18084| -1.97188| 3.13883
450 1.506+05]  7.39] 159673 0.07243] 10.061] 25271 0.26987| 0.10136] 0.09586| 0.00077| 0.53214| 0.54062| 28.6168] 0.06151  0.065) 2.00E-06] 0.0121519] 0.01295 12.4753] 2.52375| -4.34678| -0.97188| 2.66883
450 1.50e+05|  7.39] 12.2923] 0.041] 9.57733| 25.8767 0.26988| 0.10144] 0.09702] 0.00043| 0.53124] 0.29907| 28.7521] 0.0512] 0.065] 2.00E-06] 0.0121076] 0.01276] 12.2947] 2.50917| -4.36136] 0.02812] 2.31215
450 1.50e+05]  7.39] 9.37567] 0.01033] 10.3233] 25176 0.25655| 0.11485 0.08477] 0.00011 0.54373| 0.07369| 19.5464] 0.04711]  0.065] 2.00£-06] 0.008177| 0.00858| 8.26777) 2.11236] -4.75817] 2.02812| 1.75254
Table F2a*.- Outlet measurements from GC and kinetic calculations for H2 Order, 3.0Pd/20Ni-20Co HT sample
m= 4.8
H2 CH4  |cO C02 |PCO2 |PCO  |PH2  [PCH4  |PH20 |Xmeth |Xwgs |B Dipersion|n r if TOF  |In(TOF) [In{f)  |[PCO  |Ln(PH2)
% % % % % mol/seg |mol/gcat*s seg-1 Mol frac
450| 1L50E+05|  7.39| 29.0805 0.0915| 12.539| 24.5728| 0.20503| 0.09011| 0.27102) 0.00076| 0.43307| 0.67082| 20.1508| 0.19264|  0.039| 2.00E-06| 0.0086778| 0.01075| 17.166| 2.84293| -4.533| 0.1133 3.45729
450| 1L50E+05|  7.39| 257423  0.136| 10.7563| 25.615| 0.21999| 0.08909| 0.24035| 0.00117| 0.4494| 0.97884| 24.3601) 0.17866)  0.039| 2.00E-06| 0.0105554 0.01285 20.5251| 3.02165| -4.35429 0.1133 3.25662
450| 1L50E+05|  7.39| 23.1445) 0.1345) 9.038| 25.31| 0.27586| 0.09519 0.09953| 0.00147| 0.52795| 0.67082| 32.5382| 0.07391)  0.039| 2.00E-06| 0.0138338| 0.01494| 23.8572| 3.17209| -4.20385| -1.97188| 3.13883
450| 150E+05|  7.39| 15.0973) 006333 10.271| 25.139| 0.26757| 0.1037| 0.09411) 0.00061| 0.53401| 0.47179| 27.2671) 0.06151)  0.039| 2.00E-06| 0.0115552 0.01231) 19.6643| 2.9788| -4.39714| -0.97188| 2.66883
450| 150E+05|  7.39| 112923  0.033| 10.5773| 25.0837| 0.2601] 0.11124| 0.08753) 0.00034| 0.54079| 0.23937] 21.9476| 0.0512)  0.039| 2.00E-06| 0.0092424| 0.00974| 15.5576| 2.74455| -4.63139| 0.02812| 231215

Table F2b*.- Outlet measurements from GC and kinetic calculations for H2 Order,

4.5Pd/20Ni-20Co HT sample




CO order inlet data

m= 4.6 mg
H2 co co2 H20 He Fin
mL/min kPa mL/min |% kPa mL/min |% kPa mL/min |% kPa mL/min |% kPa mL/min
1.50E+05 90 173 26.0 80 18.4 23.1 80 15.4 23.1 200 38.5 57.7 70 13.5 20.2 520
450(1.50E+05 7.39 90 17.3 26.0 a0 96 14.4 80 15.4 23.1 200 38.5 57.7 100 19.2 268 520
450( 1 50E+05 7.39 a0 173 260 20 38 58 80 154 231 200 385 a7 7 130 250 a7 5 520
Table F3a.- Inlet conditions for CO order experimental calculations. 3.0Pd/20Ni-20Co HT sample
m= 4.8 mg
H2 Cco coz2 H20 He Fin
mL/min kPa mL/min  |% kPa mL/min |% kPa mL/min |% kPa mL/min |[% kPa mL/min
1.50E+05 90 17.3 26 &0 15.4 231 80 15.4 231 200 385 57.7 70 135 20.2 520
450| 1.50E+05 7.39 90 17.3 26 50 9.6 14.4 80 15.4 23.1 200 385 57.7 100 19.2 28.8 520
450| 1.50E+05 7.39 90 17.3 26 20 3.8 5.8 80 15.4 23.1 200 38.5 57.7 130 25 37.5 520

Table F3b.- Inlet conditions for CO order experimental calculations. 4.5Pd/20Ni-20Co HT sample




CO Order Outled data

= 48
(H4 |0 |02 |PCO2 [PCO |PH2  |PCH4  |PH2O |Xmeth [Xwes |B Dipersion|r [ TOF  [InfTOF) |In(f) |PCO  |In{PCO)
% % % % % mol/gcat*s seg-1 Mol frac
150E+05)  730| 264076 00524) 195102 250404) 020414] 015129 022515 0.00041] 041901 023160 147354 009800 0.065 0.01597| 001771 16968 283133| -403386| 01133| 313683
450[150E+05)  7.30| 255785 01365 10.082| 24836 021801 0.00016| 023016 0.0012 045057 1.0082( 234300 017436 0.085 0.01019| 0.01234| 118269 247038| -4.30483 0.07055| 266883
450/150E+05)  7.30| 247584 002586| 484871 25.1004) 0.22092| 0.03538 0.24589| 0.00023 049759 0.44357| 30.5915) 041741|  0.085| 0.00207| 0.00355 340427 122503| -5.64018| 002812| 175254
Table F2a*.- Outlet measurements from GC and kinetic calculations for CO Order, 3.0Pd/20Ni-20Co HT sample
m= 48
H  |CHé |cO |02 |PCO2 [PCO [PH2  [PCHE  |PH2O [Xmeth |Xwgs | Dipersion|r [i TOF  (In(TOF) |Inff]  [PCO |in[PCO}
% % % % % % mol/gcat*s seg-1 Mol frac
L50E+05|  7.39) 26.1555| 0.08975| 167763 25.594| 0.21348| 0.14186 023349 0.00075| 0.41042 042046) 19.903| 0.11582) 0039 0.02168| 0.02452] 39.1673| 3.66784) -3.7081| (0.1133 3.13883
450{150E+05|  7.39| 26.1648)  0.136) 10.7563| 25.615 021999 0.08909| 0.24035 0.00117| 04494| 0.97884| 243601 0.17866] 0.039| 0.01056| 0.01286 20.535| 3.02213| -4.35381 0.07055 2.66883
450{ 150E+05  7.39| 25.4146) 00612) 42092 24.322| 022524 0.0309) 024921 0.00057 049409) 1.10392| 38.7189| 049747 0.039) 0.00266| 0.00528| 843946| 2.13292| 5.24302| 002812 175254

Table F3b*.- Outlet measurements from GC and kinetic calculations for CO Order, 4.5Pd/20Ni-20Co HT sample




Appendix G

Flow SEWGS Time on stream
0.5585 gmol/min 54.5 min

Dry molar fraction Molar Flow (mol/min)

Average steady flow

Bl Time on stream  H2 CH4 coz CH4 0.54 0.00 0.01
0.00 89.03279 0.47 0.50 0.00
3.43 0.70 0.55 0.00
6.87 081 0.71 0.55 0.00 ! 0.26 0.29 0.01
10.30 ¢ 0.69 0.55 0.00
13.73 ¢ 0.78 0.55 0.00 Anw during time on stream
0.94 0.55 0.00 ! 15.6219| -15.6013] -0.08387
114 0.55 0.00
1.36 0.55 0.00 m produced or inhibed (gms)
SEWGS — 0.55 0.00 ! 31.2430| -686.450| -1.3419
0.55 0.00
34.31 0.55 0.00
37.74 0.55 0.00
MA7 0.55 0.00
44.60 0.55 0.00
48.03 0.55 0.00
5146 0560 0.53 0.01
5480  89.81 0.50 0.04
] 58.32|  77.87 227 036 1950 0.43 0.11 0.01
Transition — 61.75| 67.26 1.88 059 3026 0.38 017 0.01
L 65.18]  55.26 1.69 0.80] 4214 0.31 0.24 0.01
- 68.61]  47.04 1.86 0.88] 5019 0.27 0.28 0.01
72.04] 4816 1.46 0.98]  49.40 0.27 0.28 0.01
7547|4672 1.91 0.88] 5138 0.26 0.29 0.01
78.00]  47.29 1.40 085 5131 0.26 0.29 0.01
82.33] 46.23 1.76 0.88] 5113 0.26 0.29 0.01
HTS ] 85.76| 46.55 1.50 097| 5088 0.26 0.28 0.01
8919 47.25 1.61 007 5114 0.26 0.29 0.01
9262 4175 1.90 006 5539 0.23 0.31 0.01
96.05| 4265 1.60 091 5575 0.24 0.31 0.01
B 09.48] 4547 1.90 0.86] 51.77 0.25 0.29 0.01

Table G1.- SEWGS balance according to the average HTS molar flow. Reaction conditions 450°C, 1.5 atm, volumetric water
flow of 40 ml/min and 10 ml/min of CO, catalyst preparation of .4 mg of 3.0Pd/20Ni-20Co HT and 4 gms of dolomite.



FLOW SEWGS Time on stream
0.5585 gmol/min 51.5 min

Dry molar fraction Molar Flow (mol/min) Average steady flow

Time on stream  H2 CH4 co coz CH4 054588 0.00172] 000963
0000000 9694 0.25 0.54 0.00
3.43  99.34 0.27 0.55 0.00
6.87 0061 031 0.56 0.00 023227 030662] 001536
103 9953 0.43 0.56 0.00
1373 9934 063 0.55 0.00 Anw during time on stream
1716  98.09 0.98 055 0.00 16.1506] 15 7026] -0 29552
2059 0862 1.35 0.55 0.00
SEWGS 2402  08.40 1.57 0.55 0.00 m produced or inhibed (gms)
2745 9811 187 055 0.00 32 3012| -690.913| -4 72828
3088 0787 211 055 0.00
3431 9761 236 055 0.00
3774 9738 2 60 0.54 0.00
4117 9712 286 0.54 0.00
446 0682 314 0.54 0.00
4803 9621 333 0.54 0.00
5146 09194 352 0.51 002
5480 8034 331 030 1605 0.45 0.09 0.02
5832 6531 280 049 3139 036 0.18 0.02
Transition 6175 5162 297 067 4473 029 025 0.02
6518] 4470 2385 077] 5169 025 029 002
6861 4244 280 078] 5308 024 030 002
7204 4181 285 079 5455 023 0.30 0.02
7547] 4167 274 079 5480 023 0.31 0.02
780 41865 278 0.80| 5477 0.23 0.31 0.02
8233 4158 273 079 5490 0.23 0.31 0.02
HTS 8576| 4159 276 079 5485 0.23 0.31 0.02
8o 10| 4144 270 080 5506 023 0.31 002
0262 4146 277 080] 5408 023 0.31 002
0605 4152 271 079 5408 023 0.31 002
0048 4177 273 079 5540 023 0.31 002

Table G1.- SEWGS balance according to the average HTS molar flow. Reaction conditions 450°C, 1.5 atm, volumetric water
flow of 40 ml/min and 10 ml/min of CO, catalyst preparation of .4 mg of 4.5Pd/20Ni-20Co HT and 4 gms of dolomite.




