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Nomenclature

Abbreviation: Description:

AES Atomic emission spectroscopy

DRM Dry reforming of methane

EDX Energy dispersive X-ray spectroscopy

ER Eley-Rideal

Fr Reference feed: 10% CHa, 10% CO», 10% N, and 70% He
ICP-OES Inductively coupled plasma spectroscopy-optical emission spectroscopy
LH Langmuir-Hinshelwood

MS Mass spectroscopy

POM Partial oxidation of methane

PL Power-law

rWGS Reverse water gas shift

RDS Rate determining step

RT Room temperature

SAED Selected area electron diffraction

SEM Scanning electron microscopy

SRM Steam reforming of methane

TEM Tunneling electron microscopy

XRD X-ray diffraction




Symbols:

Symbols Units Description
Ci (liquid) mol/L Solution compound concentration of species i
Ci (gas) % Gas compound concentration of species i
d nm Interplanar distance in Bragg equation
D - Activity loss
E. kJ/mol Apparent activation energy
G kJ Gibbs free energy
GHSV h! Gas hour space velocity
H kJ Enthalpy
ki Various Forward rate kinetic constant for reaction i
K - Equilibrium constant for reaction i
Meat kg Mass of catalyst
n mol Mol number
nj - Reaction order of species i
pi Pa Partial pressure of species i
R J/(mol-K) Gas constant
J/K Entropy
I mol/(Kg*s) Consumption rate of reactant i
T K (or °C) Temperature
t s Time
Vieed m’ Feed gas volume
WHSV mL/(g*h) Weight hourly space velocity
X - Conversion, 1 is CH4 or CO»
n - Catalyst efficiency
Vi - Stoichiometric factors in AH and AS calculation
0 ° Scattering angle of an input electron beam
A nm Wavelength of the incident wave
T nm Mean crystallite size in Debye-Scherrer equation
B Peak width at half of the maximum intensity in

Debye-Scherrer equation




Abstract

Abstract

This thesis presents a kinetic study on Ni series catalysts for dry reforming of methane (DRM) and
comparison with a commercially noble metal catalyst Pt/Al,Os. For each catalyst, a corresponding
kinetic model needs to be established. These kinetic schemes should be sophisticated enough to
describe the consumption rates, meanwhile rather simple for industrial applications. In this thesis,
we intend to investigate three aspects. The first is to establish individual kinetic models for each
catalyst. Second, based on the similarity and difference of Ni series catalysts in the models, we
want to know the support influence on the catalytic performance. Third, by comparing Ni series
catalysts with noble metal catalyst Pt, it is interesting to see what is the similarity and difference

among the different kinetic models.

Here three kinds of supports were used to support Ni nanoparticles: Al>O3, SBA-15, and ZrO». In
order to investigate CH4 and CO; influence of on the DRM reaction, the different partial pressure
of CH4 and CO> were dosed into the reactors in a parameter field test. In order to study the
influence of products CO and Hz on reaction network, respective co-feeds CO and H> were added.
Therefore, the complete kinetic test can be divided into three parts: stabilization period, parameter
field test, and co-feed test. For the stabilization period, the feed composition amounted to 10%
CHa4, 10% CO2, 10% N> and 70% He. For the parameter field test, CH4 and CO> concentration
were varied from 5 to 20%. The reaction temperature was adjusted to 500, 600, and 700°C. By

applying different catalysts masses, different space velocities were obtained.

Fresh catalysts and spent catalysts were characterized by TEM, CHN, XRD, ICP, and XPS.
Significant coke deposition was observed for Ni/AlbO3 and Pt/ALO;. Ni/ZrO, shows better
stability with no significant change in morphology, no particle size change, and no visible coke

deposition.

Based on the experimental data, two theories were used for modeling: power-law and Langmuir-
Hinshelwood theory. For each theory, different assumptions were used to form different models

to find the best fitting model for the reaction data.




Abstract

From the research, Ni series catalysts are all very active, especially Ni/Al,O3 and Ni/SBA-15.
Ni/ZrO> is not comparably active, but the stability is outstanding. For Ni/Al,O3; and Ni/SBA-15,
one power-law model and one Langmuir-Hinshelwood model fit well the reaction data, and the
Langmuir-Hinshelwood model with the assumption of one type of active site on the surface

provided the best agreement with the experimental data.

Even though the best-fitting models for Ni/Al2O3 and Ni/SBA-15 were the same, the respective

model parameters of each catalyst, like reaction orders, apparent activation energy, are different.

However, due to the reaction system complexity, which means that reverse water gas shift reaction
could be dominant in the Ni/ZrO» reaction system, it is difficult to apply the similar models of
DRM for Ni/ZrO». As for Pt/Al>Os3, in this study, it appears to be not active enough to have reliable
data for the kinetic study, and the catalyst stability is terrible too. Therefore, it is also challenging
to build up a fitting model for Pt/AL2Os.
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1 Introduction

1 Introduction

Due to the recent environmental problems such as global warming, air pollution and the increasing
shortage of the traditional energy resource, it becomes more and more essential to find the
replacement energy resource and utilize the traditional resources, like methane, more effectively.
In 2015, ‘Paris Agreement’ was signed by 195 countries, aiming to suppress greenhouse-gas

emission, hence to slow down global warming .

It is widely accepted that CH4 and CO, are the two leading greenhouse gases [?1. CO, mainly comes
from fossil fuel combustion B, Recently, more and more research indicates that non-CO;
greenhouse gases, such as chlorofluorocarbons, CHs, and N>O are also playing a critical role in
global warming. Among all these non-CO; gases, CH4 is proved to cause the most significant net

climate forcing [ as shown in Figure 1.1.

2
1402 Climate Forcings
l i Voleanic
CFCs 0.4£0.2 Aerosols
= 0.35+0.05  0.3%0.15 N,O Forced Land (range of
5 0.15+0.65 Tropospheric Cloud Cover ] decadal mean)
E 0 : Aerosols Changes  Alterations — =
B Other =]
bro Tropospheric =]
i Ozone (0.2,-0.5)
(indirect via (indirect via (indirectviaOy) "
-1F D_.\ and }[20) stratospheric
ozone)
-2

}(—— Greenhouse Gases ———)l I(—Olher Anthropogenic Fnrcings—ﬂ I(—Nalura] Forcings—)l

Figure 1.1. Estimated climate forcings between 1850 and 2000 (figure reproduced from
Hansen et al. (2000) 1.

CHs s, in fact, more harmful than other greenhouse gases. What’s more, these years, more and
more CHjy reservoirs are found. First, the increasing global interest in shale gas drastically
improves the amount of CH4 reservations [°!. In the United States of America, Canada, China, and

Southern America, there are more and more shale gas reservations explored. Nevertheless, shale

11



1 Introduction

gas exploration and utilization is now under limitation as it could cause a series of problem, for

example, water resource risk and earthquake.

There is another type of CH4 reserve, which now arouses great attention: natural gas hydrate. It is
also called methane hydrate [®!. It is usually stored in the form of solid in the shallow marine
geosphere. The composition of natural gas hydrate is methane trapped in the crystal structure of
water. Because of the solid structure, the energy density of natural gas hydrate is much bigger than
the fluid or gas form of energy. However, as natural gas hydrate is still a relatively recent discovery,
and it is stored in the ocean, the first problem lies in the exploitation. China has endeavored on
methane hydrates research for a long time [ and recently claims to have the ability of mining
natural gas hydrate in the South China Sea. This is the first announcement in the world of
exploiting natural gas hydrate. However, the potential difficulty in the transportation and storage
of natural gas hydrate also limits its application but also gives the research hot fields for natural

gas hydrate (8],

Instead of merely burning CH4 as fuel, there are many ways to transform methane into more
valuable chemicals. In 2015, Guo and co-workers synthesized a novel catalyst for direct and non-
oxidative conversion of methane to ethylene, aromatics, and hydrogen ). This catalyst is single
iron sites embedded in a silica matrix. They claim that this catalyst can effectively hinder further
catalytic C-C coupling, further oligomerization. Therefore less coke deposition and larger

hydrocarbons can form. The conversion of CH4 and the selectivity to ethylene are both very high.

A common and long-term study topic of CH4 transformation is methane reforming to produce
syngas. As it is widely known, syngas (H2 and CO) is the feedstock for the Fischer-Tropsch process.
This is a critical industrial process for the production of ethylene, which is one of the essential
chemicals in the chemistry industry ['%. This process is the foundation of many long-chain

hydrocarbons and clean fuels '],

There are mainly three ways for CH4 reforming: steam reforming of methane (SRM), partial

oxidation of methane (POM) and dry reforming of methane (DRM):

12



1 Introduction

SRM: CH,+ H,0 < 3H,+ CO
1

POM: CH,+ —0, < 2H,+ CO
2

DRM: CH,+ CO, < 2H,+ 2CO

All three reactions have been investigated for a long time, and SRM is the most widely used
process in the industry for H, production 2!, It can produce the syngas with the Ho/CO ratio of

three. The conventional catalysts for SRM are Ni and some noble metals [13 14 ad 151,

As for POM, the conventional catalyst is Ni and some noble catalyst ['® 171, The difficulty of this

process is the synthesis of the active and stable catalyst too.

Over the last decades, there are also lots of literature about combined or mixed reforming of
methane U3 19 20-and 2] ‘\with this process, the ratio among the reactants: CH4, CO2, H>0, and O
can be manipulated to adjust the syngas ratio (H2/CO). The Fischer-Tropsch process requires the
syngas ratio (H2/CO) ideally to be two, and a flexible syngas ratio can provide more possibilities
to other industrial processes. Therefore, this easy way to acquire various ratios of syngas in one
process can save investment in setup and budgets in three independent processes a lot. It is also
widely accepted that some amount of oxidant, like H>0O and Oz, in the system can help to overcome

the coke deposition 22/,

The most common catalysts used in mixed reforming of methane is also modified Ni catalysts.

Usually, Ni works together with Ce [2*], La 24 Co (%3], Mg 2] and Mo 27,

DRM is one reaction that combines two greenhouse gases COz and CH4. In the environmental
protection aspect, DRM can transfer these two leading greenhouse gases to syngas 28], What’s
more, in many natural gas resources, there is usually certain content of CO> in the gas. [f DRM
can industrially work, this can save significant investment in the separation process, leading to a

much lower budget.

Similar to SRM and POM, the widely studied catalysts of DRM is either noble metal catalysts,
such as Pt, Rh, Pd 1?), or Ni catalysts .

DRM has been studied for years, and there are mainly two research fields in DRM: first, because

of the noble metals’ high expense and Ni’s poor stability, finding a suitable catalyst, which is

13



1 Introduction

comparatively active but much more stable. Based on this goal, there are mainly two ways for the
modification of the catalysts. On the one hand, the modification of Ni is widely studied. Xie and
co-workers used a one-pot approach, combining co-precipitation and sol-gel chemistry to
synthesize NiMg oxide for DRM and it proves to be a highly active catalyst at low temperature
(500°C) BY. Liu et al. (2013) [*? found that CuNi alloy catalysts with the modification of ZrO, on
both the Al>O3 support and active sites could improve the catalyst stability and maintain a
comparable activity with Ni/Al>2Oj3 at the same time. The other way is the modification of supports.
Some commonly used supports, such as Al>O3 has acidic sites on the surface, which facilitate the
adsorption of coke deposition. Therefore, some researchers are trying to modify the supports with
extra basic components to suppress the coke deposition, hence to increase the overall catalyst
stability. For example, in Liu et al. (2013) research 32!, the further decoration of ZrO,, which is

more basic than Al>Os, can significantly hinder the coke formation.

Within UniSysCat, coupling methane dry reforming and oxidative coupling of methane were
extensively studied [**!. The scheme is shown in Figure 1.2. [**!, It is well known that DRM is a
highly endothermal reaction, and on the contrary, OCM is an exothermic reaction. In Figure 1.2,
we can see that, ideally, if these two processes can effectively couple, the heat energy produced
by the OCM reaction can be further utilized in the DRM process. Meanwhile, the unreacted CH4

from OCM can also be transferred to the DRM reactor to produce syngas 41,

Reforming Reaction Unit

Endo
H,,CO,CH, /
_

10 DRM fixed bed reactor

Oxygen supply Exo ; CH4, H,,'CO, €O, | © C,H,

HL * I
CcO

—2 OCM Reactor : ? __ : Adsorptlon 4 00 C2-Splitter

Methane 1 I sactor @ CO | ™ Desorption. “e’"""a'

Cc2 . )
Reactor feed OCM Reaction Unit l Separation Uns

CO, rich streamas a
carrier gas for desorption

Purification Unit

C,Hg

Figure 1.2. The block-flow representation of unit-operations in the proposed OCM-DRM process
(figure reproduced from Godini et al. (2013) 33
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1 Introduction

In order to reach this successful coupling of OCM and DRM, it is crucial to understand both of

these two reactions profoundly.

In literature, there are many catalysts, either noble catalysts or modified Ni catalysts, which have

been proved to be potential DRM reaction candidates. Some representative catalysts and reaction

conditions reported in the literature are shown in Table 1.1. From the table, we can see that, under

different reaction conditions, with different synthesis methods, different composition of the

catalysts can result in a different conversion.

Table 1.1. DRM catalysts and reaction condition examples from literature overview.

Compo  Synthesis Feed Reaction GHSV/ Reaction cn .
Catalyst Ref.
sition method composition T (°C) WHSV time (%)
Co- CH4:CO2:Na:He
Nig>Mny g 20mol L 40 L h'!
) . precipitation =1:1:0.5:7.5 525 40h ~20%
0/Si0; % Ni Zear”
,sol-gel
Ni/MgAl 55mol  Co- CH4:CO2:Ar= 1440,000
. 35 _ S 900 10h 73%
bulk oxide % Ni precipitation  32:40:28 Lh! ge!
CuNi@Si Micro CH4:CO2:Ar 13.33Lh"!
36/ . 700 16h ~75%
0, emulsion =20:20:60 Seat”!
Wet
. ~ CHs:COzx:He=
Pt/ALO3 37 4 wt%  1mpregnatio 700 6000 h™! 14h ~70%
20:20:60
n
Wet
_ _ ~ CHs:COx:He=
Ni/AlLO; 37 10 wt% 1mpregnatio 700 6000 h™! 14h ~52%
20:20:60
n

From this table and numerous literature, many types of catalysts have been designed for DRM.

DRM is profoundly affected by reaction parameters, like promotors, supports, preparation methods

381 As DRM is a highly endothermic reaction, the reaction temperatures is a critical parameter.

Usually, the higher the temperature is, the higher the conversion can reach; meanwhile, coke

deposition also takes place [*. This high requirement of temperature mainly is because of the high

15



1 Introduction

bond energy of breaking the first C-H bond in CH4 (425 kJ/mol) 9, which is always taken as the

initial step (411,

Coke deposition is one of the main reasons for DRM catalyst deactivation. There are many pieces
of research about the catalyst's design to suppress coke deposition [*> 43, Usually, the strategy is
to synthesize alloy or bi-metallic catalysts to modify the electron structure in the catalysts, in order
to maintain the activity, meanwhile reach the anti-coke goal. Many metal species have been tried,

Cu 4, Co 51 Mn (461 Mg (471 Pt 48] a5 well as K [,

100 TR 107

< .

g 801 08

2 60 COJ) o6

8 or

5 401 H,0 041

S Co

'S 20 021

=

43}
0 T - 00 : ———
400 600 800 1000 1200 400 600 800 1000 1200

T (K) T (K)

Figure 1.3. (A) Equilibrium conversions of CO (O ) and CH4 (@ ) and (B) product ratios of
H,/CO (0O ) and HO/CO ( W) for simultaneous CO,--- CH4 reforming and rWGS reactions
as a function of temperature. Reaction conditions: Py = 1 atm; CH4+/CO»/He = 1/1/1.8.
(figure reproduced from Bradford et al. (1999) 2%

From the DRM overall reaction, the reaction system looks not that complicated: one mole CHa4
reacts with one mole CO»> to produce two moles of CO and two moles of H>. However, regardless
of the overall reaction, many side reactions are happening at the same time with DRM overall
reaction. Generally, the reactions considered to happen in the DRM reaction system are listed in

Table 1.2. The whole table is taken from the work of Aramouni et al. (2018) 5%,

Depends on the catalyst's active sites and the reaction conditions, many assumptions have been

[51

carried out for the coke deposition mechanism. Nagaoka et al. (2001) ! proposed one DRM

mechanism based on Pt/Al,O3, and the scheme is shown in Figure 1.4.

16



1 Introduction

Table 1.2. Possible reactions in DRM (table reproduced from Aramouni et al. (2018) 1%,

Reaction AH (298K) In (Keg)  In (Keg) Favored by
(kJ/mol) 573K 1373K
CH,+ CO,«<2CO+ 2H, 247 -20 13 High
temperatures
CO,+H,<CO+H,0 41 -5 2 High
temperatures
2CH,+ CO,«~C,H + CO+ H,0 106 -19 -5 High
temperatures
2CH,+ 2CO,<C,H,+ 2CO+ 2H,0 284 -36 0 High
temperatures
C,H,<C,H,+H, 136 -14 4 High
temperatures
CO+ 2H,« CH,0OH -90.6 -10 -20 Low temperatures
CO,+ 3H,<CH,0H+ H,0O -49.1 -12 -20 Low temperatures
CH,<C+2H, 74.9 -6 5 High
temperatures
2C0-C+ CO, -172.4 15 -7 Low temperatures
CO,+ 2H,<C+ 2H,0 -90 8 -5 Low temperatures
H,+ CO«C+ H,0 -131.3 12 -6 Low temperatures
CH,OCH,+ CO,«<3CO+ 3H, 258.4 10 40 High
temperatures
CH,OCH,+ 3H,0<2CO,+ 6H, 136 20 37 High
temperatures
CH,O0CH,+ H,0-2CO+ 4H, 204.8 14 37 High
temperatures
2CH,0H« CH,0CH,+ H,O -37 3 -1 Low temperatures
CO,+4H,<CH,+ 2H,0 -165 14 -10 Low temperatures
CO+3H,<CH,+ H,0 -206.2 14 -11 Low temperatures

17



1 Introduction

First, CH4 decomposes on Pt nanoparticles and generates CHx species, which can later on further
decomposes to coke, on the acid sites of the support. Only the carbon species on Pt particles are
reactive with CO; to produce CO. Overall there are two positions for the reaction: one directly on

the Pt particles and on the interface of Pt particle with the support.

The decomposition of CH4 on Pt particles results in the initial coke deposition, and gradually coke
will cover the surface of Pt particles. However, the reaction happens at the boundary of Pt particles,
and the support is not to be affected by the initial coke deposition at first. This could explain some

long-term activity with a vast amount of coke deposition.

-F'-ll"f-b-ﬂ

\\\\NM\\

Figure 1.4. Model of reaction and coking scheme over Pt/Al,O3 at high reaction temperature
(figure reproduced from Nagaoka et al. (2001) P!

Besides the numerous investigation on catalysts designing, the intrinsic kinetic study also carried
out vastly during the past decades. With years of research, there is much literature about the DRM
kinetic study [°% 3334 and53] There are generally three models to describe the DRM process: power-

law, Eley-Rideal, and Langmuir-Hinshelwood.

First, the power-law model is straightforward and half-empirical, making it is convenient to have
a rough look at first on the reaction mechanism. The kinetic rate of DRM can be described in an

equation from the work of Cui et al. (2007) ¢!

18



1 Introduction

r= k[PCH4] m[Pcoz] "

Power-law can give a general overview of kinetic parameters. However, it is too simple to fit into
all the reaction process when the reaction mechanism is complicated. For many cases, a power-

law is not enough to explain the entire reaction phenomenon. Therefore, more complicated models

are necessary for the kinetic study.

Another reported theory is the Eley-Rideal model [*”). Compared to power-law, it can have a more
detailed and accurate description. This model assumes that one reactant is adsorbed in absorption
equilibrium, while the other gas-phase reactant reacts with the adsorbed species [*8]. Furthermore,
this step is also taken as the rate-determining step. Mark et al. (1997) 131 show the selected

equations with two Eley-Rideal models:

Basic reaction

kRef

(a) CH, +CO, == 2CO + 2H,

2 p2
Plo PHZ

=k, | Py P —

|
Ref ~ “Ref | CH, " CO, K

Ref
Eley — Rideal model 1 (ER 1) :

Ken . [CH
CH -

(a) CH, + *

4- % CH,

k Ref

(b) CH, _, +CO, &==2CO + 2H, + *  RDS

2 p2

Peo PH2

Kpes KCH4 PCH4 Pco2 -
K
Ref
r =
Ref
I+ KCH4 PCH4

Eley — Rideal model 2 ( ER2) :

Keo, [CO

co Keo, =

(a) CO, + * y

Kper
(b) CO,_, + CH, == 2CO + 2H, + * RDS

2 p2
PCOP H,
kRecho2 PCH4PC02 - K
Ref
r =
Ref
1 + Kcochoz
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1 Introduction

The difference between these two models is the adsorbed species. ER 1 shows that CH4 is adsorbed

while in ER2, CO; is adsorbed and reacts with gas-phase CHa.

Nevertheless, there are not many works focusing on this model, indicating the limited application
of the Eley-Rideal model in the DRM reaction. The most frequently used model in DRM is the
Langmuir-Hinshelwood model **. In the LH model, CH4 and CO, are both adsorbed on the

surface, and the rate-determining step is the surface reaction of these two adsorbed species [¢!].

Iyer et al. (2003) [62) investigated the possibility of an LH model for DRM reaction. The proposed
reaction process with all elementary steps is shown here:

K,
CH,+ * ©=CH, +[(4-x)/2]H,

KQ
CO,+ * ==C0+ 0"

k
CH! + 0" —>CO+ (x/2) H,+2"

Ky
CH' ==C"+ (x/2) H,

ks
H,+ 0" +——H,0+ *
k_s

k3
C'"+0"—CO+2"

However, there is still an argument in the kinetic modeling as for different reaction systems with
various catalysts, reaction temperatures, and different additives, and the rate-determining step is
also different 19 % 65 The most widely applied rate-determining step is CHs4 decomposition and
surface reaction between adsorbed species. However, other elementary reactions are also taken as

RDS [60-2I;

Coxidation: C— * + 00— * > CO+2*
Reverse Boudouard reaction: * — C+ * — CO2 —=2C0O+2*

Until now, there are numerous publications on DRM kinetics. Table 1.3. shows some works from

literature about kinetic models with different catalysts and various reaction conditions 11,
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Table 1.3. Summary of kinetic models for DRM (table reproduced from Kathiraser et al. (2015) 1,

Catalyst Ref. Rate model Temp
range (°C)
CH, activation by metal 63 aP ey Peo, 500-850
. r .=
Ni as RDS ref ( a+bPZ, +cPey ) 2
2 )
Ni/Al,0s, Ni/CaO- RDS: * = CH,— * — C+ 2H,
AlLO;
Surface reaction 66 - Pex Peo, PHPeo 505-625
between adsorbed CHj PETEO p0s "
2
and adsorbed CO, as Fref ™ Pey, 2
RDS g, oo,
H, CH,
Ni-Rh-AlLO; k,=3.59x 1021cxp(—332'04+ 52'40]
! RT
K 2 89% 10-Fex (- ]09.68+57.53)
o P RT
K 23 535 10~ Fexgf —125:39£ 3911
co, =33 X exp —RT
RDS: * — CHy+ * — CO,—2C0+ 2H, + 2
Surface reaction 67 k. \/ KCH co, CH4PCO2 600-800
r .
between CHy and rel 2
(H' \/KCH CH, \/KC()EPC()E)
adsorbed O as RDS «
i RDS: CH_— * — * — + 2%
Ni/SiOs, MoS; and WS, T T
C oxidation as RDS 61 K en Mo, 700-900
Ni/La/ALO; (1K P, RoPeo) (14 Kb,

k _.=0.00445 mol-s~1- g~latm=2, K, =0.52 atm™
ref cat 1

RDS: C-

40—

* 5 CO+ 2%

I, K,=10atm~', K,=27 atm~'
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Ni/Si0, 64
Ni/ALL O3, Ni/CeO»- 68
ALO;

Ni-Co/Al,0O3, Ce-Co- 69
Ni/Al,O5

Reverse Boudouard 65
reaction as RDS

Ni/ALLOs

2
k3K1K2Pc1+14PC02PcoPH2 680-720

r_.=
ref 2 232
( PC()PH2+ KIPCH4PC()+ KZPC()ZPHJ

K, =108
K,=22.66

— —4 -1, -1
K;=4.850x 1074 (mol- s~ g~ 1)

RDS: C-* +0-* -CO+ 2%

. = krdPC‘H_}’CO2 500'700
r ( 1+ KCHJPCHJ ( 1+ KCO:PCOZ)

Ni/ALO,:

k,=0.2-0.32 (pmol-g_ - s-KkPa), K =8.2x 10—+ =3.5x 102 kPa, K,=0.43— 4.3 kPa
Ni/CeO,— ALO:
k,=0.21— 1 (pmol- g -s-kPa), K =1.3x 1010 = 7.6x 10~ 1 kPa, K,=0.9—22.8 kPa

RDS: C— *4+0-* -CO+ 2%

ernﬂ PCII4 PCO2 650'750
c, = 1+ (K., P I++ [K. P
CH,' CH, co," co,
a

-
-E
Kk, =Aexp RT

ASads,CH4 AH CH,
KCH4=cxp R exp

R

AS 4 co, AH 4 co,
KCOZ =exp R exp R

RDS:C—*#14+0-*2-CO—-*24 %1

k1'clPCH4PC02 500-700

Drer
( 14 KIPCHJ( 1+ KZPCOZ)

k,=0.2-0.32 (pmol- g, s kPa?)

K, =0.00082 — 0.035 kPa~!
K,=4.3-0.43kPa~!
RDS: * C— * - CO,—2C0+ 2%
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Ni-Co/Al-Mg-O 60

2 step-single site RDS: 70
CHys activation by metal

Ni and CHO

decomposition as RDS

Supported Ni

Ni—K/Ce()z—Ale} 71

aPoy Peo, 650-750

PPy + CPog + APy P

~len,=

a=CyCyrK [k Kk,
b=K k,

c=CyrKsk,
d:CSTKIK3k4

RDS: * — CO,+ M~ C—2CO+ M+ *

KPe Peo, 400-450,
ref =
kK k
—r 4-x)/2 L 500-550
[ K JPC()P(H, R R K Pen, [Peo,
7 - 7 -
k;=k,L, L= total number of active sites and K is a lumped equilibrium constant:
Kg
K=e——
KKK,

Ni/TiO,: k;=0.003—-0.042, k,=0.77-5.35, k_ | K=0-5.38
Ni/MgO: k,=0.031-0.085, k,=20.45—-33.58, k_ K=0.153—-0.167

RDS: methane dissociation and CH O decomposition

~ Ky P, 600-800

“Ton 0.5
! ki Pen Peo KyP (‘()ZPH; kyPey .
+ + +1
knK.Peo, Peo kg

— 12894+ 360 \| &
k, =1292+ 465exp(_)[m01- s atm]

T gcat

—-220+25\ &
Kk, =(3.8£0.1)e— 3exp(——](i"1- s]

T Lear

— 4145+ 663 ( _7)

Ka=(7'4i 4.4) e— 3exp| f <
— 15998 + 2808 ) s 8605

K, =2.3eTexpl —————— (alm‘ ) And c=5.8exp T

RDS: * —CH,—* — C+2H,
RDS,: CH,0,s->CO,s+xH,s
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2 step-single site RDS:
CHy activation and C
gasification by
adsorbed CO; on metal
Ni as RDS

Ni/La;0;

Dual site RDS: CH4
activation by metal Ni
and C gasification by
adsorbed CO, on
supported site as RDS
LayxSrxNiO4

2-step dual site RDS:
CHys activation by metal
Ni and C gasification
by adsorbed CO, on
supported site as RDS
LaNiO;

72

73

74

K KoKk Py Peo, 650-750
fen,=
* KkKaPoy Poo, t KikoP oy, + Kk Pog

;3 —4300 1
K k,=2.61x 107 %xp (mol- g-s) (kPa)

— 8700
K,=5.17 x 10’5cxp[ ](kPa) -1
. — 17500
K,=5.35 x 10~ ‘exp (mol/g-s)
RDS : * — CH,— * — C+ 2H,

RDS,: La,0,C0,+C~ * — La,0,+2C0+ *

KCH PCII_,1 I(COZPCO2 360'440

4

"o, =X (1+prl) (1+EfP_l)

Where I are all the species adsorbed on metal and J are all the species adsorbed on oxidic surfac

Under constant P, :
2

r.., =k M1('4-1 25.6; K., =0.1-10.1
CH,— ™3 3 Tl T A By THALT A
5 ( 1+ KCH4PCH4) .

Under constant PC"4:

KCOZP co,

reg =k 77— 1k;:36.4-49.4; K, =44.7-82.5
4 ( 1+ KCOQPCOJ 4
RDS: Surface reaction between adsorbed CH4 and adsorbed CO2 on distinct and discrete size

CH, ,,+CO, ,,—2H,+2CO+ * 1+ *12

2

. _ K|k2K3k4[CH4][COz] 650-750
Al Kk, [CH,][CO, ]+ Kk, [CH, T+ K K, [CO, ]

-7502.5 1
K]:297.55exp(7)[ )
T kPa

—10219.2 mol
k2= 12.27exp| ——
T Sou’ S

-6968.2) .
Kok, =0.034exp| — == |(kPa=iasl g )

RDS,: % — CH,—2*% — C+2H,
RDS,: La,0,C0,+ C~ * — 4 La,0,+ 2C0+ *
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Ni/La;Os produced 75 K kK k,[CH, ][O, 500-700

from LaNiOs fon, Kk, [CO, |+ K Kk [CH,][CO, ]+ K k,[CH, |+ K k,K,[CO, |

AL700°C, K, =141x 10~ kPa

k,=0.22326x 10~ mol- g~ 1. 57!
K,=15.98x 10~ kPa
k,=13.22x 1073 mol- g~ 1. 57!
RDS: * 1- CH,—* 1-C+2H,

RDS,: La,0,C04( # ,= CO,) + * | = C—* , +2C0O+ *

Before kinetic investigation on the four catalysts, we have tested many DRM catalysts. These
catalysts show different activity and stability. Many of them are Ni series catalysts, and the only
difference among them is the support. So what could be the role of support in the DRM reaction?
By making the comparison of Ni series catalysts and noble catalysts, we may have an insight into
the reason why Ni can be the cheap and good replacement of a noble catalyst whether there could

be something in common in the reaction network or difference in the reaction process.

Therefore, based on this screening test, we selected three Ni catalysts: Ni/Al,O3, Ni/SBA-15,
Ni/ZrO,, and Pt/Al,O3. With these selected samples, we try to design appropriate models for each
catalyst to see the potential influence of Al,O3;, SBA-15, and ZrO> on the reaction network. By
testing Pt/Al,Os3, we can further investigate the difference of noble metal catalyst with Ni catalyst.

In this thesis, various kinetic models are applied to four catalysts: three Ni catalysts with different

supports and one noble catalyst Pt/Al,O; for the DRM reaction process.

Two theories are used here: power-law and Langmuir-Hinshelwood. The power-law is the simplest
model, which can give a general overview of the reaction process in the beginning. However, the
shortage of the power-law model is also evident that it cannot explain most of the details in the
reaction. Therefore, Langmuir-Hinshelwood theory is further used for the more accurate model
design. Different assumptions are used for each theory to have various models aiming in a better
fitting into the experimental data. Generally, the assumption differences are active site type, coke

deposition consideration, and thermodynamic equilibrium consideration.
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2 Experiments and methods

2.1 Catalyst preparation

It is well known that synthesis methods have a significant impact on catalyst performance ["%]. Here
for Ni series catalysts, conventional methods such as wet and dry impregnation are applied. The
main difference among Ni series samples are the different supports, as we want to investigate the
potential influence of support on the catalyst reaction mechanism. Therefore, as we have discussed
in the ‘Introduction’ chapter, there are four different catalysts used for kinetic study in this thesis:
Ni/Al,O3, Ni/SBA-15, Ni/ZrO,, and Pt/Al,0O3. Anton Sagaltchik from Prof. Dr. Arne Thomas
group synthesized Ni/Al,O3 and Ni/ZrO. Piyush Ingale from Prof. Dr. Arne Thomas group made
Ni/SBA-15. Pt/ALLOs (1 wt% of Pt) is commercially available from Sigma-Aldrich.

The synthesis procedures for the different Ni series catalysts are shown below:

Ni/AlxOs: theoretical loading: 3.5 wt%

* Synthesis procedure: Dry impregnation of nickel nitrate hexahydrate in the water on Puralox
(gamma-alumina from Sasol Company). Dry the sample overnight at room temperature and then
calcined in air at 500°C for 1 h with a ramp rate of 2 K/min. Finally, the sample is reduced (10%
Hz in Nz) at 500°C for one h with a ramp rate of 5 K/min.

Ni/SBA-15: theoretical loading: 10 wt%

» Synthesis procedure: Co-solvent mediated incipient wetness impregnation: aqueous solution of
Ni(NO3)2.6H20 is prepared by measuring the required amount of Ni salt in deionized water, and
ethylene glycol is added to it as co-solvent (1:1 molar ratio). The metal salt solution was dropwise
added to high surface area SBA-15 and mixed thoroughly and kept overnight at room temperature.
Then the sample was dried at 100°C for 24 h and calcined in air for 550°C for 4 h, ramp: 10°C/min.
Reduction (10% Hz in N2) is coming up at 500°C for 1 h with a ramp rate of 5 K/min.
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Ni/ZrOz: theoretical loading: 3.5 wt%

* Synthesis procedure for the support: Hard templating method: ZrO.Cl> threefold dry
impregnation on KIT-6 (mesoporous silica). Then the support is calcined at 600°C for 5 h with a
ramp rate of 2 K/min. Then stir the solid for 16 h in 2 M NaOH to remove the silica template. Then
following dried at 80°C overnight.

» Synthesis procedure: Dry impregnation of nickel nitrate hexahydrate in the water on Puralox
(gamma-alumina from Sasol Company). Drying overnight at room temperature. Then the sample
is calcined in air at 500 °C for 1 h with a ramp rate of 2 K/min. Reduction (10% H> in N») is coming

up at 500°C for 1 h with a ramp rate of 5 K/min.

All these Ni series catalysts, including the commercial Pt/Al2Os, are the fresh catalyst before

applied in the DRM reaction.

2.2 DRM catalysts screening test

In order to identify active and stable catalysts for future kinetic studies, the screening test of some
samples was operated, and the result is shown in Figure 2.1. The reaction recipe is shown in Figure
2.2. The catalysts Nio.0sMno.9sO*5 was offered by Albert Gili de Villasante from Prof. Dr.
Aleksander Gurlo’s group. This is the spent non-supported catalyst which has been used with five
times magnitude in the mini plant of UniSysCat. Jun Wang from Prof. Dr. Aleksander Gurlo’s
group provided 9 wt% Ni/SiCON. This is a catalyst that used ceramic matrix SICON with
homogeneously dispersed nano-sized Ni particles derived from chemically modified polymer
precursors. It is clear to see those different catalysts show different activity and stability. However,
both catalysts show insufficient activity and stability. Hence, they are not ideal for kinetic
investigation. As for Ni/Al203, Ni/SBA-15, Ni/ZrO2, and Pt/Al,03, they all show high but different
CH4 conversion and acceptable stability. The difference between these three catalysts in the
composition is support. This inspires us to investigate the possible influence of supports on catalyst

performance in DRM.
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Figure 2.1. CH4 conversion under Fr feed composition over time with various catalysts in DRM

reaction: Ni/ALOs, Ni/SBA-15, Nig.0sMno 5O spent catalysts, Pt/Al,O3, NiP@MnO/Al O3,
Ni/SiCON.

T
Fr
800°C
10°C/min 10h
Fr Fr
700°C
10°C/mir/ 5h 5h \
F Fr
600°C 5; -
Hy(5%)N: Ny | Fr [ 10°C/min .
>00°C lh ' 10min 5h -
RT 10°C/min N2
Time

Figure 2.2. Test recipe for the screening test. One cycle of ramping up and
down. Each reaction condition lasts 5 h excent 800°C (10 h).
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2.3 Exclusion of mass and heat transfer influence

It is fundamental to prove that under the designed reactors and reaction conditions, the
performance of the catalysts is only affected by intrinsic kinetics instead limited by thermodynamic
equilibrium or mass transfer [’”). By using different sieved catalysts and inert material amount as
the dilution material, we can investigate this kinetic study range. Ni/Al>Os is used for this purpose.
The test recipe is shown in Figure 2.3. There are two times of temperature ramping up and down

is to see whether the difference among all the channels could change between these two cycles.

Fr Fr

700°C i . 10h
10°C/min Fr 10h 10°C/min Fr
£00°C Fr / \ Fr . Fr / \ Fr
5h 5h Sh Sh
> (5%)/N2§ N, Er / 10°C/min Fr \ Fr /10°C/min Fr \ Fr

500°C -
1h .;I Omin sh 10h 5h
RT 10°C/min N,

—

Time

Figure 2.3. Test recipe of mass and heat transfer influence. Two cycles of ramping up and
down. Each reaction condition lasts 5 h, 10 h for two times at 700°C and one time at 500°C.

Table 2.1. shows the catalysts information. The fresh catalyst is sieved into four different sizes:
100-200 um, 200-500 pm, 500-800 um, and 800-1000 um. For each channel, 10 mg catalysts are
filled, and with each catalyst size, two different amount of diluting material SiO> is used: 15 mg
and 30 mg. With this distribution of mass loadings, we expect to have the possible mass and heat

transfer variance among all the channels.
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Table 2.1. Catalysts loading in all channels of mass and heat transfer exclusion test. 10 mg
catalysts are loaded with catalyst size: 100-200, 200-500, 500-800, 800-1000 pm. SiO,
amount is 15 or 30 mg to dilute the catalyst.

Reactor

Number

Particle size
100-200 100-200 200-500 200-500 500-800 500-800 800-1000 800-1000

(nm)
Weight
10 10 10 10 10 10 10 10
(mg)
Si0, weight
15 30 15 30 15 30 15 30
(mg)

2.4 Catalytic testing

The catalytic test measurements were carried out in a test stand from ILS (Berlin). The test recipe
is shown in Figure 2.4. Fr is the reference fed with 10% CHs, 10% CO2, 10% N> and 70% He.
There are eight channels in the reactor, which allows us to test eight samples at the same time. The
excellent thermal conductivity of SiC leads to a proper temperature distribution with an isothermal

zone (£ 1 K at 800 ° C).

The whole DRM setup consists of three parts. First is the reactor block, shown in Figure 2.5. a).
Second 1s the MFC dosing system shown in Figure 2.5. b) on the left side. The gas supply
comprises six independent gas lines for CHa, CO2, N2, He, CO, Hz and a line for evaporable liquids
(liquid flow with evaporator unit). A 10-fold multi-position valve works to transport the exhaust
gas from a particular reactor, bypass or inert N2 gas line to the analyzer. The third is the analysis
system, consisting of a gas chromatograph with a flame ionization detector and a thermal
conductivity detector and a column circuit. The non-selected exhaust streams are combined and

sent to a catalytic afterburner.
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Time
b) ©)
Feed matrix: 10% CH,, 10% CO, co-feed:
15 b
. CO: 0, 5%, 10%, 15%, 20%
> Fr
10 Q-9 H,: 0, 5%, 10%, 15%, 20%

CO, concentration (%)

5 10 15

CH, concentration (%)

Figure 2.4. a) Test recipe of the kinetic experiment; b) Feed compositions of matrix test; ¢) Feed compositions of
the co-feed test.

The GC is Agilent 2980 with the carrier gas He. He can ensure the reasonable peak separation of

CH4 and N3, but it lays the shortage of the measurement that, H> cannot show a clear peak on the

GC TCD detector as the thermal conductivity of H> and He is very close to each other. However,

H> content can be calculated from the H-atom balance. What’s more, H>O concentration can also

be calculated from the O-atom balance. The equations of calculating H> and H>O are shown in the

‘List of equations’ section.
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Figure 2.5. DRM setups in BasCat: a) reactor block, containing the 8-channel reactor in the
middle; b) GC analysis block (on the far-left side) and reaction block (on the close-right side).

The afterburner converts hydrocarbons, hydrogen and carbon monoxide quantitatively into carbon
dioxide and water. As a result, a safety problem-free exhaust gas is generated, which can then be
safely introduced into the exhaust system. The reaction gas mixture is evenly distributed over a
capillary distributor to the individual reactors and a bypass (for measuring the gas composition

without reaction). Before starting the system, the leak-tightness is checked.

The setup used in this thesis is an 8-reaction-channel reactor with an additional channel flushed
with N> to ensure the normal working of multi-valve. Another bypass channel is flushed with feed
for accurate quantification of feed for calculation. The feed flow in each reactor is 80 mL/min. For
each mass channel, besides the specific amount of catalysts, three times in mass of inert material,
which here is Si0, (commercially available from Merck KGaA), are used to dilute the catalysts to

make sure the heat and reactants can effectively contact the catalyst surface.

All catalysts follow the same test recipe shown in Figure 2.4. The mass loading of each reactor in

each test are shown in Table 2.2., 2.3., 2.4., and 2.5.
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Table 2.2. Mass loading of Ni/Al,O3 in the DRM kinetic test. Catalyst
mass range: 5-80 mg and mixed with three times in mass of SiO,.

Reactor Number 1 2 3 4 5 6 7 8

Weight (mg) 5 10 15 20 40 8 10 15
SiO, weight (mg) 15 30 45 60 120 240 30 45

Table 2.3. Mass loading of Ni/SBA-15 in the DRM kinetic test. Catalyst

mass range: 5-80 mg and mixed with three times in mass of SiO».

Reactor Number 1 2 3 4 5 6 7 8

Weight (mg) 5 10 15 20 40 8 10 15
SiO, weight (mg) 15 30 45 60 120 240 30 45

Table 2.4. Mass loading of Ni/ZrO, in the DRM kinetic test. Catalyst
mass range: 10-160 mg and mixed with three times in mass of SiOs.

Reactor Number 1 2 3 4 5 6 7 8

Weight (mg) 10 15 20 40 80 160 10 15
SiO; weight (mg) 30 45 60 120 240 480 30 45

Table 2.5. Mass loading of Pt/Al,Os in the DRM kinetic test. Catalyst
mass range: 10-160 mg and mixed with three times in mass of SiO».

Reactor Number 1 2 3 4 5 6 7 8

Weight (mg) 10 15 20 40 80 160 10 15
SiO, weight (mg) 30 45 60 120 240 480 30 45

All the catalysts were first reduced in-situ in 5% H> and 95% N> at 500°C for 1 h, and then the
reduction gas was flushed out by N> for 10 min. The next step was the stabilization period. The
catalysts are stabilized to reach a stable conversion in the reference feed (10% CO», 10% CHs, 10%
N2 and 70% He) at 500, 600 and 700°C. N2 is used here as the internal standard for later the

calculation of CH4 and CO; conversions.
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The temperature will first stay at 500°C for 5 h, then ramps up to 600°C for 5 h, following with
700°C for 10 h. Then the reactor cools down to 600°C for 5 h and then cools down to 500°C for
another 5 h. After this stabilization period, the parameter field test starts. For each temperature,
first is the feed matrix test, which means that CO2 and CH4 vary from 5% to 15% according to the
red matrix in b) of Figure 2.4. Each red dot in the matrix means a feed composition to be tested,
leading to nine feed composition for the whole matrix test. Then the feed will be changed to
reference feed again to compare the conversion under this reference feed with the previous

reference feed conversion in order to check the stability of catalysts.

After this test follows the co-feed test, which means CO and H> will be dosed separately into the
system to examine the influence of CO and Hz on the reaction. The products, CO and Ha, may also
be adsorbed on the catalysts’ surface to affect the reaction network. First, co-feed is CO, and the

feed composition is 10% CO», 10% CHs, 10% N2, 5, 10, 15 and 20% CO and the rest is He.

Then comes the reference feed test again to compare the different periods’ conversions for stability
check. Next is the H» co-feed test, which proceeds to the same procedure as the CO co-feed test;
the feed composition is the same; the co-feed gas is Ho. After the test at 500°C, this whole pack of
parameter field test applies to 600 and 700°C too. After the parameter field test, the feed is changed
to reference feed again at the test at 700, 600, 500°C for 5 h.

After the last measurement the setup switches to inert gas, and the system is shut down. All reactor

heaters and tracing heaters are switched off, after cooling all gas flows are switched off.
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Pneumatics

For removing liquids

Figure 2.6. Flow chart of the employed 8-channel reactor.

2.5. Characterization

All the fresh and selected spent (40 mg channels) catalysts were characterized by the following
techniques: X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), transmission
electron microscopy (TEM), Inductively Coupled Plasma-optical emission spectroscopy (ICP-

OES) and carbon-hydrogen-nitrogen-analysis (CHN).
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2.5.1 X-ray diffraction (XRD)

XRD measurement can tell the information of crystal structure, crystalized size, and even
distribution of the samples [”*]. By applying XRD of the fresh and spent samples, we want to make
sure of the crystalized size, the transformation of Ni species (metallic Ni, NiO, NiC), aluminates
of the samples, like Ni and Pt existence, nanoparticles size, the possible existence of coke from

the spent samples 7],

XRD is non-destructive to the samples, and the theory of XRD is based on the Bragg equation

shown below 3%

2dsin® = nA

Here d stands for interplanar distance, which is characteristic of each crystal. 0 is the scattering
angle of an input X-ray beam, A is the wavelength of the incident wave, n is a positive integer.
Therefore, A and 0 are fixed; d can be easily derived, hence telling us the composition of the

crystalline phases within a sample.

What’s more, from Scherrer equation, we can also determine the mean crystalized size of the

samples. The equation is [

Kx
T =
B cosO

Here 1 stands for the mean particle size, K is a constant, called shape factor, and the value is around
0.9 but still have fluctuation with the crystal shape. A is the wavelength of X-ray. B is the peak

width at half of the maximum intensity. 0 is again the scattering angle of the input electron beam.

The measurement was performed in Bragg-Brentano geometry on a Bruker AXS D8 Advance II
theta/theta diffractometer, using Ni-filtered Cu Ka1+2 radiation and a position-sensitive energy-
dispersive LynxEye silicon strip detector. The sample powder was filled into the recess of a cup-
shaped sample holder, the surface of the powder bed being level with the sample holder edge (front
loading). In the case of small sample amounts, the powder was spread on a flat silicon single crystal

sample holder. XRD patterns were recorded in a continuous scanning mode in the range of 6-140°
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26 with an increment of 0.02° and a counting time of 1 s/step, resulting in a total accumulation

time of 185 s per data point.

2.5.2 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a microscopy technique in which a beam of electrons
is transmitted through a specimen to form an image . With the interaction of an electron beam
and the sample, an image can be got. With this technique, we can have a direct image of the
samples. The information of particle size, distribution, the possible existence of coke are the
essential information from TEM. What’s more, when the resolution of TEM is even higher, the
lattice fringe can also be observed and by measuring the space of the lattice fringes, the specific

lattice plane is the available information as this is characteristic of the crystals.

Furthermore, nowadays, many TEM setups are equipped with EDX (Energy Dispersive X-ray
Spectroscopy) mapping method. This is a technique allowing elemental analysis and chemical
composition analysis of the samples [#*). With coloring the different elements, we can have a direct
look at how the distribution of all the elements in the samples. It is vital for the catalyst element
analysis, as it can give direct information on the active particle distribution and the element

distribution in the active particles 4,

The samples were characterized in ZELMI institute of TU Berlin, using an FEI Tecnai G2 20 S-
TWIN transmission electron microscope with LaB6 cathode at 200 kV (point resolution 0.24 nm),
and TEM-EDX using an EDAX Si (Li) r-TEM SUTW Detector (energy resolution of less than
136 eV for MnKa). Samples were prepared by dispersion in water, and then 3 uL droplet of the
dispersed sample was dried on a 200 mesh Cu grid. Then the as-prepared Cu grid was coated with
an approximately 30 nm Formvar® film which had been previously coated with 3-5 nm amorphous

carbon.
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2.5.3 Inductively coupled plasma-optical emission spectroscopy (ICP-OES)

An inductively coupled plasma (ICP) is a potent technique for the quantitative determination of
elemental compositions ¥3. The sample is digested in a certain kind of solvent, and the liquid is
then driven by carrier gas, which is usually Ar, to the quartz tube for the burning. Ar is selected as
the carrier gas because it is inert gas with stable chemical status and usually will not form insoluble
compounds with the samples. Furthermore, Ar shows a relatively simple spectrum; hence, it will
not make the test spectrum too complicated for analysis. There are two other lines of Ar in the
setup. One is for the outer tube to cool the setup down, in order to prevent the plasma from burning

the quartz tube down. Another line of Ar is for the middle quartz tube to keep the plasma working
[86]

The energy source of ICP comes from strong electric currents derived from the electromagnetic
field. ICP can be widely applied in many fields, like medicine, chemistry, biology, agriculture.
What’s more, the element range ICP can detect wide, it can detect trace amount of target element
in the samples [*7), and this technique does not require a significant amount of samples with high

accuracy.

Furthermore, ICP can couple with other measurement techniques for the element analysis.

[88] [89]

Commonly, mass spectroscopy (MS) °°!] optical emission spectroscopy (OES) are coupled

together with ICP.

Here for our sample characterization, the samples were stirred with HNO3 (Pt cont. samples with
Aqua reg.) for 30 min. Then the solution was heated to reflux and keep it for 16 h. The solutions
have been centrifuged at 6000 u/min for 30 min to separate rests of the carrier. After that, 5 mL of

the solution was diluted to 10 mL (AF=2). Double determination has been done.

The ICP-OES setup is from ICP-OES der Firma Thermo Fischer Scientific, Model 6300 Duo. The
HF power is 1150 W. The carrier gas flow is 0.5 mL/min. The atomizer gas is 0.5 mL/min. The

rotation speed is 50 U/min.
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2.5.4 Carbon-hydrogen-nitrogen-analysis (CHN)

CHN is a standard method for non-metal quantification analysis, for example, C, N, H, and S P!,

CHN is a destructive method for the samples as it burns the samples. The setup will combust and
oxidize the sample into simple compounds which are then detected with thermal conductivity

detection or infrared spectroscopy.

The setup is FLASH EA 1112 Series CHN analyzer consists of the system unit, a MAS 200
autosampler for solid samples, and a Windows-compatible computer with Eager 300 software. O
combusted solid samples when ignited, and He carried the gases. The furnace, set to 900°C, held
a wolfram (VI) oxide/aluminum oxide column, which oxidized carbon into carbon dioxide, and
nitrogen into nitrogen gas plus nitrogen oxides. The same furnace held copper wires, which
reduced nitrogen oxides to nitrogen gas. The gases entered the gas chromatograph column at 75°C
to be separated by retention rates. The nitrogen gas flew faster, followed by carbon dioxide and
water. The thermal conductivity detector (TCD) detected the gases to produce a chromatograph.
The curves were integrated and used to calculate the weight percent of nitrogen and carbon in the

sample.

2.5.5 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) has long been the primary method to qualify and quantify
the elements on the catalyst surface °!l. XPS is a surface-sensitive quantitative spectroscopic that
measures the elemental composition, empirical formula, chemical state, and electronic state of the
elements that exist within a material /. The electrons activated by X-ray need to pass from inside
the solid to the sample surface. Therefore, the deeper the activated electrons are, more difficultly
the electrons can escape from the surface, due to the limited inelastic mean free path of the

electrons. Hence, XPS is a surface-sensitive technique.

XPS can analyze the element with the atomic number larger than 3 (including Li, but difficult).!].

The characteristic information for specific elements is the peak position as this group of the

39



2 Experiments and methods

released electrons indicates the characteristic binding energy between the core and the electrons

which are either far or close to the core.

Typically XPS is applied to analyze inorganic compounds, metal alloys, semiconductors, polymers,

elements, catalysts, but not limited in these fields.

XPS was measured on K-Alpha ™ + X-ray Photoelectron Spectrometer (XPS) System (Thermo
Scientific), with Hemispheric 180° dual-focus analyzer with 128-channel detector. X-ray
monochromator is Micro-focused Al-Ka radiation. For the measurement, the as-prepared samples
were directly loaded on the sample holder for measurement. The data was collected with an X-ray

spot size of 400 um, 20 scans for a survey, and 50 scans for regions.

2.6 Experimental data analysis and modeling

DRM is a reaction in which, in contrast to SRM (with H,0), CO; works as the oxidizing agent.
DRM produces a CO/Hz mixture (syngas) according to reaction here:

DRM: CH,+ CO,<>2CO+2H,  AH®,g4 =247 kJ/ mol

In heterogeneously catalyzed reactions, the catalyst is usually a porous solid, and the reactants are
in the liquid or gaseous phase. The reactants must penetrate the pores of the catalyst, adsorb on the
catalyst surface, react there, and desorb as products from the solid surface. If these transport
processes proceed unhindered or faster than the chemical reaction proceeds, the catalyst efficiency
is equal to one (effective and intrinsic consumption rates are equal). If the diffusion in the pores of
the catalyst is hindered, at least one reactant diffuses more slowly through the pores. This leads to

a lack of this substance in the catalyst interior. Then the catalyst efficiency is less than one.

The catalyst used here is a supported metal catalyst, which here for our system means metal
nanoparticles, which are evenly distributed on a carrier material. The catalyst consists of Al,Os3 as
support material and Ni or Pt as the active catalytic material. Ni series catalysts were prepared by

wet and dry impregnation, calcination and reduction. After calcination, Ni is still present as an
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oxide. The catalytically active metal is formed only in the reduction step. The reduction is an
important step, but it can also be carried out in situ in the reactor just before the reaction feed is

introduced into the reactors.

What’s more, the dispersion of active metal particles on the support also influences the catalytic
performance. In this case, the ratio of surface atoms to the atoms' total number (both based on the
metal) is referred to as dispersion. The dispersion directly links with the average particle size.
Many small particles offer a more active surface than a few large ones (same mass). This

information is directly available from TEM characterization.

A critical catalyst property is the stability of the performance. Catalysts can change with the
duration of the reaction in terms of their activity and selectivity. These changes are associated with
a physical or chemical change in the catalyst. For example, supported metal particle size can grow
by sintering or their surface active sites can be blocked by coke deposition. These two aspects are

widely accepted as the main reason for catalyst deactivation.

In the evaluation, CHs4 and CO; conversions should each be considered as a function of the
temperature and the time course for each reactor. The selectivity to CO should be related to CO2
as a critical component. It is easy to calculate conversions from the measured concentrations of
each reactor and the measured concentration of the bypass (no reaction, composition of the input
gas). It is crucial here that the influence of volume changes on the reaction results are excluded via
consideration of the internal standard (N2). The equation of CH4 and CO> conversion can be

written in this way:

CH, conversion: XCH4( %) = - - 100

CO, conversion: XCOQ( % ) =
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In order to see the deactivation more directly, we also use the parameter called activity loss, with

the symbol ‘D’, and the equation is shown here:

o Xen y i
D (activity loss, % ) = — * 100
CH,
CH,_initial
XCH 1 . . . o . X e . . o,
Here 4! stands for the CH4 conversion at a specific reaction condition; = CH,. initial - jg the initial

CHs4 conversion. From this value, we can have a graph to see this value trend shown in Figure S6.
The initial D value is one. Then if the catalysts show some deactivation in the activity, this D value

will drop.

Based on the carbon balance n(C)out / n(C) in, the relevance of coking processes to product

selectivity and long-term behavior will be discussed. The equation is shown here:

C +C +C

CH €O, " TCO.x

4, %

+ CCO

Carbon balance =

C +Ceo.10

CH

4,10 2,10

C . C . . . . . )
Here, ©Hsi, 7CO,1 and Cco,i stand for CH4, CO2 and CO concentration in specific reaction

C C . .
channels; ~CHg 10 7CO,, 10 gnd Cco.10 are CHa4, CO3, and CO concentration in bypass. Only with
the approximately encountered carbon balance, the catalytic results on C atom related are correct,

as we do not consider coke deposition in the calculation. The results are shown in Figure S7-S10.

CH4 and CO; conversions vs. contact time are also necessary for analysis to determine the kinetic
study region. Only when CH4 and CO> conversions linearly increase with the growing amount of
mass loadings, these masses are within the low conversion regime, which is useful for the
differential rate analysis. If the contact time is further increased, CH4 and CO; conversions do not
change linearly, gradually reach a plateau, meaning the reaction approaches the equilibrium. The

results are shown in Figure S11-S14.

Consumption rate vs. CH4 and CO> partial pressure is investigated too, as we need to study the
influence of CH4 and CO> on the consumption rate and then derive the reaction orders. The

equation to calculate CH4 and CO; consumption rates are shown here:
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CH . reaction rat 1 P, Vi P oewHSVE#X . *C
reaction rate:. v = = - —
4 CHy  t#m RT t*m CHy  RT CH, CHy 0
cat cat
CO. reaction rat 1 P, Vi P oawHsSVEX_ *C
reaction rate:. v = = e —
2 02 t¥m ., RT t¥m__ O RT €02 900
cal cal

By drawing a 3-D graph with consumption rate in Z-axis, CHs4 and CO; partial pressure as the X
and Y- axis respectively, we can have a straightforward impression and accessible analysis of the
possible influence of CH4 and CO; partial pressure on CH4 and CO2 consumption rates. The results
are shown in Figure S16 (CO; consumption rate vs. CO> and CHj4 partial pressure) and S17 (CHy
consumption rate vs. CO2 and CHy partial pressure). Furthermore, CHs4 and CO> partial pressure

influence on CH4 conversion are presented in Figure S18, also in a 3-D form.

We can also analyze the influence of CH4 and CO; partial pressure on product concentrations,
including CO, H, and H>O. This is shown in Figure S19, S20, and S21. As has been discussed
before, for our experiment, CO concentration can directly get from GC, H>O concentration can be
calculated from the O-atom balance, and H»> concentration can be calculated from the H-atom

balance. The equations are shown below:

2C +C 2C

CHZ(),i: CO,,10 CO.10™ C()z,i_CC(),i

a4x CCH4!10+ 2® CHZ, 0~ 4% CCH‘Li_ 2% CH20.1

2,1 7

We should also investigate the apparent activation energy Ea. The equation for E. calculation is

shown here:

Accordingly, with apparent activation energy Ea, the temperature influence on the reaction can
also be observed in the graphs of CH4 and CO; conversions versus temperatures shown in Figure

S15. If at a specific temperature, increasing the temperature does not affect the conversion that
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much as the lower temperatures, it means the reaction has reached high conversion, hence at this

specific temperature, the reaction is no longer suitable for kinetic study.

As we need to investigate the CO and H; potential influence on the reaction network, additional
CO and H: co-feed tests are carried out after the parameter field tests. From the experiment data
analysis part, we can first have a general impression of CO and H> co-feed concentration and CH4

and CO; consumption rates vs. CO and H» co-feed concentration.

When the DRM reaction reached an equilibrium, the overall reaction appears dormant, meaning
there are no changes in the reactants’ concentrations. The externally observable consumption rate
is zero. However, this does not necessarily mean the reaction stops; instead, the reaction reaching
an equilibrium means the consumption rate of both directions is equal. So facially, the reaction
looks stopped but continuously operates. It is not a static equilibrium but a dynamic one, in which

reactions continue to take place.

When the equilibrium state of a reaction is reached, the quotient K. is the constant when the
reaction is at the chemical equilibrium, it can be calculated from the product concentrations with
given exponent from the reaction divided by reactant concentrations with given exponent from the

reaction. As for DRM, it can be written in this way:
[co]?[H,)?

Re= [CH 4][(:02]

C

The value of these equilibrium constants is temperature-dependent and characteristic of each

reaction.

Moreover, the equilibrium constant K (T) can be calculated from the free enthalpy (Gibbs enthalpy)
AG (T)
A G°

K=e RT

Where A:G (T) is a function of reaction enthalpy A:H (T) and reaction entropy A:S (T) shown in

the following equation:

A G°=A H°— TA S°
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Reaction enthalpies and entropies can be calculated by the formation enthalpies AfH (T) and

entropies AsS (T) of the individual reactions, each weighted by the stoichiometric factors vi:

A= 2 v 1
i

A,50= 2 vA SO

i

The temperature dependence of the enthalpies of formation AfH (T) and entropies A¢S (T) of the
chemical components are functions of heat capacities and enthalpies of formation AfH (T) and

entropies AsS (T) at reference temperature T1 (usually 298.15 K).

AH(T,)=AH(T)+ / TzAdeT

Si(Tz)zsi(Tl)JrfTT -

QLIRS

1 T

In the overall reaction taking place, further equilibria play a role, e.g., the Boudouard balance or
the reverse water-gas shift reaction. Besides, as a side reaction, coke deposition in the form of
carbon nanotubes can happen. An essential point in industrial processes for equilibrium reactions
is the limitation of the achievable conversion for given reaction conditions. The conversion can
increase by decreasing the space velocity, increasing the reaction temperature, and so on. However,
it can never overcome the thermodynamic equilibrium value. Therefore, it is crucial to calculate
this value to compare with the experiment data, hence to make sure that the conversion is correctly

calculated and the reaction is carried out in the right way.

In our DRM reaction tests, a catalytic fixed bed reactor is used. The catalysts are diluted with three
times in the mass of Si0O; in the catalyst bed. On an industrial scale, the bed consists of moldings
that can have very different geometries. On a laboratory scale, catalyst powders with different
grain sizes are used. It is necessary to adapt the properties of the bed to the reactor and reaction
conditions. Essential aspects are, e.g., pressure loss and mass transfer, both of which are influenced

by the grain size or the geometry of the molding.

For a heterogeneously catalyzed reaction, the seven sub-processes can be formulated [*:
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1. Mass transfer of the educts from the main flow through the hydrodynamic boundary layer to the

outer surface of the catalyst;

2. Transport of the educts to the reaction site by a diffusion process from the outer surface into the

pores of the catalyst;
3. Adsorption of one or more reactants on the inner surface of the catalyst;

4. The surface reaction of the adsorbed species with each other or with reactants from the

surrounding fluid to form products;
5. Desorption of the products from the catalyst surface;
6. Transport of the products by diffusion from the inner surface to the outer surface of the catalyst;

7. Mass transfer of the products from the outer surface of the catalyst through the hydrodynamic

boundary layer into the main flow.

Steps 1, 2, 6, and 7 play a role in mass transport, and pore sizes and particle diameters can describe
them. The mass transfer may influence the detected rate of the heterogeneously catalyzed reaction.
If the mass transfer is too slow, the detected consumption rate decreases. Catalyst efficiency is an
essential parameter in catalysts that establishes a relationship between the observable rate, which
is also called effective consumption rate, of a chemical reaction and the so-called intrinsic

consumption rate, which depends on the properties of the catalyst surface and the active sites.

Loty

n stands for catalyst efficiency; resr stands for effective consumption rate or average consumption

rate in a catalyst pellet; rin 1s the intrinsic consumption rate.

The influence of different grain sizes on activity will be discussed in the mass and heat transfer
exclusion section. Besides, we should calculate the temperature-dependent equilibrium constants

of DRM and rWGS. “Shomate Equation” can do this from the NIST database [°% %3 %6 97, and 98],
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3 Thermodynamics and proposed Kkinetic models

3.1 Thermodynamic equilibrium

In the ‘Introduction’ section, we have discussed that thermodynamic equilibrium is the high limit
of activity for all kinds of catalysts used for DRM. Therefore, it is vital to calculate theoretical
thermodynamic equilibrium and afterward compares with experimental data to ensure that the
experimental data is reliable. As shown in Figure S2-S5 (CH4 conversion in Fr feed composition
over the reaction time), the black lines are the equilibrium limits, and the other data lines are

reaction data. For all the catalysts and all reaction time range, no conversion can overcome the

black equilibrium limit.
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Figure 3.1. The theoretical calculation for the thermodynamic equilibrium of CH4 and CO; conversions
neglecting coke deposition. Temperature range: 400-900°C with 50°C temperature gap.

We have already introduced the theory for thermodynamic equilibrium. Based on this theory, we
can obtain the theoretical limit of CH4 and CO; conversions at each temperature from 400-900°C

with a 50°C temperature gap. No coke deposition is considered in this calculation. The result is
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shown in Figure 3.1. The feed composition used in this calculation is the Fr feed with the pressure

in the reactor to be 1 bar, which is also the case in real test.

The exact values of CH4 and CO; equilibrium conversions at 500, 600, and 700°C are summarized
in Table 3.1. Hence, no CH4 and CO; experimental conversions in this thesis shall overcome the

value in Table 3.1.

Table 3.1. CH4 and CO; equilibrium conversions at 500, 600 and 700°C.

Equilibrium conversion (%)  500°C  600°C  700°C
CH4 32.6 74.5 93
CO; 48.1 83.8 96.1

Baktash et al. (2015) *”) used NiO bulk catalysts (NiO), and NiO coated with five ALD cycles of
Al>03 (NiO-5) for the DRM test and compared CH4 conversion with the theoretical equilibrium.
The result is shown in Figure 3.2. [*!. Compared with the literature result, we have similar values

for the equilibrium conversion.
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Figure 3.2. Thermodynamic equilibrium theoretical calculation results in the literature
(figure reproduced from Baktash et al. (2015) (!,
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3.2 Kinetic models

As it is widely known that, in the DRM reaction system, many possible side reactions are

happening simultaneously. In our DRM kinetic study, two reactions are considered:

DRM: CH, + CO,«2CO+ 2 H,
rWGS: CO,+ H, < CO+ H,0

3.2.1 Power-law

The rate equation of DRM and rWGS can be directly written according to empirical power-law

theory:
1
_ * nl % . n2 % .n3 % nd _ %Nl =1 . n2—1% n3+2% . nd+2
rate ey = Kppy Pco, " Pen,” Peo™ Pu, . Peo, " Pen, " Pco  Pu
Ked 2 4 2
DRM
with
- A 1,G ( DRM)
K& = exp
DRM R*T
1
_ * nl % n2 x n3 % nd % 01— 1% n2—1x% n3+ 1% nd+ 1
rate, wes = Kowas Peo, " Pu,” Pco” Puyo Ked Peo, " Pu, " Pco " Pnpo
rWGS
with
- A 1,G (r'WGS)
eq —
KrWGS eXp R*T
Ked

. . ciep - . cq . cieq
In the equations, DRM is the equilibrium constant of the DRM reaction. KWas is the equilibrium
constant of the rWGS reaction. nl, n2, n3, and n4 are reaction orders respectively of CO2, CHa,

CO, and Ha.

Based on these general equations, three different assumptions are further applied to have different

PL models:
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a. PL-1: Model including correct thermodynamics and CO inhibition

- * nl %k {2 % n3 % ynd $tynl— 13 sn2—1:% Hn3+2s% nd42
ratep, = Kpgy [pco2 Pen,” Peo™ Puy ™ g Pco, " Pcu, " Pco "~ Pu, J
DRM

KBku is the equilibrium constant of the DRM reaction, with this parameter in the equation, this

model considering thermodynamics.

b. PL-2: Model neglecting thermodynamics

1
_ % nl s 02 % 03 % nd _ _— gknl—1x n2—1% n34+2:x% nd+2
ratep, 5= kppy (pco2 Pen,” Peo™ Pu, = "Peo, " Pen, " Peo " P,

As no thermodynamics are considered in the PL-2 model, there is no such K Bkm equilibrium

K®©4

constant in PL-2 like ¥Bkm in the PL-1 model equation. Therefore, DRM i replaced with an

arbitrary constant K in the PL-2 equation.
c. PL-3: Model neglecting CO inhibition

The beginning equation is the same as the PL-1 model:

Nl —1s n2— 1% n3+2:% nd+2
pCO2 pCH4 pCO pH2 J

_ 1 2 3 4 _

ratey, = Kpgy [p%oz " Plu,” Péo” Ph, Kea

DRM

However, as for the PL-3 model, CO inhibition is neglected, and H» adsorption is far less than CO.
Therefore, n3 and n4 are both zero. Hence, the equation for PL-3 should be written in this way:

#anl—13 n2—1y% 2 5 2
co, Pcu, "Pco” Pu,

— % nl % .n2 _
ratep; _ 3 =kppy Pco, Pen, Kea
DRM

Hence, three power-law models used in this thesis are listed here:
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PL-1:

— % nl % »n2 % 5n3 % ynd _ il — 13 an2—1% n3+2% nd+2
ratep, = Kpgy [pco2 Pen,” Pco™ P, co, Pcu, Pco " Pm, J

eq
K DRM

PL-2: 1
: — * nl % ~n2 % ~n3 % nd _ _~ xnl—1x n2—1x% n34+2% nd+2
ratepy, 5= Kppy * | Peo, * Pen,” Po” P, « Pco, " Pen, " Pco 7 Pa,

1

_ % [ 01 n2 _
PL-3: Tatep 5 =Kppy (pco2 >l:pc1{4

® 1—=1 s an2—=1% 2 % 2
pe p Peo™P
Kg]RM o, CH, co FH,

3.2.2 Langmuir-Hinshelwood

Here three LH models are proposed. The rate equation of DRM and rWGS can be derived
according to LH theory below:

a) LH-1: assumes that there is only one type of surface site. So the surface reactions and are

predicted in below:

Ken, [CH4:|
(1) CH, + [ ] [CH,] Kew,=——77
Pen,’ [ ]
Keo, [coz]
(2) CO, + [ ]==][C0O,] Keo=—"—77
Pco, [ ]
K?

(3) [CH,] +[CO,] —2[CO] + 2H, RDS K,

KCO
(H o] ==co+[] K=t
Peol ]
KH2 H
!
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According to the literature 1% 11 CO adsorption is far more and quicker than Ha. Shen et al.
(1997) 1% found on Ni bulk material, CO adsorption heat is bigger than Ha, indicating the more
facile adsorption of CO on Ni than H». A similar conclusion was derived from Guo et al. (2010)’s

1011 "on Pt/A1,O3, the adsorption heat of CO is larger than H too. Hence, it is obvious

research that !
to see that, CO adsorption heat on both Ni and Pt material surface is higher than H», leading to the
less coverage of Ha than CO on the catalysts surface. Hence, H> adsorption is negligible. The

overall equilibrium constant is:

Keg 2 k2
KCOKH2

As Equation (3) is the rate determine step, the overall rate equation of the whole process can be

derived from the above four elementary reactions:

rate ,,_, =k, ¥ ([CH J[€o,] - KL [C0]2P§12}
3

K

1
. 2 2 p2 >
=k, (KCH4PCH4KC02PC02_ KCOpCOPHz][]
3

1
_ 2 p2 2
=k; ¥ KCH4KC02 (pCH4pC()2 "X pC()PHzJ[ ]
eq

The surface sites follow this balance:

[ Jow =1 1+ [cH,] +[co,] +[co]
B [ ]+ KCH4PCH4[ ]+KC03pC02[ ]+Kcopco[ ]
[ ]tota]

( 14+ Key Pen, + Koo Peo, + Kcopco)

[ 1=

Then the overall rate equation of LH-1 can be finally written in this way:
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l 2 ol
kiKep,Keo, [pCH4pC02 "X PEopﬁz)
eq

rate; | =

2
( I+ Koy Pen, ¥ KeoPeot Kcozpcoz)

b) LH-2: assumes that there are two types of surface sites. So the surface reactions and are

predicted in below:

K, [CH, ]
(ncH, + [ ], [CH,] — Kqy = CIEN
CH,
Keo, [CO ]

(2) co, + [ |[,=— [CO,] K L
(Jl)

K,

(3) [cH,] +[co,] = [cO],+ CO +2H, RDS K,

(4) [co]A‘Ki co+[], [col,

K. =—
0 pco* [ ]A

The same assumption is used here that, CO adsorption is far more and quicker than Ho.
Furthermore, CO can adsorb only on one type of surface sites due to the limit of calculation. With

this in this model, no Hz adsorption is considered. The overall equilibrium constant can be written

here:
KCH4* KC()z* K3
Keq= 2
KCo

As Equation (3) is the rate determine step, the overall rate equation of the whole process can be

derived from the above four elementary reactions:
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rate, ;_,=k,* [[CH4]A[COZ] . KL [CO]APCOPIZ-IZJ
3

1
=k3* [KCH4PCH4[ ]AKCOZPCOE[ ]B_ K_Kcopco[ ]ApCOplz-IzJ
3
1
:kB*KCH4KCO2(pCH4pC02[ N K K PEol ]Apﬁz)
eq CO

The surface sites follow this balance:

At KCH4pCH4[ Jat Keopeol 1

]

]

Ja( 1+ K P, + KeoPo)
o+

Then the overall rate equation of LH-2 can be finally written in this way:

|
2 2
k3K eu,Keo, | Pen,Peo, — x  PcoPH,

eq
( 1+ Key Pey, + Kcopco)( 1+ Ko, Peo, )

rate; y_, =

c) LH-3: assumes that there is only one type of surface site, and coke formation is also taken

into account. So the surface reactions and are predicted below:
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Ken, [CH 4]

[CH,] Kgy =

(1) CH .+ ]

K
(2) [CH4]:‘2[C]+2H2 RDS K,

(4) [C]+[C02]‘L_42[co] K,
(5) [co] 0 co+| ] K= [co]

CO PCO* [ ]

Here assumes that r2 = r4, indicating the reaction reaching a steady-state so the following equation

can be derived:

According to the literature, CO adsorption is far more and quicker than H», so there is no equation

to describe H> desorption. Now in this model, the overall equilibrium constant can be written here:

KCH4 * Kco2 “ky*ky

N Ko

As equation 2 is taken as the rate determined step, the overall rate equation of the whole process

can be derived from the above four elementary reactions:
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3 Thermodynamics and proposed kinetic models

1
_ — 2
rate =k, [[CH4]— - [C] pHZ)
2
[ e -
= %2 [ ®en,Pen, Ky Keo Peo, Py,
[ koK pCH4pH
=k, |K.,p -
2 [®™cu,PeH, X Kcopco
PeoPH
2
= KKy P, l—Keq—p - [ ]
cH,Pco,

The surface sites follow this balance:

[ Jow=l 1+[c]+[cH,]+[co,]+[co]

kKen,Pen
=[]+ ;"‘ KCH4PCH4[ ]+ Kcozpcoz[ ]+ Keopeol ]

- [ |

I+ K + K + K

K
2*cuPen,

. Pe 0. Pe oPcot
cu,Pcn, ™ BcoPco,™ HcoPco

k4Kco,Pco,

Then the overall rate equation can be finally written in this way:

2 2

PcoPh,

kKepPeu |1 - K
PcuPco,
rate =
LH-3

kKen,Pen,
I+ Koy Pon,t Keo Peo, T KeoPeot kKoo Peo,
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3 Thermodynamics and proposed kinetic models

Hence, three Langmuir-Hinshelwood models used in this thesis are listed here:

1
— 52 p?
k3Ken Keo, (pCH4P(;02 K pCOpHZ}
eq

LH-1:  rate;; | =

+ K + K

2
coPco™ Beo, p(102)

( I+ Key,Pen,

1
2 2
k3Ken Keo, (pcmpco2 K pCOPHZJ
eq

( I+ Key Pey, + KCOPCO)( 1+ Keo Peo, )

LH-2: raeiy ,=

2 2

PcoPu,

ko Ken,Pen, |1~ Keg
Pcu,Pco,
LH-3: rate = -
LH-3

koKenPen,
I+ Koy Pen,+ Keo Peo,+ KeoPeot K Keo Peo

All proposed models were tested in software ‘Berkeley Madonna’.

The residue of each model can give a direct impression on how well the model can fit with the

reaction data. The equation to calculate residue is shown here:

2

: 2 _ 2
Residue = Z ( CCH4,oxpcrimont - CCH4,modol) + Z ( CC?O2,cxpcri1ncnt CCOQ,modol)

As shown in b) of Figure 2.4 that, there are nine different feed compositions in the parameter

field test. Hence, there are nine items in the summation calculation for CH4 and nine items in the

summation calculation for CO> too.
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4 Experimental results

4.1 Exclusion of mass and heat transfer influence

The premise of the kinetic study is to guarantee that intrinsic catalysis rather than mass and heat
transfer effects control the catalysis process. Here Ni/Al,O; is pressed and sieved into four
different sizes: 100-200 pm, 200-500 um, 500-800 pm, and 800-1000 um. Figure S1 presents the
result. 500°C data shows only a negligible difference with particle size and SiO; amount. At 600°C,
the difference becomes more significant with larger particle sizes. When the particle size is 500-
800 pm and 800-1000 pm, the difference between 15 and 30 mg SiO: is bigger than smaller
catalyst size. 700°C shows a similar phenomenon. Then we can conclude that bigger particles,
which are over 500 um, could not be the appropriate catalyst size for the kinetic study. What’s
more, small particles have one disadvantage: they are difficult to mix well with inert material as
well. Therefore, considering all the factors, we choose 200-500 um as the particle size range for

future research.

4.2 Experimental data analysis

4.2.1 N/ALO3

Ni/Al,O3 proves to be an active catalyst for DRM. The mass loading of each channel is presented

in Table 2.2.

In CH4 conversion over the time figure in Fr feed is shown in Figure S2. We can conclude that
Ni/Al2O3; has initial deactivation, but the conversion becomes stable later on and shows a
reasonable difference among various WHSV channels. At 700°C, higher mass loading channels’

conversion is approaching the equilibrium.
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4 Experimental results

CO» and CHjy partial pressure influence on CH4 consumption rate result are shown in Figure 4.1.

CO» and CH4 consumption rates show the same trend at all temperatures.

At 500°C, the conversions are too low to see a clear trend. At 600°C, for 5 and 10% CO», CH4
partial pressure does not affect CHs consumption rate; keep 15% CO: in the feed, more CHj is
dosed, the higher CHj rate is reached; if we keep CH4 partial pressure, more CO2, the higher CH4
consumption rate is observed. At 700°C, when 10 and 15% CO> co-feed is introduced into the
reactors, more CHy is, the higher CH4 consumption rate achieves; with 5% CO; in the reaction

system, CH4 partial pressure does not influence CH4 consumption rate; keep CHy partial pressure,

more CO; results in higher CH4 consumption rate.
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Figure 4.1. 10 mg channel CH4 consumption rate vs. CO; and CHy4 partial pressure at 500, 600 and 700°C in
parameter field test of Ni/Al,Os;. CH4 concentration: 5-15%, CO; concentration: 5-15%.
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Figure 4.2. 10 mg channel 2 CHy plots of Ni/ALOs. Temperature: 500, 600 and 700°C.
Feed composition: a) 5% CO», 15% CHa, 10% N, 70% He; b) 10% CO», 10% CHa, 10%
N3, 70% He; ¢) 15% CO», 5% CH4, 10% N2, 70% He.
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4 Experimental results

Apparent activation energy 2 CHy plots are also present in Figure 4.2. In the figure, we can see

the clear evidence of activity limitation at 700°C, as for many reaction conditions, the straight line

connecting 500 and 600°C data does not pass 700°C data point. Some examples of E, CHy study

results on Ni/Al2O3 from the literature are presented in Table 4.1.

E
Table 4.1. Summary of 2 CHy results of Ni/ALOs collected from different literature.

Total flow - E, CH,
Temperature (°C)  Ref. . Catalyst mass (mg) Feed composition

(mL/min) (kJ/mol)
500-600 56 360 5-45 CH4:CO2:N2 =10:10:80  31.1
500-900 63 100-300 5-20 CH4:CO2:He =20:20:60 72.7
500-700 65 360 1-5 CH4:CO2:He = 15:15:70  50.9
400-510 102 100 10-50 CH4:CO2:He =10:10:80  70.6+2.5

Compared with literature, the apparent activation energy ~ #Hs of Ni/Al,O3 is close to the lower
end of the literature. What’s more, the temperature can lay a limit on the conversion as reported in

the literature. The conversion will reach equilibrium with increasing temperature ).
Then we investigate the co-feed test influence on product concentration and consumption rate.

In Figure 4.3., it shows the product concentrations vs. CO co-feed concentration. As CO is
introduced into the reactor, it is difficult to observe a clear difference in the CO concentration
graph. At 500 and 600°C, more CO, less Hz and H>O are produced, which means the lower CO-
and CH4 consumption rates. However, at 700°C, more CO, more H>O is produced, which is

controversy with 500 and 600°C.

For the consumption rates vs. CO and H> co-feed concentrations, the results are presented in Figure
4.4. First, for both CO and H» co-feed, at 500°C, the consumption rate is too low to see a clear

trend.

At 600 and 700°C, more CO means a decrease in both CH4 and CO> consumption rates, except at
700°C, 40 and 80mg channels, which are steady. What’s more, the decreasing trend is more evident

at the lower temperature. This phenomenon strongly indicates the inhibition of CO for the DRM
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4 Experimental results

reaction. It could be that CO can readily adsorb on the catalyst surface. Therefore, the active
surface sites for CHs and CO> become less, resulting in a decrease in the consumption rate, hence

the decrease in H> and H>O production.
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Figure 4.3. Hz and H,O concentrations vs. CO partial pressure in the co-feed test of Ni/Al,O;. T: 500,
600, 700°C. CO concentration: 0-20%. Feed composition: 10% CO,, 10% CHa, 10% N,, CO
concentration: 0, 5, 10, 15, and 20%, the rest is He.

As for the consumption rates vs. H, co-feed concentration, at 600°C, more H>, CH4 consumption
rate decreases, the CO> consumption rate is steady. At 700°C, more H>, Smg channel both CH4
and CO; consumption rates increase and reach the peak at 15% H> co-feed; more H», 10, 15, 20,
40 mg channels CH4 consumption rate decreases, CO, consumption rate slightly decreases; 80mg

channels which are steady for both consumption rates.

In Figure 4.4., we can also see that H» inhibition effect exists, but not as strong as CO. This
inhibition effect could also, on the one hand, comes from H» adsorption on active sites. On the
other hand, it could also come from the fast rWGS reaction. As we know, rWGS consumes H» and

producing CO, and H» adsorption is far less than CO adsorption. However, rWGS can produce
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4 Experimental results

easily-adsorption CO to occupy more active sites on the catalyst surface, hence to decrease the

consumption rate.
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Figure 4.4. CH4 and CO; consumption rates vs. CO and H partial pressure in co-feed test of Ni/Al>Os.
T: 500, 600, 700°C. Feed composition: 10% CO,, 10% CHa, 10% N, CO concentration: 0, 5, 10, 15,
and 20%, H, concentration: 0, 5, 10, 15, and 20%.
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4 Experimental results

4.2.2 Ni/SBA-15

In the figure of CH4 conversion over time in standard feed in Figure S3, Ni/SBA-15 also shows
initial deactivation in the stabilization period. Nevertheless, the conversion becomes stable, and
among different mass loading channels, all reactors show reasonable differences in conversions.

At 700°C, higher mass loading channels’ conversion shows high conversions.

i

500°C Ni/SBA-15 ID: 1956
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Figure 4.5. 10 mg channel CH4 consumption rate vs. CO, and CHy partial pressure at 500, 600 and
700°C in parameter field test of Ni/Al,Os. CH4 concentration: 5-15%, CO, concentration: 5-15%.

CHy partial pressure influence on the CH4 consumption rate result is shown in Figure 4.5. First, at
500 and 600°C, keeping CH4 partial pressure, more CO; leads to higher CH4 consumption rate;
keeping CO; partial pressure, CHs consumption rate with 10% CHs is higher than CHj
consumption rate with 5% CHa, but 15% CHs consumption rate is similar to 10% CHas
consumption rate. 700°C shows a different trend with 500 and 600°C. The highest rate appears at
Fr composition; keeping CO- partial pressure, when there is 15% COz in the feed, more CH4 results
in higher CH4 consumption rate; for 10% CO», peak consumption rate appears with Fr composition;

for 5% CO», CH4 partial pressure doesn‘t influence CH4 consumption rate; When CH4 partial

pressure is fixed, the highest rate appears at Fr composition.

Figure 4.6. shows the CH4 apparent E, graph. At 700°C*s point is not in line with 500 and 600°C

data, indicating the equilibrium limitation. The apparent activation energy CH4 we have for

Ni/SBA-15is 31.1 kJ/mol for CH4:CO2=10:10, which is also to the lower end of the literature. The

summary of apparent E, CH, from the literature of Ni/SBA-15 is shown in Table 4.2.

63



[In(Ratecy,)I*R

=]

o
L

153
=1
!

&
=}
!

'S
=1

&
a8
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Figure 4.6. 10 mg channel ~ 2 CHy plots of Ni/SBA-15. Temperature: 500, 600 and 700°C. Feed
composition: a) 5% CO,, 15% CH4, 10% N3, 70% He; b) 10% CO,, 10% CHa, 10% N, 70% He;
¢) 15% CO», 5% CHy, 10% N2, 70% He.

Figure 4.7. shows the concentration of the products vs. CO co-feed concentration. Because of the

significant amount of CO feed, CO concentration does not show a big difference.

E
Table 4.2. Summary of — # CHy results of Ni/SiO, collected from different literature.

Total flow o E cu 4
Temperature (°C) Ref. . Catalyst amount (mg) Feed composition

(mL/min) (kJ/mol)
400-510 102 100 10-50 CH4:CO2:He=10:10:80  62.342.5
577-757 103 - - - 40.1
500-600 104 400 50 CH4:CO2:Np=1:1:1 43
580-620 105 - 10 CH4:CO2:N>=10:10:80  35.2

At 500 and 600°C, less H> and H,O are produced with more CO in the reaction system; CO

addition decreases rates of CO2 and CH4 consumption. Hence, also Hz and Hz O concentrations

decrease. This effect is more evident at lower T. At 700°C, more CO leads to less H> production;

For H>O concentration at 700°C, there is a different trend with 500 and 600°C. From 0-15% CO

content, H>O production is stable for most channels regardless of CO concentration; 20% CO

always increases in H2O production; 80 mg is an exception, more CO in the reaction system results

in higher H>O concentration.
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Figure 4.8. shows the CH4 and CO; consumption rates vs. CO and H» co-feed. For CO co-feed, at
500°C, consumption rates are too low to see a clear trend. At 600°C, more CO means both CH4
and CO; consumption rates decreasing. At 700°C, there is a sharp decrease from 0 to 5% CO and
Ha, then furthermore CO and H» do not influence CH4 and CO> consumption rates; the lower the

T, the stronger is the inhibiting effect of adding CO and H> into the reaction system.
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Figure 4.7. H, and H>O concentrations vs. CO partial pressure in the co-feed test of Ni/SBA-15. T:

500, 600, 700°C. Feed composition: 10% CO», 10% CH4, 10% N», CO concentration: 0, 5, 10, 15,
and 20%. the rest is He.

In the discussion of consumption rates and apparent E, CHy, we can conclude that Ni/Al,03 and
Ni/SBA-15 always show the same trend. This similarity can be directly seen in Figure 4.9., which
is the parity plot of the consumption rate between Ni/Al2O3; and Ni/SBA-15 in the co-feed test.
Especially at 600°C, the consumption rate of these two catalysts are very similar, and at 500°C,
there is a bit difference between Ni/Al>O3 and Ni/SBA-15 for CO; consumption rate with H» co-
feed. Nevertheless, this is the exact value comparison, which is already very close to each other.
The trend of all catalysis parameters between Ni/Al,O3; and Ni/SBA-15 is the same. This could

indicate similar reaction models for both catalysts.

65



CH, reaction rate [mol/(kgs)] CO, reaction rate [mol/(kgs)] CH, reaction rate [mol/(kgs)]

CO, reaction rate [mol/(kgs)]

4 Experimental results

004
500"C Ni/SBA-15 ID: 1956
= 5mg e 10mg
. o Wm < tomy
* « my
003 4 e 9
.
i
v
0.02 4
.
o014
! .
0.00 T T ? - f
0 5 10 15 20
Peo
0.08
500°C Ni’SBA-15 ID: 1956
= 5mg ® 10mg
A 15mg v 20mg
- * 40 4 B0m
0.06 L& fimg 1 Somo
. -
-
0.04 4 v
.
0.024
Ll
0004+— v A v ;
0 5 10 15 20
Pco
005
500°C Ni/SBA-15 ID: 1956
= 5mg « 10mg
4 15mg v 20mg
0041 ¢ domg « BOmg
L]
003
.
A
0024
*
0014 <
-
: A
0.00 T T T T T
0 5 10 15 20
Pz
0.10 -
500°C Ni’'SBA-15 ID: 1956
= 5mg ® 10mg
4 15mg v 20mg -
0081 ¢ 40mg 4 80mg | .
L]
. -
0.06 s :
. - :
A v ¥ =
0.04 4 v .
* » -
*
*
0024 P 4 4
< «
0.00 T T T T T
0 5 10 15 20
Pz

0.20
600°C Ni/SBA-15 ID: 1956
= 5mg ®* 10mg
o= 4 15mg v 20mg
w + 40 4 B0
§>015- * 8m S
3
E
% -
o104 g
§ % :
B 1
8 v s
0054 e ..
o * 1
« . v
- < . !
M
0.00 T T T T T
0 5 10 15 20
Peo
0.20
600°C Ni/AlLO, ID: 1527
= 5mg » 10mg
- A 15mg v 20mg
W (] + 40 <« 80
fowsd 3 my mg
% A
E
2 v i
£ 010 rd
‘E ' H
1
e v v
o g
o 0.05 . 1
o ] . v
4
+
- 4 !
<
0.00 T T T T T
0 5 10 15 20
Peo
0.20
600°C Ni/SBA-15 ID: 1956]
= 5mg & 10mg
. A 15mg v 20mg
I ¢ 40mg « 80mg
Do1s
3
E
o L]
Bow{ ¢
§ ¥
2
5'0705- L] ¢
“ - L]
4 . !
0.00 T T T T T
0 5 10 15 2
Prz
o2 600°C Ni/SBA-15 ID: 1956
= 5mg ® 10mg
_ A 15mg v 20mg
w . 4 40mg 4« B0mg
o154 o
2 a . i H
E . N
2 v v o
T 010 v .
g v . * > S
0"0,05- =
o f q " . :
0.00 T T T T T
0 5 10 15 20
™

Bl 700°C Ni/fSBA-15 ID: 1956
= 5mg ® 10mg
— 0.25 4 4 15mg v 20mg
Z ¢ d0mg 4« BOmg
< '
3 0204 %
E
)
T 015
§ . a
§ 0.10 " ’ . . ‘
]
- 4 * * o .
O 5054 < E i 2
0.00 T T T T T
0 5 10 15 20
Peo
ekl 700°C Ni/SBA-15 ID: 1956
= 5mg ® 10mg
— 0.254 ' 4 15mg v 20mg
‘g 4+ 40mg « BOmg
= v
3 020
E
2
B 0154 ! A 2
§ ’ :
3 . . i
0.10
e . &
o' i *
«
© 0054 “« . “ “
0.00 T T T T T
0 5 10 15 20
Peo
03
700°C Ni'SBA-15 ID: 1956|
= 5mg ® 10mg
= A 15mg v 20mg
w | # 40mg « 80mg
.1
Eoz- r
§ .
Yol * % % & =
g ] x
-
6 < *” @ ® M
. “ “ <
00 T T T T T
0 5 10 15 20
Pia
03
700°C Ni/SBA-15 ID: 1956
= 5mg ® 10mg
i ' 4 15mg v 20mg
2 4+ 40mg 4« BOmg -
= v
3 024 -
E a a a
—_— -
) ' v v H
E v
% .
o 014 * . - .
g «
Q 4 - “ 4
00 T T T T T
0 5 10 15 20
Pz

Figure 4.8. CH4 and CO; consumption rates vs. CO and H» partial pressure in co-feed test of
Ni/SBA-15. T: 500, 600, 700°C. Feed composition: 10% CO, 10% CHa, 10% N», CO

concentration: 0, 5, 10, 15, and 20%, H> concentration: 0, 5, 10, 15, and 20%.
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Figure 4.9. Parity plot of consumption rate between Ni/Al,O3 and Ni/SBA-15 in the co-feed test. T: 500

and 600°C.

4.2.3 NV/ZrO,

In the figure of CH4 conversion over the time in Fr feed in Figure S4, Ni/ZrO> has initial

deactivation but becomes stable and shows smaller differences among different WHSV channels;

Ni/ZrO; shows better stability than Ni/Al,O3 and Ni/SBA-15. For all temperatures, 80 and 160 mg
approach the equilibrium.
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Figure 4.10. 15 mg CH4 consumption rate vs. CO, and CH4 partial pressure at 500, 600 and
700°C in parameter field test of Ni/ZrO,. CH4 concentration: 5-15%, CO, concentration: 5-15%.
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4 Experimental results

Then we can analyze CO> and CH4 partial pressure influence on the CH4 consumption rate shown
in Figure 4.10. Both CO> and CH4 show the same trend. At all temperatures, keeping CH4 partial
pressure, more CO; decreases CO> and CHs consumption rates, reverse with Ni/Al,O3 and
Ni/SBA-15; keeping CO> partial pressure, more CHy in the reaction system leads to higher CHy

and CO> consumption rates.

Figure 4.11. shows the CHj4 apparent E. graph. Among the same mass loading with different feed
composition, the highest ~#CHy value appears with CO2: CHs =10:10; 700°C‘s point offline

indicates the equilibrium limitation. The apparent E, CHy of Ni/ZrO> is 50.3 kJ/mol with the feed
of 10% CH4 and 10% CO2, which is higher than Ni/Al2O3; and Ni/SBA-15. This also corresponds
to the mass loading range. For Ni/Al2O3; and Ni/SBA-15, the mass loading in the reactors is 5 mg
to 80 mg. While for Ni/ZrO», the mass loading needs to be 10 mg to 160 mg, if a similar conversion
wants to be reached, indicating the less activity of Ni/ZrO than Ni/Al2O3 and Ni/SBA-15.

a) b) c)
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[In(Ratecy,)]'R

NiZrO, ID: 2138 NI/ZrO, ID: 2138
CO,: CH,= 5:15, 15 mg CO,: CHy= 10:10, 15 mg CO,: CH,= 15:5, 15 mg

.
00015 0.0020 0.0015 0.0020 0.0015 0.0020
1T (17C) 1T (17°C) /T (1°C)

E
Figure 4.11. 15 mg channel Ni/ZrO, 2 CHy plots. Temperature: 500, 600 and 700°C. Feed
composition: a) 5% COa, 15% CHa, 10% Na, 70% He; b) 10% CO», 10% CHa, 10% N>, 70% He;
¢) 15% CO», 5% CHa, 10% N2, 70% He.

Figure 4.12. shows the product concentrations vs. CO co-feed concentration. Ni/ZrO> gives the
same trend with Ni/Al,O; and Ni/SBA-15. Because of the big amount of CO feed, CO

concentration does not show a big difference.

At all temperatures, more CO in the reactors leads to less H» production in higher mass loading
channels, like 80 and 160 mg. However, this phenomenon is not evident for lower mass loading

channels, like 10 and 15 mg; More CO, less H>O is produced at 500°C, but quite H>O concentration
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is steady at 600°C; At 700°C, H>O production shows a different trend with 500 and 600°C. H>O
production increases from 0 to 5% CO content. From 10-20% CO, in 10, 80 and 160 mg reaction
channels, H>O concentration increases slowly with more amount of CO; in 20 and 40 mg channels,
more CO, less H2O is produced; in the 15 mg channel, H>O concentration is steady regardless of
CO co-feed amount. We can see a similar trend with Ni/Al,O3 and Ni/SBA-15 that CO addition
decreases the production of H, and H>O, except H>O concentration with CO co-feed at 700°C. The
effect is stronger at lower T (500°C).
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Figure 4.12. H, and H>O concentration vs. CO partial pressure in the co-feed test of Ni/ZrO,. T: 500,
600, 700°C. Feed composition: 10% CO,, 10% CHs, 10% N>, CO concentration: 0, 5, 10, 15, and 20%,
the rest is He.

Figure 4.13. shows the CH4 and CO; consumption rates vs. CO and H: co-feed. For all
temperatures, more CO, both CH4 and CO> consumption rates decrease at 500 and 600°C; At
700°C, both consumption rates increase from 0-5% CO, then decrease. As for H» co-feed test, it is
more complicated than CO co-feed results. CH4 consumption rate decreases from 0% H» to 5% H:
but becomes steady afterward; For CO, consumption rate, 80 and 160 mg channels, H>
concentration shows no influence on CO> consumption rate; in other channels, CO» consumption

rate increases with increasing H> amount.
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Figure 4.13. CH4 and CO» consumption rates vs. CO and H, partial pressure in co-feed test of
Ni/ZrO,. T: 500, 600, 700°C. Feed composition: 10% CO,, 10% CHas, 10% N>, CO concentration: 0,
5, 10, 15, and 20%, H» concentration: 0, 5, 10, 15, and 20%.
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4 Experimental results

4.2.4 Pt/ALLOs3

This section discusses the experimental data of commercial catalyst Pt/AlbO3. By the possible

difference in catalytic performance, we can analyze the different reaction networks among Ni

series catalysts and noble Pt catalyst.

In the figure of CH4 conversion over time in standard feed in Figure S5, we can see that, even for
the highest mass loading channel, Pt/Al,O3; shows weak activity. In kinetic period, for all channels,
there is nearly no observable activity at 500°C; At 600°C, only 80 and 160 mg shows some
conversions but also deactivation; At 700°C, all channels show apparent deactivation. This low
activity may lay the difficulty in the modeling for Pt/AL>Os. In literature [196 1971081 pt/A1,05 shows

high initial conversion but quickly deactivates too.
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Figure 4.14. 160 mg channel CH4 consumption rate vs. CO, and CHj4 partial pressure at 500, 600 and
700°C in parameter field test of Pt/Al,Os. CHa concentration: 5-15%. CO» concentration: 5-15%.

Then we can look at the CO2 and CHg4 partial pressure influence on the CH4 consumption rate
shown in Figure 4.14. Both CO; and CH4 consumption rates show the same trend. At 500°C, it
shows the same trend with Ni/A1,O3; and Ni/SBA-15: keep CHj4 partial pressure, more CO; results
in a higher CH4 consumption rate; keep COz partial pressure, more CH4 also gives a higher CH4
consumption rate. However, 600 and 700°C shows a different trend with Ni/Al,O3 and Ni/SBA-
15: keep CHy partial pressure, more CO; still shows a higher CHs consumption rate; however,

keep CO; partial pressure, more CHy this time shows a lower CH4 consumption rate.
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Figure 4.15. 160 mg channel Pt/Al,O; 2 CH, plots. Temperature: 500, 600 and 700°C. Feed
composition: a) 5% CO», 15% CHa4, 10% N», 70% He; b) 10% CO,, 10% CHai, 10% N>, 70%
He; ¢) 15% CO2, 5% CHa, 10% Na, 70% He.

Figure 4.15. shows the CH4 apparent E, graph for 160 mg channel. 500°C*s activity is too low to

give a valid point for —2-CHy calculation, that is why different with Ni series catalysts, which 700°C

data are dismissed because of the too high conversions, here for Pt/Al,O3, 500°C data are not
included for apparent —# CHy calculation. Table 4.3. shows the apparent activation energy 2 CHy

from literature. The apparent activation energy E, CH, we obtained for Pt/Al,O3 is 76.6 kJ/mol,

close to the lower end of the literature range.

E
Table 4.3. Summary of 2 CHy results of Pt/A1,O5 collected from different literature.

Total flow - E, CH,
Temperature (°C) Ref. _ Catalyst amount (mg)  Feed composition

(mL/min) (kJ/mol)
400-510 102 100 10-50 CH4:CO2:He=10:10:80 75.2+4.1
460-550 109 200 20 CH4:CO2:He=1:1:18 94.2
500-600 110 833 500 CH4:CO2:He=10:10:80 103.3

Figure 4.16. shows Hz and H>O concentrations vs. CO co-feed concentration. It shows a different
trend with Ni/Al,O3 and Ni/SBA-15. Obviously, because of the vast amount of CO feed, CO
concentration does not show a big difference. Also, because of the too low conversion at 500°C
and not that high activity at 600°C, not that much H> and H>O are produced to see a clear trend.

At 700°C, we finally can see some definite H> and H>O concentrations from the images. For 40,
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80 and 160 mg, which we can see, more CO, less H, and H,O are produced; but the rest mass

loading channels still do not give a clear trend because of the too low activity.

Figure 4.17. shows the consumption rates vs. CO and H; co-feed. First for CO co-feed results, here
gives a different performance with previous Ni series catalysts. At 500°C, there is a sharp increase
from 0-5% CO; Further increasing CO content, both consumption rates decrease. At 600°C, there
is an initial decrease from 0-5% CO; further increasing CO content, both consumption rates
increase. 700°C consumption rates are similar to Ni series catalysts: more CO, both CH4 and CO»

consumption rates decrease.
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Figure 4.16. H, and H>O concentration vs. CO partial pressure in the co-feed test of Pt/Al,Os. T: 500,

600, 700°C. Feed composition: 10% CO,, 10% CHs, 10% N», CO concentration: 0, 5, 10, 15, and 20%,
the rest is He.

As for H> co-feed test result, the CH4 consumption rate decreases from 0% to 5% H» but becomes

steady afterward; for CO> consumption rate, consumption rate increases with increasing H> amount.

What’s more, we can see the activity loss of all catalysts in Figure S6. All catalysts show

deactivation to a different extent in D graph. Hence, we should consider the deactivation in the

modeling.
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4.3 Characterization

4.3.1 CHN

CHN can show clearly the element amount in bulk catalysts. With CHN, we can detect the amount

of coke deposition on the spent catalysts. The result is in Table 4.4.

Table 4.4. CHN characterization result of fresh and spent catalysts (40 mg channel).

Catalyst %N % C % H % S
Ni/AL>O; fresh 0.00 0.01 0.32 0.00
Ni/AlL,O3 spent 0.00 16.10 0.27 0.00
Ni/SBA-15 fresh ~ 0.00 0.02 0.49 0.00
Ni/SBA-15 spent ~ 0.00 7.35 0.00 0.00
Ni/ZrO; fresh 0.00 0.60 0.48 0.00
Ni/ZrO; spent 0.00 1.12 0.09 0.00
Pt/ALLO; fresh 0.00 0.08 0.57 0.00
Pt/ALO; spent 0.00 7.60 0.07 0.00

From CHN results, we can conclude that all spent catalysts have some coke deposition compared
with fresh catalysts. The sequence of the amount of coke on the spent catalysts is Ni/Al,O3>
Pt/A1,03 = Ni/SBA-15> Ni/ZrO:. In literature, ZrO> is commonly used as a dopant or directly as
the support in catalysts for DRM B2 11 With ZrO, in the composition, the catalysts always show
better stability compared with Al2O3 supported catalysts. Ni/Al2Os can quickly generate great coke
deposition 1?1 and Pt/Al,Os also reports to be not as stable as Pt/ZrO, U1, but still the active
metal here is the noble metal Pt, which is tested in literature to be also a more stable DRM catalyst
than Ni 7). Usually, coke deposition is always related to catalyst deactivation !'¥]. In the previous
experimental data discussion section, we also have the conclusion that Ni/A1>O3 and Pt/AL,Os are
not as stable as Ni/SBA-15 and Ni/ZrO,. However, from the CHN result, the coke amount of
Ni/SBA-15 and Pt/AbO3 are similar, but the activity and stability are quite different. Ni/SBA-15

75



4 Experimental results

i1s much better than Pt/Al,Os. This difference should lie in other facts. First, the metal contents are
different, the theoretical Ni loading of Ni/SBA-15 is 10 wt%, and the Pt loading of this
commercially available Pt/Al,Os3 is 1 wt%. Even though Pt is widely accepted as a highly active
catalyst for DRM, but the low content of catalyst and Al2O; could be the main reasons of
Pt/A1,03’s low activity.

4.3.2 XRD

In Figure 4.18, XRD results of all fresh and spent catalysts are presented.

First, the spent Ni/Al,O3 sample shows a prominent graphite peak. What’s more, at 39.2°, there is
a tiny peak that can be assigned to Ni carbide. As for Ni/SBA-15, no clear peak can be assigned to
C species. There is no clear peak can be assigned to SBA-15 as its characteristic peak appears at
1°, and all the other peaks are quite weak to detect [''. SiO, on the SBA-15 surface is usually
amorphous, which is challenging to have any peak in XRD. That is why there are no signals for Si

in Ni/SBA-15 XRD graph.

When it comes to Ni/ZrO», there is no C-species peak detected, this corresponds with CHN
results, indicating the excellent anti-coke-deposition ability of Ni/ZrO». Pt/A1,O3 shows a small
peak of graphite in the spent catalyst, but not as evident as Ni/Al>2O3, which also corresponds

with the CHN result.

4.3.3 ICP-OES

Table 4.5. shows the ICP-OES result. ICP-OES can tell the metal content of fresh and spent
catalysts. First, apart from Ni/SBA-15, all the fresh catalysts are almost in the same values with
the theoretical number. Ni/SBA-15 and Ni/ZrO; do not give a significant difference in metal
content between fresh and spent samples. As for Ni/Al>O3 and Pt/Al>O3, the detected metal content

decreases a lot after the reaction.
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Figure 4.18. XRD results of fresh and spent catalysts (40 mg channel): a) Ni/Al,O3; b) Ni/SBA-15; ¢)

Ni/ZrO; d) P/ALOs.

The carbon element can form Ni carbide in Ni-containing catalysts

[116] Tn ICP-OES measurement,

HNO:s is used to dissolve the catalysts. Ni carbide cannot be effectively dissolved in HNOs3. This

makes the Ni amount, which can be measured by ICP-OES is less than the real content in the

catalysts. As for Pt/Al>O3, platinum is not soluble in aqua regia with plodding speed. This may

result in the incomplete dissolution of Pt/Al,Os, leading to the Pt content decrease in ICP-OES

measurement results.
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Table 4.5. ICP-OES characterization result of fresh and spent catalysts (40 mg channel).

Metal content Ni/ALO3 Ni/SBA-15 Ni/ZrO, Pt/ALLOs
(wt %) fresh spent fresh spent fresh spent fresh spent
Ni 3.03 1.61 7.79 8.13 3.08 3.58 / /
Pt / / / / / / 1.11 0.61
4.3.4 XPS

XPS characterization can give an insight into the surface circumstance of the catalysts. The results
are presented in Figure 4.19., showing the results of Ni2p of fresh and spent Ni/Al,O3, Ni/SBA-
15, and Ni/ZrO, respectively. The Ni2p3/2 species and quantification information are shown in
Table 4.6. Pt4f of Pt/Al>Os result 1s presented in Figure S26. Cls, Ols, Al2p, Si2p, and Zr3d XPS
results are shown in Table S1 and Figure S27, S28, S29, and S30.

Table 4.6. Ni series samples XPS characterization result of fresh and spent Ni/Al,Os,
Ni/SBA-15, and Ni/ZrO; (40 mg channel).

Binding energy (eV)
Samples Area ratios of peaks
Peak 1 (Ni°) Peak 2 NiO Peak 3 Ni(OH),
Ni/Al>O;s fresh 852.6 856.1 4.45:0:95.55
Ni/ALO; spent 852.6 856.3 18.20:0: 81.80
Ni/SBA-15 fresh 854.3 856.4 21.69:0: 78.31
Ni/SBA-15 spent 852.3 853.7 60.20: 0: 39.80
Ni/ZrO; fresh 852.3 853.6 855.6 15.61:33.06:51.33
Ni/ZrO, spent 851.7 853.6 855.7 14.62 : 45.52 : 39.86

First, for Ni/AL>Os, there are two Ni species in the catalyst surface: a tiny peak of Ni® and a high
peak of Ni(OH),. The ratio of Ni® and Ni(OH), is 4.45 to 95.55. After the reaction, the ratios of
Ni® and Ni(OH), becomes 18.20 to 81.80, indicating the increasing amount of metallic Ni.
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Moreover, this increasing trend also exists in Ni/SBA-15. Fresh Ni/SBA-15 does not give any
signal for Ni’. Nevertheless, after the reaction, metallic Ni occupies over 60% in the total amount
of Ni species. As for Ni/ZrO, there is always metallic Ni before and after the reaction. Also, the
quantity of metallic Ni does not change very much between fresh and spent samples, indicating

the excellent stability of Ni/ZrO; again.

In literature, this reducing effect is also reported that metal-containing catalysts are more or less
reduced after the reaction [¥!. In the DRM reaction atmosphere, there is CHa, Ha, and CO, which
are all reducing agents. Hence, it is a reductive reaction atmosphere. Therefore, the metal particles
are further reduced during the reaction. Then we see the metallic Ni content increase in the XPS

results.

As for Pt/AL,Os3, we can see in Figure S26 that, the fresh sample only gives the signal of PtO».
Nevertheless, after the reaction, the metallic Pt appears on the catalyst surface. This is because of

the reductive reaction atmosphere too.
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4.3.5 TEM

With TEM results, we can have a clear and direct look at the morphology of fresh and spent

samples.

Ni/Al>O3 fresh and spent catalysts TEM results are presented in Figure 4.20. In the fresh sample,

particles are uniformly distributed on Al,O3 with the particle size around 3-4 nm.

Fresh Ni/Al,O4

Spent Ni/A1,O3

4

%M*’i

Figure 4.20. TEM images of fresh and spent Ni/Al,O3 (40 mg channel).
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However, in spent Ni/AL,O3, there is enormous coke deposition on the catalyst. The nanoparticles
are either dispatched from the support by carbon whiskers or growing on the support. The size

distribution also becomes much broader.

Figure 4.21. gives TEM images of fresh and spent Ni/SBA-15. We can see some but not that much
carbon whiskers in the spent catalysts. This corresponds with the XRD result that hardly any peak
can be assigned to carbon species. We can see in Table S1 that, there is a slight increase of C
content in the sample of spent catalyst (7.7%) compared with fresh Ni/SBA-15 (4.2%). Therefore,

we can conclude that coke deposition is not very severe in Ni/SBA-15.

Fresh Ni/SBA-15

Spent Ni/SBA-15

Figure 4.21. TEM images of fresh and spent Ni/SBA-15 (40 mg channel).
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Both fresh and spent SBA-15 samples show a proper distribution of Ni particles on the surface. In
the fresh sample, the particle size is around 9 nm with a narrow size range. However, after the
reaction, the particle size distribution range becomes much larger than the fresh one. This could

explain the deactivation behavior of Ni/SBA-15 partly.

Fresh Ni/ZrO,

Figure 4.22. TEM images of fresh and spent Ni/ZrO; (40 mg channel).

Figure 4.22. shows the TEM result of fresh and spent Ni/ZrO,. We can see from the fresh sample
images that, Ni particles are well distributed on the support with the particle size about 10 nm. In

the spent Ni/ZrO> images, there is some coke deposition on the catalyst, but the particle size
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remains the same with the fresh sample, and the size distribution is narrow. The homogeneous
distribution and suppress of particle sintering could result from the strong interaction between Ni
and ZrO», helping Ni to anchor on the surface under high temperature. This is another proof of

better stability of Ni/ZrO> than the other three catalysts.

Figure 4.23. shows the TEM result of fresh and spent Pt/Al,O3. The most apparent difference
between the fresh and spent catalysts is the significant coke deposition on the spent Pt/Al>Os. This
also gives another proof of the bad stability of Pt/Al>O; that we can see from the experiment

chapter.

Fresh Pt/Al1,05

Spent Pt/Al,O3

Figure 4.23. TEM images of fresh and spent Pt/Al,Oz (40 mg channel).
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Therefore, in TEM results, the coke deposition is evident of Ni/Al,O3 and Pt/Al>O3, while there is
some coke deposition on Ni/ZrO> and not that much for Ni/SBA-15. Sintering happens severely in

Ni/ALl2O; and Ni/SBA-15 while the particle size maintains similarly for Ni/ZrO; and Pt/AL>Os.

4.4 Discussion and conclusion

In the experimental results, Ni series catalysts show good activity and acceptable stability. Ni/ZrO»

is the most stable catalysts, and Pt/Al>Os is the most inactive and unstable catalyst. All the apparent

activation energy & CHy obtained for each catalyst is close to the lower end of the literature range.

CO and H: co-feed suppress the DRM reaction with Ni/Al,O3 and Ni/SBA-15, and this inhibiting
effect is more evident at low temperatures. For Ni/ZrO; and Pt/Al,O3, CO still suppresses the DRM

reaction. However, H> does not, even accelerates the CO, consumption rate.

As we know, coke deposition is one of the main reasons for catalyst deactivation [!'”), From TEM
results, we can see the carbon whiskers in Ni/Al>Os, and Pt/Al,O3 spent samples, both catalysts

deactivate quickly, and the loss of activity is more substantial than Ni/SBA-15 and Ni/ZrO,.

XRD, CHN, and XPS results prove the presence of coke. We can detect the clear graphite peak in
the spent sample of Ni/Al,O3 and a small peak in Pt/Al,Os. However, there is no visible carbon
species peak in the spent sample of Ni/SBA-15 and Ni/ZrO». In CHN, we can directly see the
enormous increase in carbon element in spent samples of Ni/Al2O3 and Pt/Al2Os. In Table S1, the
quantification of the C atom percentage proves the prominent coke deposition in Ni/Al2O3 and
Pt/Al,0O3 spent samples. The C atom percentage in Ni/Al,Os increases from 11.91% to 63.25%
after the reaction, and Pt/Al,O3 spent sample increases from 8.14% to 37.37%.

On the contrary, the C atom content of Ni/SBA-15 just increases from 4.20% to 7.73%, and for
Ni/ZrO», there is even a decrease in C atom content, but this does not necessarily mean Ni/ZrO»
even has the ability to decrease the original C content, instead the inaccuracy in quantification of
XPS. The excellent coke resistance of ZrO, supported catalysts is widely proved in literature.
Either this could come from the excellent activity of carbon with activated CO, at the metal-

support interface ! 13! or the mobile oxygen from ZrO- reacts with carbon on the surface '8,
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The carbon content is very accurate from the CHN result. XPS and CHN show the same coke
deposition amount sequence: Ni/Al,O3>Pt/Al,03=Ni/SBA-15>Ni1/ZrO;. This corresponds with the
D value, which is the parameter to evaluate activity loss that the Pt/Al,O3 deactivates quickly and
then is Ni/AlbO3, Ni/ZrO2 shows the least activity loss among all the samples, and there is some

activity loss of Ni/SBA-15 too.

The other common reason for deactivation in catalysis is sintering. We can directly see the
sintering effect in TEM images. We can observe the increase in the particle size of Ni/Al2O; and
Pt/Al,O3. Nevertheless, we also see the sintering phenomena in Ni/SBA-15, this sintering and
together with the slight increase in C atom content could explain the deactivation of Ni/SBA-15.
From Ni/ZrO; TEM results, together with XPS results, we can conclude that the morphology of
Ni/ZrO7 is maintained during the reaction, proving the excellent stability of Ni/ZrO».

From the experiment section, we already conclude that Ni/ZrO: is the most stable catalysts, and
characterization results can support this conclusion. This stability can be even further tested from
Ni atom content in XPS, which is shown in Table 4.6. The metallic Ni’ content does not change
much between the spent (14.62%) and fresh (15.61%) catalysts. This stability in metallic Ni
content also gives proof of the best stability of Ni/ZrO».

The activity difference among the catalysts, in this series of tests, should mainly come from the
active metal atom content difference. Besides the theoretical metal content, in ICP results, we can
have precise metal content. Ni/Al2O3 and Ni/SBA-15 are proved the most active as these two
catalysts can reach the conversion curve plateau in conversion vs. mass loading graph after 10-15
mg. Moreover, for Ni/ZrO», the mass loading limit is 20 mg, and for Pt/ALl>O3, there is no limit
until 160 mg. Moreover, for the ICP results of the fresh samples, we can see that Ni/SBA-15 is
with the highest Ni content to be 7.8% and for Ni/Al>O3 and Ni/ZrO, Ni atom content in the fresh
samples are all about 3 wt%. However, regardless of the reported good activity and stability of Pt-
containing samples in literature, the commercial Pt/Al,O3 only contains 1 wt% of Pt. This could

be responsible for the low activity of Pt/Al>Os.
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5 Kinetic modeling

Based on the reaction data, we built up models to explain the reaction process. With the different
assumptions of reaction models, we can explain the difference in activity and stability among Ni

series catalysts and Pt/Al,0s.

As has been illustrated in the theory section, there are mainly two theories used here: power-law
and Langmuir-Hinshelwood theory. Moreover, among each model, three types of assumptions are

applied: PL-1, PL-2, and PL-3; LH-1, LH-2, and LH-3.

5.1 Ni/AL O3

5.1.1 Power-law

Figure S31 and S32 give PL-1 and PL-2 model results at 500°C. The PL-3 model result is shown
in Figure 5.1. The residual is 0.317. a) and b) from Figure 5.1. show that for the 15 mg channel the
green models results fit quite well with blue experimental results. While in d) and e) graph from
Figure 5.1., 40 mg channel results indicate that the green model panel is quite far from the blue
experiment data panel. In the parity plot graphs, the low conversion data fits ok, but when it comes
to higher mass, the data points become scattered. g) and h) chart from Figure 5.1. is CH4 conversion
vs. mass loading. We can see a similar trend that solid model data sets match well with hollow
experimental data in the lower conversion region. While in the higher conversion regime, this

matching becomes worse.

The way to calculate residue is shown in ‘Experiments and methods’ chapter. PL-3 residue is
bigger than PL-1 and PL-2, but as shown in ¢) and f) parity plot graph from Figure 5.1., that PL-3
model shows proper fitting in the lower conversion regime. PL-1 gives scattering plot in all
conversion regime. We can see the excellent fitting of PL-2 with the lowest residue value (0.036
in Figure S32). However, PL-2 neglects thermodynamic equilibrium. This is shown in the equation:

instead of KquM, PL-2 uses an arbitrary constant K in comparison. This means PL-2 will match
y p

87



5 Kinetic modeling

well with experimental data as the experimental results are always far from equilibrium.

Nevertheless, when the modeling extends to equilibrium, PL-2 is deficient in the fitting.
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Hence, PL-3 is best as it fits the reaction data in overall among the three power-law models and
gives the correct final product mixture, due to the use of the thermodynamics. Therefore, we use
the PL-3 model to analyze 600 and 700°C reaction results and shown in Figure S33 and S34. We
can see from the results that, PL-3 model fits poorly to the reaction data. Therefore, the power-law
model is not enough to describe the reaction process. Then we should try the Langmuir-

Hinshelwood models.

5.1.2 Langmuir-Hinshelwood

Figure 5.2 and 5.3 show the result of the LH-1 model at 500°C. 600°C and 700°C results of LH-1
are shown in Figure S36-S39. At 500°C, the residual is 0.099, and this proper fitting can be seen
from a), b), d) and e) from Figure 5.2. that, the green model data panel fits well with the blue
experimental data panel. In the c) and f) from Figure 5.2. parity plots, it shows a similar conclusion
that the model starts to deviate from the experiment data with higher conversions. In g) and h)
from Figure 5.2., the CH4 and CO; conversions vs. mass loadings, the solid model data set is also

close to the hollow reaction data set when the activity is low.

Figure 5.3. shows the result of the co-feed test. In the figure, a), b), ¢) and d) are CH4 and CO»
conversions vs. CO and H> content. Accordingly, together with the previous experiment section,
when extra CO and H; are introduced into the reactors, the catalyst activity is much suppressed.
The CH4 and CO> conversions quickly drop to zero after 5% CO or 5% H> is introduced into the
reactors. In Figure S35, which is the parity plot of CO and H» co-feed test results, we can see that

5% CO reaction data fits well with the LH-1 model and 10% H> fits well.

At 500°C, the LH-2 model gives a residual of 0.124 in Figure S40, and for LH-3, the residual is
0.159 shown in Figure S46. The graphs shown in Figure S40-S51 also prove the more inferior
fitting of LH-2 and LH-3 compared to LH-1. In all the figures of LH-2 and LH-3, we can see the
model data sets match poorly with the experimental data sets. No satisfying overlap between
reaction data and model data is detected for both models. Therefore, LH-1 models are best among

LH models.
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Figure 5.2. Ni/Al,O3; LH-1 model at 500°C: a) 15 mg CH4 conversion vs. CH4 and CO; partial pressure; b)
15 mg CO; conversion vs. CHs and CO; partial pressure; ¢) CH4 conversion parity plot; d) 40 mg CHy
conversion vs. CHs and CO; partial pressure; €) 40 mg CO; conversion vs. CH4 and CO; partial pressure;
f) CO; conversion parity plot; g) CHs conversion vs. mass loading; h) CO, conversion vs. mass loading.

90



5 Kinetic modeling

a) b)
15 15
500°C LH_1 model 500°C LH_1 model
® 15mg model ® 15mg model
o 15mg experiment o 15mg experiment
124 2 4 40mg model 124 i 4 40mg model
. & 40mg experiment - 4 40mg experiment
B a & a
5 91 S o
= o
& ¥ £ .
o 64 8 64
=+ <
&=
5 5
34 53
0 r e s 0 T 4 4
-5 o] 5 10 15 -5 0] 5 10 15
CO concentration (%) H, concentration (%)
c) d)
20 20
500°C LH_1 model 500°C LH_1 model
® 15mg model ® 15mg model
A 5 A &
A o 15mg experiment A o 15mg experiment
4 40mg model 4 40mg model
15 A A0mg experiment 151 4 40mg experiment
=® ) = o
c c
] o
2 o
S 104 ° S 10+ .
¢ =
(] (]
(&} (5]
o) o)
Q Q
54 54
0 T g ) 0 T # )
5 0 5 10 15 5 0 5 10 18
CO concentration {%) H, concentration (%)
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Then we can compare PL-3 with the LH-1 model. The residual of PL-3 is much bigger than LH-
I’s residual. This directly shows the much better fitting of the LH-1 model than the PL-3 model.
So comparatively, LH-1 with the assumption that there is only one type of surface site on the

catalyst surface fits with the reaction data best for Ni/Al>Os.
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5.2 Ni/SBA-15

Based on the analysis of Ni/Al,O3;, we can proceed for Ni/SBA-15. We also try two systems:
power-law and Langmuir-Hinshelwood models. However, as power-law is a relatively simple
model, and only the PL-3 model fits best with Ni/Al,O3, Ni/SBA-15 modeling only uses the PL-3
model, regardless of PL-1 and PL-2. Still, three Langmuir-Hinshelwood models were tested.

5.2.1 Power-law

The result of PL-3 at 500°C is shown in Figure 5.4. 600 and 700°C results are shown in Figure
S52 and S53.

At 500°C, the model residual is 1.227, which is pretty high, and this poor fitting can be observed
directly in a), b), d) and e) from Figure 5.4. that the green model panel fits poorly with the blue
experiment panel, especially for the 40 mg reaction channel. Besides, in c¢) and f) graphs from
Figure 5.4., the parity plot image, the deviation at high conversion is very severe. Furthermore, in
g) and h) from Figure 5.4., the conversion vs. mass loading graphs, the difference between the PL-

3 model and experiment is also huge.

Therefore, the power-law theory is again not accurate enough to describe the reaction. Langmuir-

Hinshelwood is still necessary for Ni/SBA-15.
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5.2.2 Langmuir-Hinshelwood

The LH-1 model assumes only one type of surface site on the catalyst. The result is shown in

Figure 5.5. and 5.6. for the reaction at 500°C. 600 and 700°C results are shown in Figure S55-S58.

The residual values of 500°C of the LH-1 model are 0.089. This indicates the much better fit of
the LH-1 model than the PL-3 model.

At 500°C, in c) and f), the parity plot, we can see that the fitting is good with low conversion.
However, the fitting becomes scattered from the model data when the conversion increases.
Moreover, this trend can also be detected in a), b), d) and e) from Figure 5.5. that 15 mg channel
shows a nice overlap between the green model panel and blue experiment data panel. When it
comes to 40 mg, the overlap is not that good. In g) and h) from Figure 5.5., the CH4 and CO»
conversions vs. mass loading graphs, we can also see the trend that the solid model data points fit
well with hollow experiment data points in the low mass loading region but gradually deviate from

each other when the mass loading increases.

In Figure 5.6., we can also see a similar trend of Ni/SBA-15 with Ni/Al>O3 that CO and H: co-
feed suppressed the reaction, but CO and H; inhibiting effects on the CH4 and CO; conversions
are not as strong as Ni/Al2Os. The conversion does not drop to zero with 5% CO and 5% Ho like
Ni/Al203. What’s more, we can also see that Hz is more inhibiting for CH4 conversion and, the CO
dose is more inhibiting for CO> conversion. The parity plot image of Figure S54 shows the

excellent fitting of the LH-1 model for the co-feed test at 500°C.

LH-2 results are shown in Figure S59-S64. LH-2 model assumes that there are two types of
adsorption surface sites on the catalysts. For 500°C, the residual value is 0.221, which is bigger
than LH-1 at 500°C (0.089), indicating the worse fit of LH-2 to the reaction data. In Figure S60,
S62, and S64, we can see the similar trend that CO and H» suppressed the reaction too. However,
this inhibiting effect is not as strong as Ni/Al,0s. In Ni/Al2O3 result, CH4 and CO; conversions
drop to zero when CO or Ha is introduced into the reaction atmosphere. For Ni/SBA-15, there is
still some activity with CO or H» co-feed. However, the parity plots for the co-feed test are also

not that good as we see many data points are offline.
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Next, we analyzed the LH-3 model, and the results are shown in Figure S65-S70. LH-3 model
assumes that there is also only one type of surface site on the catalyst as the LH-1 model

assumption, but coke deposition is taken into account for the LH-3 model.

In Figure S65, we can see the residual value is 0.205 at 500°C which is also more prominent than
the LH-1 model at 500°C (0.089), showing the worse fit of LH-3 at 500°C than LH-1. Figure S66,
S68, and S70 show the results of the LH-3 model at 500, 600, and 700°C for the co-feed test. We

can see a similar trend that, CO and H> co-feed are toxic for the DRM reaction but not suppress it
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completely. However, the matching of the model and experiment is not good as the two sets of

data do not overlap well.

The same with Ni/Al,Os3, PL-3, and LH-1 model are the best models for Ni/SBA-15 reaction
process. Also, the LH-1 model is better than PL-3.

5.3 Ni/ZxO:

Based on the knowledge now for Ni/Al2O3 and Ni/SBA-15, we want to proceed with the modeling
for Ni/ZrO,. However, we face the great difficulty that we cannot build up a suitable model for
Ni/ZrO;. No model from the three power-law and three Langmuir-Hinshelwood theories applied

to Ni/Al,O3 and Ni/SBA-15 can fit into the reaction data of Ni/ZrO».

Another unusual phenomenon can be seen in Figure S13, which is the CH4 conversion vs. mass
loading of Ni/ZrO;. From 0-10 mg, CH4 conversion increases slowly, and CH4 conversion
increases sharply from 10 to 20 mg. When the mass loading is more than 20 mg, CH4 conversion
gradually reaches the equilibrium. These different increasing speeds form an abnormal S-shape
line in Figure S13. Comparatively, in Figure S11 and S12, which are the CH4 conversion vs. mass
loading of Ni/Al2O3 and Ni/SBA-15, CH4 conversion increases linearly and continuously from 0-
10 mg, then gradually slows down the increasing speed with more amount of catalyst in the
reactors. This different behavior of Ni/ZrO; with Ni/Al,O3; and Ni/SBA-15 could be one of the
reasons in different modeling for Ni/ZrO; with Ni/Al,O3; and Ni/SBA-15.

However, if we take steam reforming of methane into account, the fitting becomes much better,
and one representative result is shown in Figure 5.7. The model used here is PL-1. At 700°C with

the feed of 15% CH4 and 15% CO., the experiment data points fit well with the model lines.

We assume that, in the reactors filled with Ni/ZrO», H>O is abundant and therefore, plays a vital
role in the reaction. However, if we need a proper model for Ni/ZrO, H>O co-feed test is necessary.
Other conditions were not tried to fit because no H>O co-feed test was carried out. Hence the

parameters related to H>O co-feed influence is unknown.
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Ni/ZrOz is a typical catalyst in methane reforming reactions. The mobility of oxygen in the support
facilitates the reaction between deposited carbon and oxygen atom to form CO 18l hence to
decrease the coke deposition amount to improve the stability of the catalysts [''?]. Ni-Zr series
catalyst is also widely investigated in DRM with H,O co-feed experiment ') The addition of
H>O in the reaction strongly influence CH4 and CO» conversions, CH4 conversion increases while
COz conversion decreases. With an increasing amount of mass loading in the reactors, the reaction
is quicker, H>O production is quicker too. Then SRM reaction starts to get more important in the
reaction network. Therefore, CH4 conversion increases rapidly in the later stage of the reaction.
Hence, we can see that, for Ni/ZrO,, the influence of H>O cannot be negligible. In Ni/ZrO; reaction

system, SRM and DRM are both critical.
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Figure 5.7. Ni/ZrO, PL-1 model for the combined reaction: SRM and DRM.
Temperature: 700°C. Feed composition: 15% CHa, 15% CO», 10% N>, and 60% He.
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5.4 Pt/ALLO3

Pt/Al>Os is a classic catalyst for DRM. As a noble catalyst, it is proved to be active for the DRM
reaction. However, in the experiment section, we can see the low activity and poor stability of
Pt/Al,0Os. There is only detectable conversion at 600 and 700°C with the highest mass loadings
(80 and 160 mg). This, on the one hand, lays the difficulty in modeling. In CH4 and CO»
conversions vs. mass loading images, instead of the standard linear line for Ni/Al,O3 and Ni/SBA-
15 and abnormal S-shape line for Ni/ZrO,, CH4 and CO; conversions increase exponentially with
the increasing amount of catalyst in the reactors. This again puts another obstacle in modeling for
Pt/Al>Os. Therefore, we cannot build a model for Pt/Al,O3 in this thesis. No PL or LH model is

tested as we lacked the reliable date set from Pt/Al,O3 experimental test result for kinetic modeling.

5.5 Discussion and conclusion

Among three Ni series catalysts and one noble catalyst Pt/Al>Os, we managed to build successful
models only for Ni/Al2O3 and Ni/SBA-15. The reason for the difficulty in modeling for Ni/ZrO-
and Pt/ALO; 1s different.

From the experiment data and the modeling results, Ni/Al,O3, and Ni/SBA-15 are similar in nearly
every way. PL models are applied first to have a glimpse for the general information, while LH

models can describe the reaction in detail.

For both catalysts, the PL-3 model, with the assumption of thermodynamics and neglecting CO
inhibition on the surface, is the better-fitting model in overall conversion region among the three
power-law models and explains the product mixture composition better. PL-1 is not good in the
fitting. PL-2 neglects thermodynamics, making this model hard to fit the results when the reaction
approaches the equilibrium. Even though PL-3 considers the correct thermodynamics, but the
residue value is too big, and graphs showing the fitting between model and experiments indicate
the poor fitting of PL-3. Hence, PL cannot give a proper explanation of the real experiment as

usual.
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LH-1 model, assuming there is only one type of surface-active site on the catalyst and neglecting
coke deposition during the reaction, is the best model among all three LH models as it shows the
lowest residue value and great fitting in the graphs between the model data and experiment data.
Furthermore, the assumption is also reliable in theory. Moreover, for the DRM reaction system in

this thesis, the LH-1 model fits better than the PL-3 model.

Therefore, we can have the overall kinetic equation of LH-1 for both Ni/AlO3; and Ni/SBA-15:

l 2 o
kiKew Keo,|Pen,Peo, ~ Kk PcoPh,

cq

rate; ;| = (

2
I+ Koy Pen, + KeoPeot Kco2pc02)

With this model, we can see that, first, no reaction order of reactants in the DRM system is included
in this equation. Second, because of the complex equation, the unit of rate constant k3 is
complicated. No simple number can be given as the unit of rate constant k3. Moreover, CO and H»

also play a role in the reaction network.

The summary of kinetic models of Ni-based catalysts from DRM literature is shown in Table 5.1.
We can see that, compared with literature, first, we obtain similar thermodynamic equilibrium
results with published results, gaining about 90% CHs conversion at 700°C; second, CHgs
conversion in this thesis, is slightly higher at 700°C than literature; third, Ni/Al2O3 and Ni/SBA-
15 we use also show better stability compared with literature; fourth, the LH model is the most
commonly used model in both literature and this thesis. LH model is the best fitting model with a

medium complexity of equations.
Compared LH models in literature and this thesis, CO and H: inhibition factors are both considered,
making the model more detailed to fit the experimental data. As what has been discussed in the

experimental result chapter, we obtain the apparent activation energy 2 CHi to be 38.8 kJ/mol of

Ni/AL,O3 from 500-600°C and 31.1 kJ/mol of Ni/SBA-15, which are both close to the lower end

of the 2 CH, value reported in the literature. Finally, yet importantly, CO inhibition is widely

discovered and accepted in both this thesis and literature.
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Table 5.1. Summary of kinetic models from different literature.

Catalyst Ref.  Stabil CHs Thermo  Kinetic models and rate orders Apparent CO
ity (h) conversi  dynamic E a,CH, inhibition
on s
(per wt%  (700°C)
Ni)
Ni/o-ALO3 56 10 1.62 ~94% PL: 31.1kJ/mol  Yes
(550°C) Ten,, s00-c =K PEET PG PR PSS (550-650°C)
Ni/y-ALO3 65 75 15 ~90% LH: 50.9 kJ/mol -
(700°C) kiPey Peo, (500-700°C)
- ( 1+ KIPCHJ( 1+ K2PC02)
La- 104 10 16.6 ~82% LH: rrps in below 40.8 kJ/mol -
Ni/SBA- (700°C) (600-700°C)
15
Ni/CeO2- 120 10 15 ~70% ER: 223 kJ/mol Yes
70, (700°C) (2.10x mnc’if““)[NA_ K\] (600-700°C)
T (1+34.3N9%)5 -
Ni/y-Al,O3 Our 270 20 93% LH: 38.8kJ/mol  Yes

work (700°C) KK Keo {Pcu Peo, — 7IP2~ I\ ] (500_6000(:)
3 4 3 400, T g Feotn,

oy

rale g =

( I+ Koy pog, + KegPeot Kcozpcozj :
Ik k[ CH, |
'RDS ™ KZKO[H,]0[co]? k2K [H,][co]?  ki2[n,]'3[co]? )2
0.5 0.5 9 10 2 9100 2 9710 2
[1 * kG[COZ] * Kl[CH4] Ko [H2 + K9[CO] KK, K,[CO,] K KKK [CO, ] KKK K [CO,] ]

The PL-3 and LH-1 models’ kinetic parameters summary of the investigation for Ni/Al>O3 and

Ni/SBA-15 is listed in Table 5.2. and 5.3.
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Table 5.2. Ni/Al,O3; and Ni/SBA-15 PL-3 model parameter summary.

PL-3 kpru (bar/s)  E, (kJ/mol) Nco, Nen, Neg My,
Ni/ALLO; 1125.87 58.94 0.32 0.21 0 0
Ni/SBA-15 508.32 53.55 0.29 0.12 0 0
Table 5.3. Ni/Al,O3 and Ni/SBA-15 LH-1 model parameter summary.
LH-1 Ni/ALLO; Ni/SBA-15
500°C 600°C 700°C 500°C 600°C 700°C
kprm 0.65 1.47 2.18 0.88 1.67 1.82
E. (kJ/mol) 0 0 0 0 0 0
KC()2 (bar™) 12.44 10.52 24.42 12.32 11.03 26.02
KCH4 (bar™) 11.14 19.32 21.65 22.40 18.08 24.63
Keo (bar™) 93.4 11.50 0.37 138.00 16.40 0.00
KH2 (bar™) 243.2 20.00 0.00 356.00 24.30 1.96

It 1s not possible to apply the same model for Ni/ZrO and Pt/Al>Os3 in this thesis. Nevertheless,
the difficulty is different.

As for Ni/ZrO,, from the experiment, this catalyst is most stable among the four catalysts. There
is no apparent coke deposition and sintering. The activity is good as well. This catalyst proves to
be active and stable in both literature ['>! ?2I and our experiment. However, we are not able to

apply the model, which fits Ni/Al,O3; and Ni/SBA-15 quite well, to Ni/ZrO,. The models designed
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in this thesis only consider DRM and rWGS, neglecting SRM reaction. However, SRM could be

an essential part of Ni/ZrO; reaction network.

We can already see the difference in the experiment section that, many test results of Ni/ZrO> show
a different trend with Ni/Al,O3 and Ni/SBA-15, such as consumption rate and all product
concentrations vs. CHs and CO; partial pressure, apparent activation energy. We observe the

strange S-shape increase of conversions vs. mass loading graphs.

As we know, H>O is the most crucial side product in DRM, and this mainly comes from the most
prominent side reaction: reverse water gas shift (rfWGS). In the literature, the Ni-Zr catalyst system
is quite common for SRM [123: 124, and 125] “Therefore, for Ni/ZrO», H>O cannot be negligible, and

the missing of the H>O co-feed experiment is necessary for the Ni/ZrO> kinetic models.

For Ni/ZrO;, when SRM is taken into the modeling, the fitting becomes much better. This indicates
SRM could be very important, maybe even dominant in the reaction network of Ni/ZrO». Once
DRM starts in the reactor, H>O is produced as the side product. With the experiment going on,
H>O concentration also increases. For Ni/ZrO,, the SRM reaction is possibly preferable than DRM.
In literature, the rWGS reaction happens more likely on the metal-support interface, where is also
the oxygen reservoir, while DRM happens on the metal surface [’”). The catalyst with ZrO, as the
support always shows a strong interaction between support and metal [!2%], This phenomenon thus
happens at a metal support interface where facilitates rWGS. Hence, ZrO; supported catalysts
show more affinity to rtWGS. That is why in Ni/ZrO> DRM modeling, we should consider rWGS

into the scheme design.

Therefore, if we want to have an excellent model of reforming reaction for Ni/ZrO;, more
experiments and more data should be collected. H>O co-feed test should be operated for Ni/ZrO»,

but this is not included in this thesis.

The reason for intricate modeling for Pt/Al>O3 is evident as the low activity and stability make it
already difficult to see a clear trend and reliable data within the selected mass loadings. The highest
mass loading in Pt/AlO3 test is 160 mg with the catalyst bed height to be 4.9 cm. Even more
catalyst will make the catalyst bed too long for the homogeneous temperature-controlling regime

in the reactor block.
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Therefore, if we want to further investigate the model difference between Ni and a noble metal
catalyst, we should choose another noble metal catalyst, either a catalyst with more Pt content or

another noble metal species, such as Rh, Pd, Ru, and Ir [127- 128, and 129]

To wrap it up, for Ni/Al2O3 and Ni/SBA-15, the PL-3 model with the assumption of including
thermodynamics and neglecting CO inhibition, and LH-1 model with the assumption of one type
of surface site, are the best fitting models. LH-1 model is finally the best model of all for both

catalysts with the equation shown again in below:

1

52 52
kiKen,Keo, [pCH4pC02 Tk pCOsz)
eq

rate; = (

2
I+ Koy Pen, + KeoPeot KCOZPCOJ

Nevertheless, the poor catalytic performance of Pt/AlbO; and the complexity of the reaction
network for Ni/ZrO> make it here for this thesis, impossible to build up an explainable model. For
Ni/ZrO2, SRM should be considered. Therefore, more parameters and data should be collected.

However, in this thesis, no H>O co-feed test is carried out for Ni/ZrO».
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6 Conclusion and outlook

In this thesis, three Ni series catalysts and one commercial Pt/AlbO3 are investigated. Both

experimental results and kinetic modeling results are discussed in detail.

According to the experiment data, Ni/Al,O3, Ni/SBA-15, and Ni/ZrO> are all very active and stable
enough for kinetic study. Ni/Al2O3 and Ni/SBA-15 are more active as we can see from the
conversion vs. mass loading graphs that, the mass region of Ni/Al>O3 and Ni/SBA-15 is 5 to 80
mg, and in order to have the similar activity, the mass-selected region for Ni/ZrO> is 10-160 mg.
Moreover, this mass region applies to Pt/Al,O3;. However, this commercial available Pt/Al,O3 is
very inactive and unstable, even for the highest mass loading reaction channel. We can hardly
observe any conversions at 500°C and higher temperatures, there is also nearly no conversions for

reactors filled with less than 80 mg catalyst.

From the characterization results, more evidence supports the conclusion made in the experiment
section. There is no prominent coke deposition of spent Ni/SBA-15 and Ni/ZrO;. This could
explain the better stability of these two catalysts. The mobile oxygen atom in ZrO> also facilitates
the carbon removal on the catalyst, hence suppressing coke deposition to increase catalyst stability.
However, there is a sintering problem for Ni/SBA-15 but not evident for Ni/ZrO;, and in XPS
result, metallic Ni content does not change much between fresh and spent Ni/ZrO,. This could
further prove the better stability of Ni/ZrO> than Ni/SBA-15. For Ni/Al2O3 and Pt/A1,O3, CHN,
XRD, XPS, and TEM results indicate great coke deposition existence, showing the poor stability

of these two materials.

In the kinetic study, we successfully build up models for Ni/Al,O3; and Ni/SBA-15 to explain the
reaction data. By using reasonable assumptions, we have found one power-law model (PL-3) and
one Langmuir-Hinshelwood model (LH-1) that fits best for Ni/Al,O; and Ni/SBA-15. The

equations for these two models are presented below:

PL-3: Model including correct thermodynamics and neglecting CO inhibition

1

— * nl % .n2 __ =1 % n2—1x .2 % .2
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LH-1: Model assumes that there is only one type of surface site.
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Even though among power-law models, PL-3 fits better in overall than the other two PL models,
but still shows not accurate enough for the reaction data. That is why, for our research, a power-
law model is not enough to describe the reaction. Langmuir-Hinshelwood model is the better fitting

model.
Among all the proposed models, the LH-1 model fits best to the reaction data.

Ni/Al,O3 and Ni/SBA-15 are quite similar in the experiment results. Hence, their modeling is
similar too. For both catalysts, PL-3 and LH-1 are the better fitting models, and LH-1 is the best
one. From the equation of LH-3, we can see that, the reaction is determined by all reactants used
for modeling: CH4, CO», CO, and H». The product inhibition on the catalyst surface is considered
as well. Still, we can observe the scattering of experiment data from the models in the parity plot
graph that, the fitting becomes worse with increasing conversions. This means that, with higher
conversion, there is more CO and H> in the system to occupy the active sites, hence to block the
reaction pathway and affects the accuracy of the models. Therefore, the LH-1 model is suitable to
explain the reaction with low conversions, but still no very good in explaining the reaction with

higher activity.

We did not succeed to build up a model for Ni/ZrO>. The reason is the complexity of the reaction
network. Instead of DRM being the dominating reaction in the system of Ni/Al,O3 and Ni/SBA-
15, SRM plays a more critical role in the reaction system of Ni/ZrO,. The models, which fit quite
well for Ni/Al2O3 and Ni/SBA-15, cannot be further used for Ni/ZrO,. Nevertheless, when we
consider SRM in the modeling of Ni/ZrO», the fitting becomes much better. This conclusion can
also be noticed in the experiment section that, for many reaction parameters, Ni/ZrO, shows a
different trend compared to Ni/Al,O3 and Ni/SBA-15. SRM is the main side reaction in the DRM

reaction system, and H2O is the main side product. The strong interaction between metal and ZrO»
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facilitates rWGS happening. Hence, ZrO» supported catalysts show more affinity to rWGS than
DRM. That is why in Ni/ZrO> modeling, we should consider rWGS into the scheme design.

Even though it is difficult to explain the reaction scheme difference with the proposed kinetic
models, but we can investigate the support influence on the DRM reaction network with the
acquired reaction data. Ni/Al,O3 and Ni/SBA-15 are quite similar in catalytic performance. This
should come from the similar nature of these two supports. The stronger interaction between Ni
and ZrO, facilitates the rtWGS reaction, which prefers happening at the metal-support interface.
This makes rWGS essential in Ni/ZrO; modeling. While A0z and SBA-15 offer less affinity with
metal species, making the metal surface to be the active sites for DRM rather than SRM. With
these differences in support chemical nature, in Ni/ZrO; reaction system, tWGS could be

dominating.

It is challenging to design a model to fit the Pt/Al,O3 experiment result as well, as Pt/Al2O3; shows
too low conversion it is already difficult to have a set of reliable experiment data for the kinetic

study.

There i1s still a high possibility in this research. Even though we have reached the goal to find a
model for Ni/Al,O3 and Ni/SBA-15, but we fail to design a model to describe the reaction network
of Ni/ZrOz and Pt/Al>,O3. Therefore, we did not manage to compare the Ni series catalysts with
Pt/Al,O3 comprehensively.

The exciting topic in DRM research is, regardless of the deficient stability, why Ni can replace
noble catalyst in DRM as one of the most promising catalysts for industrial utilization. If in the
future, another kinetic test can be carried out with a more active and stable noble catalyst, for
instance, Rh, we may build up a model for this noble catalyst, furthermore to compare the reaction
data and the models. Then we can investigate the difference of reaction mechanisms between Ni-
based catalysts and noble metal catalysts, hence to understand the intrinsic nature of Ni high

activity for DRM.

As for Ni/ZrO,, because of the possible significant influence from SRM, further H>O co-feed
experiments should be carried out for the kinetic modeling. After gaining the parameters of the
H>O co-feed test, SRM can be precisely included in the modeling then we can understand the role

of H2O in this reaction system for Ni/ZrO,.
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With the knowledge of modeling for Ni series catalysts and noble catalysts, we can gain the
fundamental knowledge of the DRM reaction network, to investigate the reaction pathways
happening in the system, also to understand the active sites on the catalyst surface. Besides, the
knowledge we can obtain is not limited, as mentioned above. This proper understanding of the
reaction kinetics will give critical guidance to catalyst design and synthesis in order to make stable,
active, and cheap catalysts that can be the potential industrial catalysts for DRM. This will mean

a lot to the final application of DRM in industry.
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Supplement

S1 Experimental results

1. 1 Exclusion of mass and heat transfer influence
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1.2 Experimental data analysis
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Figure S2. Ni/Al,O3; CH4 conversion in Fr condition over the complete kinetic test. In the picture, the
numbers refer to: 1-stabilized period; 2-in feed matrix; 3-after feed matrix; 4-after co-feed; 5-final
ramp-down.
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Figure S3. Ni/SBA-15 CH4 conversion in Fr condition over the complete kinetic test. In the picture, the
numbers refer to: 1-stabilized period; 2-in feed matrix; 3-after feed matrix; 4-after co-feed; 5-final ramp-
down.
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Figure S4. Ni/ZrO, CH4 conversion in Fr condition over the complete kinetic test. In the picture, the
numbers refer to: 1-stabilized period; 2-before feed matrix; 3-in feed matrix; 4-after feed matrix; 5-
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Figure S22. Ni/Al,O3, Ni/SBA-15, Ni/ZrO, and Pt/Al,O3 CO concentration vs. H» partial pressure. T:

500, 600, 700°C.
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Figure S23. Ni/ALLO3, Ni/SBA-15, Ni/ZrO, and Pt/Al,O3 H>O concentration vs. H» partial pressure. T:

500, 600, 700°C.
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Figure S24. Ni/Al,O3, Ni/SBA-15, Ni/ZrO, and Pt/Al,O3 CO concentration vs. CO partial pressure. T:

500, 600, 700°C.
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Figure S25. Ni/Al,O3, Ni/SBA-15, Ni/ZrO, and Pt/Al,O3 H» concentration vs. H, partial pressure. T:
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1.3 Characterization
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Figure S26. Pt4f XPS results of fresh and spent (40 mg) Pt/AL,Os.

Table S1. XPS result in element content in fresh and spent (40 mg) catalysts.

L S N B S B B B B R B B
86 84 82 B0 78 76 74 72 70 68 66 64

Ni/Al,O3 Ni/SBA-15 Ni/ZrO; Pt/Al,O3
(%)
fresh spent fresh spent fresh spent fresh spent
Cls 11.91 63.25 4.20 7.73 18.83 13.54 8.14 37.37
Ni2p/Pt4f 0.87 0.17 1.50 0.61 0.72 1.16 1.19 0.85
Ols 53.43 25.80 65.02 61.90 65.79 76.67 55.99 36.29
Al2p/Si2p/Zr3d 33.78 10.79 29.27 29.75 14.66 8.63 34.68 25.48
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Figure S27. C, O, Al XPS results of fresh and spent (40 mg) Ni/Al,Os.
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Figure S28. C, O, Al XPS results of fresh and spent (40 mg) Ni/SBA-15.
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Figure S29. C, O,Al XPS results of fresh and spent (40 mg) Ni/ZrO».
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Figure S30. C, O,Al XPS results of fresh and spent (40 mg) Pt/ALOs.
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Figure S39. Ni/Al,O3; LH-1 model for the co-feed test at 700°C: a) 15 and 40 mg CH4 conversion vs.
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Figure S51. Ni/Al,O3 LH-3 model for the co-feed test at 700°C: a) 15 and 40 mg CH4 conversion vs.
CO content; b) 15 and 40 mg CH4 conversion vs. H, content; ¢) 15 and 40 mg CO; conversion vs. CO
content; d) 15 and 40 mg CO: conversion vs. H, content; ¢) CO co-feed test parity plot; f) H, co-feed

test parity plot.

172



CH, conversion (%)

S2 Kinetic modeling results

2.2 Ni/SBA-15

T

(/) UOISISAUED "D

d)

0T

Lo wOISIBALED THRD

2

2.2.1 Power-law

600°C NifSBA-15 ID: 1978
-@ 15mg experiment
-® 15mgPL3

100
. *
[
80
&
A
80 -|
8 A
<
*
40 a $
Q
®: - .
Y
20 .
$i,3
i
=]
0 T
0 20

Mass (mg)

(o) noEIAMIeS F0D

{001~

(g voEIanI0n F0D

o

80

80

800°C Ni/SBA-15 ID: 1976 |

b)

600°C NI/SBA-15 D 1976 |
~@ 15mgexperiment | |
@ 16mgPL_3

e)

—@ 40 mg experiment
-@ 40mgPL 3

h)

100
.
.
80 4
£y
ry
80 ® "
o
a
. 4 *
£ <
40 . § s °
g
20] ®©
& [600°C PL_3 modal
) ® CO.CH=515model © 0O, CH,=515 experiment
A CO.CH=10:10 model & COL.CH,=10:10 expenment]
0 # CO,CH=158 model & CO,CH,=1558 experiment
U T T T
o 20 40 80 80 100

Mass (mg)

Experiment

Experiment

¢)

a2 [600°C Ni/SBA-15 CH, conversion
® 5mg 4 10mg /,/
¥ 1smg & 20mg P
g0 « 4omg » somg 3 ¥
Parity d
/
i L2
/
60 i
%
>
v <
:{ <
40 , «,
R ¥
wh g »e
>
201 ”/ 4
o
0 T T T T
o 20 40 80 80

PL_3_model

f)

g 600°C NilSBA-15 CO, conversion|
® 5mg A 10mg /,/
v 15mg # 20mg S
8o 4 40mg » 80mg ,,
|—— Parity o
P
5
>
60| " >
]
0 So
LA
40 % <
0, L8
20 .{
o T T T T
1] 20 40 60 8o

PL_3_model

Residual=1.332
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Figure S58. Ni/SBA-15 LH-1 model for the co-feed test at 700°C: a) 15 and 40 mg CH4 conversion
vs. CO content; b) 15 and 40 mg CH4 conversion vs. H, content; ¢) 15 and 40 mg CO, conversion vs.
CO content; d) 15 and 40 mg CO; conversion vs. H, content; e) CO co-feed test parity plot; f) Hz co-
feed test parity plot.

179



S2 Kinetic modeling results

o
~—

35] == 5
o
| 500°C NifSBA-15 1D: 1976
5 @- 15 mg experiment
iy |- 15mgLH 2 model
5
g»
2
8ol
g1
8
=

d)

o
BT |

-@ 40 mg experiment
~@ 40mgLH 2 model

]

WO
LS
A S GRS

o) uoHSIEAIOD

2)

500°C Ni/SBA-15 1D: 1876

40 e LH_2 model

® CO.CHs=5:115model O CO,:CH,=515 expenment
A CO;CH=10:10 model A COzCH=10 10 expenment
# CO.CH=155mocel O CO.:CH,=155 expenment
=% *
e
= <o
gt
w
= ¢
- A
e 20
§ o
o
- i 4 s
B w¥, =
o A
104 aA L] &
g2e”® °
AB g0
G o
0 T T T T
0 20 40 60 80
Mass (mg)

100

CO, conversion (%)

=

(o) LoSIBALED FOD
a =1
N |

L
B S

(of2) WOISIBHIOD Z(éo "
2 e Ty

= 3
B .
X

=
~

500°C NI/SBA-15 |D: 1976
@ 15 mg experiment
=@ 15mg LH_2_model

[500°C Mi/SBA-15 ID: 1576
@ 40 mg experiment
@ 40mgLH_2_model

h)

Experiment

Experiment

50 500°C LH_2 model
® CO.CH=5:15model © CO,CH,=5:15 experiment
A CO;CHE1010medel A GO;CH®1010 expenment
# CO.CH=155model © CO.:CH,=155 experment
404
.
el °
-
B a
A
20 & *
Q9 a <
s d 4
104 a9 2 .
-
.
*
*
0 T T T T
0 20 40 60 80
Mass (mg)

©)

500°C NifSBA-15 CH, conversion| Pz
® 5mg A 10mg & //
v 15mg & 20mg P
4 40mg » 80mg .
30 f—Panity //
i
>
4 >
A
20+
- ,// »
* v .
4 »>
v ¥ : -
104 <
T
>
0 T T
0 10 20 30 a0
LH_2_model
80 - =
[500°C Ni'SBA-15 CO, conversion| /
® smg A 10mg //
v 15mg & 20mg /
501 ¢ 4omg » 80mg ,/
Parity o //
>
40 /
.
304 >
,-’,
g
*
20 iy
v, v
A
10 ;5‘;/
[} T T T T
0 10 20 30 40 50 60
LH_2_madel

Residual=0.221
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