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This research studied the hydrogen production via sorption enhanced chemical
looping reforming process from ethanol both computationally and experimentally. In the
computer simulation work, four hydrogen production processes including conventional ethanol
steam reforming (ESR), sorption enhanced steam reforming (SESR), chemical looping reforming
(CLR) and sorption enhanced chemical looping reforming (SECLR) were performed using NiO as
the oxygen carrier and CaO as the CO, sorbent, and simulated on the basis of energy self-
sufficiency, i.e. process energy requirement supplied by burning some of the produced
hydrogen. The process performances in terms of hydrogen productivity, hydrogen purity,
ethanol conversion, CO, capture ability and thermal efficiency were compared at their
maximized net hydrogen. In the experimental studies, Fe-based oxygen carrier was selected
due to its high oxygen content. In order to combine with modified CaO sorbent, the limited
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also applied to improve the catalytic performance. This catalyst showed a stable behavior and
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CHAPTER |

INTRODUCTION

1.1 Rationale

The energy demand has been increasing for decades due to the world
population growth, the development of industrialization and technological
breakthrough. Nowadays, fossil fuels are the primary sources of energy which are
non-renewable since they were formed by natural processes with long period of
time, millions of years. Therefore, the energy consumption and energy resource
availability are in reverse directions. Moreover, the combustion of fossil fuels such as
coal, oil and natural gas releases carbon dioxide, a greenhouse gas, into the
atmosphere leading to the global warming and climate changes which are presently
our serious environmental concerns. As the fossil fuels are being depleted, the
alternative fuels are currently of interest to replace fossil fuel and supplement for

global energy demand [1,2].

Hydrogen is an attractive alternative fuel. It is a composition of many other
fuels as all hydrocarbon fuels are molecular combinations between carbon and
hydrogen atoms and has high heating value for its combustion. The combustion of
hydrogen (Eg. 1.1) is known as clean energy because of emitting only steam without

greenhouse gas [3].

Combustion of hydrogen: 2H, + O, > 2H,0  AH. = -286 kJ/mol-H, (1.1)



Hydrogen is widely used as a raw material in many industrial processes for
example in production of fertilizer, petrochemical and upgrading of refined product
and direct fuels in fuel cell applications. Hydrogen can be produced by various
feedstocks such as natural gas (mainly methane), bio-oil and biomass [4-6]. The
hydrogen generated from renewable energy sources like biomass is considered
renewable. It therefore plays an important role in the sustainable energy system.
Bioethanol is an interesting feedstock for hydrogen production due to less hazard,
hish energy density, high solubility in water, relatively safely of storage and
transportation and low cost as well as it can be produced from a variety of biomass

sources [7, 8].

There are several methods to produce hydrogen such as electrolysis,
thermolysis, photo-catalysis, coal gasification and fossil fuels reforming [9, 10].
However, the ninety-five percentage of hydrogen produced in the United State is
made by steam reforming process (SR) [11-13]. The steam reforming (Eq. 1.2) process
which is the reaction between fuel and steam is considered the most extensively
employed pathway to produce hydrogen or synthesis gas. The products from this
process depend on several factors such as catalysts, reactors and operating condition
which include temperature, pressure and steam to carbon ratio of feed stream. In
the sequence, the water gas shift reaction (Eq. 1.3) converts carbon monoxide to

produce more hydrogen.

Steam reforming: Fuel + aH,O — bCO, + cH, (1.2)

Water ¢as shift: CO + H,O — CO, + Hy (1.3)



However, the conventional steam reforming process suffers from many
disadvantages such as there are multiple steps including reforming step, water gas
shift step (including high-temperature shift and low-temperature shift) and
purification to purify hydrogen. It also requires severe operating conditions (up to
1000°0), consumes high amount of energy and releases the carbon dioxide gas [14,
15]. The sorption enhanced steam reforming (SESR) process combining steam
reforming reaction with carbon dioxide separation by addition of carbon dioxide
sorbent into the system has been proposed to improve the conventional steam
reforming process. The in situ carbon dioxide capture drives the equilibrium of
reforming reaction toward higher conversion based on Le Chatelier’s principle
resulting in high purity of hydrogen and can provide heat to endothermic reforming
reaction as the sorbent’s carbonation reaction is a strongly exothermic reaction [16-
18]. Therefore, this process enables operation at lower temperature. Several carbon
dioxide sorbents for high temperature have been extensively investigated. The
desired properties of adsorbent are i) high carbon dioxide capacity and selectivity, ii)
fast adsorption and regeneration kinetics, iii) high stability for resistance of sintering
and iv) low cost. Calcium-based sorbents have the advantages of the requirements

and are derived from natural resources [19, 20].

Another interesting hydrogen production technology is based on chemical
looping reforming (CLR) concept. A solid oxygen carrier is included in the system for
transferring the oxygen to fuel without directing contact between fuel and air which
involve the steam reforming and partial oxidation reactions [21-23]. The selection of
oxygen carrier is a significant task as each of oxygen carrier has a different redox

system which directly affect process performance. The properties of suitable oxygen



carrier are i) high oxygen transport capacity, ii) high reactivity for reduction and
oxidation reaction, iii) high stability and good attrition, iv) low cost and v)
environmental friendly [24, 25]. Ni-based oxygen carriers are extensively studied as it
exhibits very high reactivity with strong capacity for breaking the C-C bond in
ethanol. Moreover, the significant advantage of using Ni-based OC is providing high
energy from re-oxidation to counterbalance the endothermic steam reforming
reaction [26-28]. Another interesting first row of transition metal oxides like Fe is
considered as a good candidate because of its availability, low price, and non-toxicity.
In addition, iron oxides possess multifunctional abilities for chemical looping and
water splitting (WS) [29-31]. However, when unsupported Fe,Os is used for CLR, its
activity degrades rapidly after a few redox cycles, resulting it unsuitable for a long

term cyclic operation.

The combination between sorption enhanced steam reforming (SESR) process
and chemical looping reforming (CLR) concept becomes the intensified process
called sorption enhanced chemical looping steam reforming (SECLR) process. In this
process, it contains both of CO, adsorbent and oxygen carrier in a fuel reactor where
partial oxidation of hydrocarbon by lattice oxygen from oxygen carrier, CO, sorption,
water gas shift reaction and reforming reactions take place simultaneously for
hydrogen production [32-34]. Thus, the sorption enhanced chemical looping steam
reforming (SECLR) process is promising to efficient conversion of bioethanol to high
purity of hydrogen and has potential to manage heat integration under self-sufficient
condition as the re-oxidation of oxygen carrier and sorbent’s carbonation in
regeneration cycle are exothermic reactions and can provide heat for highly

endothermic reaction [35, 36].



The materials (CO, sorbent and oxygen carriers) during multicyclic operation is
a huge challenge in sorption enhanced chemical looping steam reforming process as
it could be effectively regenerated and recycled. Using pure metal oxide in
reduction/oxidation cycle reveal poor performance due to agglomeration and
sintering [37, 38]. A multifunctional catalyst which combines the Ni or Fe based
reforming catalyst and oxygen carrier as well as the calcium carbon dioxide sorbent
into one particle is emerged to improve reactivity and recyclability [39, 40]. However,
studies on the process simulation and suitable materials in the long-term
performance of the oxygen carrier (reactivity and stability) of the complex sorption
enhanced chemical looping reforming process from bioethanol for hydrogen

production are lacked.

1.2 Objectives

The aim of this research is to design and develop suitable materials for the
sorption enhanced chemical looping reforming process (SECLR) for hydrogen

production from bioethanol.

1.3 Scope of works

The scope of works is divided into three parts as follows:

Part 1: Model four processes including conventional ethanol steam reforming
(ESR), sorption enhanced steam reforming (SESR), chemical looping reforming
(CLR) and sorption enhanced chemical looping reforming process (SECLR) for
hydrogen production from ethanol via ASPEN plus program using NiO and CaO

as oxygen carrier and CO, sorbent, respectively.



Part 2:

Part 3:

Determine effects of important operating and design parameters (such
as temperature, pressure, steam to ethanol molar ratio, solid circulation rate
and solid split fraction) on their process performance including ethanol
conversion, hydrogen purity, hydrogen productivity, CO, capacity and energy

requirement.

Combine Fe,0s (oxygen carrier) and modified CaO with AlL,O5; (CO,
sorbent) by different methods including sol-gel, mechanical mixing and
impregnation at different Fe contents (5, 10 and 15 wt %) and characterize
their properties by several techniques of XRD, N, physisorption, SEM-EDX and

DSC-TGA.

Test the multifunctional material performance on the sorption
enhanced chemical looping reforming process (SECLR) of ethanol in a fixed
bed reactor with the stability test in term of sorption capacity in SECLR and

oxygen carrier in WS.

Prepare the three types of catalysts including Fe-based oxygen
carriers, Ni-based oxygen carriers and Fe/Ni-based oxygen carriers derived

from Hydrotalcite-like precursors.

Utilize various characterization techniques in order to describe the
relationship between catalytic structure and catalytic performance with
respect to activity and stability for H, production in chemical looping
reforming process of ethanol consisting of XRD, ICP-OES, N, physisorption, Hy-

TPR and TEM techniques for the catalytic structures and properties, TPO, SEM



and Raman analysis for the coke formation and XPS and in-situ DRIFTS for the

evolution of the catalyst during the experiments.

1.4 Organization of thesis

This dissertation consists of 8 chapters. Chapter | provides the rational,
objectives and scope of the research. Chapter Il gives the theoretical information of
the processes for hydrogen production from the conventional process to the
developed processes as well as the feedstock information of bioethanol. Chapter I
describes the literature reviews divided into 2 topics of hydrogen production from
experiment and simulation works. Chapter IV exhibits the research methodology
including the simulation and design for process simulation and material preparation
method and characterization used in this study. Chapter V presents the performance
comparison of hydrogen production through four reforming processes: conventional
ESR, SESR, CLR and SECLR with combustion of a fraction of hydrogen product for
heat supply within the system in terms of net hydrogen productivity, hydrogen
purity, ethanol conversion, CO, capture ability and thermal efficiency on the basis of
self-sufficiency. Chapter VI investigates the combination of iron-based oxygen carrier
and CaO-based sorbents into multifunctional material. The effects of preparation
method and metal contents on phase formation were determined on their activity
and stability over multiple cycles of operation. Chapter VIl shows the results of
hydrogen production from CLR process with high catalytic activity, stability and
regenerability of bimetallic NiFe-based oxygen carrier. The conclusions of this study

and recommendations are summarized in Chapter VIII.



CHAPTER Il

THEORY

In this chapter, we give essential information about bioethanol and theory of
hydrogen production involved the process of steam reforming (SR), sorption
enhanced steam reforming (SESR), chemical looping reforming (CLR) and sorption

enhanced chemical looping reforming (SECLR).

2.1 Bioethanol

Bioethanol is one of bio-fuels which are predominantly derive from biomass.
The wuse of biomass as feedstock is beneficial because it is renewable,
environmental-friendly (no net releases of CO,) and economical for presence and the
future. The bioethanol can be produced by several processes and feedstock
depending on the landscape. The feedstocks for ethanol production are divided in
three types [41]: (i) sucrose which are sugar cane, sugar beet and fruits (i) starchy
materials which are corn, wheat, rice, potatoes and barley (iii) lignocellulosic biomass
which are wood, straw and grass. The global ethanol production has been increasing

from 75 billion liters in 2007 to 159 billion liters in 2019 as shown in Figure 1.

Figure 2 illustrates the global ethanol fuel production by country. 56% of
Global bioethanol was produced in the United States which mainly use starch from
coarse grains (corn) as feedstock while 28% was Brazil using sugar cane and other
countries were Europe, China and Canada, respectively. The most consumption of

ethanol was also found in United States which is the majority of used ethanol for



blending with gasoline and the secondary is in Brazil, consistent with the production

capacity [42, 43].
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Figure 1 Global Bioethanol Production by feedstock (2007 - 2019)
Source: The Crop site [42]
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Figure 2 Global Bioethanol Production by country in 2018

Source: RFA analysis of public and private data sources [43]
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The processes for bioethanol production from biomass depend on type of
feedstock. Table 1 shows pathway to produce bioethanol with different raw
materials and Figure 3 shows the flow chart from lignocellulosic biomass materials
for the bioethanol production. The production of bioethanol from lignocellulosic
material is more difficult than other feedstocks due to natural resistance of biomass.
There are four major processes which compose of pretreatment, hydrolysis,

fermentation and separation.

Table 1 Bio-ethanol pathways from different raw materials.

Raw material Processing
Wood Acid hydrolysis + fermentation
Wood Enzymatic hydrolysis + fermentation
Straw Acid hydrolysis + fermentation
Straw Enzymatic hydrolysis + fermentation
Wheat Malting + fermentation
Sugar cane Fermentation
Sugar beet Fermentation
Corn grain Fermentation
Corn stalk Acid hydrolysis + fermentation

Sweet sorghum Fermentation
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2.2 Ethanol Steam Reforming (ESR)

11

Steam reforming is the most widely method for hydrogen production. At

present, 95% of hydrogen are produced from natural gas, one of fossil fuel, which

mainly compose of methane and the process is via steam methane reforming (SMR).

From the concerning of fossil source depletion, bioethanol is an important candidate

because it can be derived from biorenewable and environmentally friendly energy

source. The ethanol steam reforming (ESR) is a complex process which involves the

main reaction (2.1) and many possible side reactions, depending on catalyst and

operating condition [44, 45].



Ethanol steam reforming

C2H5OH + 3H20 — 2C02 + 6H2

12

(2.1)

Some of the reactions that can occur during hydrogen production are listed below.

Ethanol decomposition

C2H5OH —> CO + CH4 + H2

Ethanol dehydration

C2H5OH — C2H4 + Hzo

Ethanol dehydrogenation

C2H5OH — CH3CHO +H,

Acetaldehyde decarbonylation

CH3CHO — CHq + CO

Methane steam reforming

CHq + Hzo — C02 + 3H2

Dry reforming of methane

CHq + COy; — 2CO + 2H,

Methanation

CO + 3H2 —> CH4 + Hzo

COQ + 4H2 — CH4 + ZHzo

(2.8)

(2.9)
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Carbon formation reaction

CHy — C + 2H, (2.10)

2CO0 — C+ COy (2.11)

The conventional ethanol steam reforming consists of three major units:
steam reformer, water gas shift reactor, which include high-temperature shift (HTS)

and low-temperature shift (LTS), and purification as shown in Figure 4 [46].

C,H;OH and
H,0

Purification

Reformer Hydrogen

Figure 4 Schematic description of conventional ethanol steam reforming

Typically, in these processes, the ethanol is mixed with water at optimized
steam/ethanol ratio and then preheated before feeding to a steam reformer. In the
steam reformer, steam reforming reaction takes place for hydrogen production at
high temperature (up to 1000°C) because this reaction is endothermic, so it needs
external heat to keep constant operating temperature. The mixture is converted to
gaseous product in the presence of catalyst. The outlet stream from the steam
reformer goes to the water gas shift reactor for increasing hydrogen yield and
eliminating poisonous carbon monoxide gas. Finally, the resulting stream is sent to a

purification unit to separate hydrogen from the other compounds.
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In fact, the steam reforming and water gas shift reaction do not occur
separately as it uses the same reactant. Therefore, it is able to combine the steam
reformer and water gas shift reactor which is called ‘fuel reactor’ (FR) as shown in

Figure 5.

Fuel Fuel H, and other
—

reactor

and steam compounds

Figure 5 Schematic description of steam reforming

23 Sorption Enhanced Steam Reforming (SESR)

Because the conventional steam reforming process occurs with catalyst at
high temperature, consists of several steps and releases the carbon dioxide gas into
atmosphere, the sorption enhanced steam reforming (SESR) is emerged in this
research area for development. The sorption enhanced steam reforming is performed
in the presence of CO, sorbent, based on Le Chatelier’s principle, to shift the
reaction forward. This is not only eliminating disadvantages mentioned above, but
also increasing hydrogen production rate and hydrogen purity because the

equilibrium is shifted forward reaction to product side [47-49].

For the sorption enhanced steam reforming process, calcium oxide (CaO) is

the most employed sorbent as it has high CO, sorption capacity. For this sorbent,
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calcium oxide adsorbs CO, gas and after reaction, it forms the calcium carbonate

(CaC0s3) according to following reaction.

Carbonation reaction of CaO

Ca0 + CO, — CaCOs (2.12)

In the sorption enhanced steam reforming process, there are two reactors as
shown in Figure 6 including the fuel reactor (FR) and calcination reactor (CR). The first
reactor is for the hydrogen production and the latter is for the regeneration of
saturated CO, sorbent at high temperature to release CO; via the reverse of reaction

(2.12).

Hydrogen rich Carbon dioxide
Hz CO;

CaCoOs
Fuel »| Calcination
reactor < reactor
Cao
Fuel and steam Sweep gas

Figure 6 Schematic description of sorption enhanced steam reforming using CaO as CO; sorbent
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24 Chemical Looping Reforming (CLR)

The principle of chemical looping reforming is similar to chemical looping
combustion which involves oxidation of a fuel using oxygen from a solid oxygen
carrier (OC) instead of oxygen from air; therefore, the direct contact between fuel
and air is avoided [50-52]. However, in chemical looping reforming, air to fuel ratio is
kept low to prevent fully oxidize of fuel because the desired product in this process
is synthesis gas or hydrogen gas which is not heat. Hence, the chemical looping
reforming is the process that desires partial oxidation of hydrocarbon fuel using
oxygen from solid oxide which excludes cost and power for air separation unit. The
process consists of two reactors including fuel reactor (FR) and air reactor (AR) as

shown in Figure 7.

Hydrogen rich Nitrogen
H N,
Me
Fuel 4 Air
reactor < reactor
MeO
Fuel and steam Air (N2, O2)

Figure 7 Schematic description of chemical looping reforming (Me = metal, MeO = metal oxide).
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In two reactors of chemical looping steam reforming process of ethanol, there
are more reactions taking place apart from the ethanol steam reforming (subsection
2.2) including a redox reaction, depending on type of oxygen carrier. For Ni-based

oxygen carrier, the reactions are summarized below [53, 54]:

Fuel reactor:

Oxidation
CoHsOH + 6NiO — 6Ni + 2CO;, + 3H,0 (2.13)
CHg + 4NiO — 4Ni + CO; + 2H,0 (2.14)
CO + NiO — Ni + CO; (2.15)
Hz + NiO — Ni + H,0O (2.16)

Partial Oxidation

CoHsOH + NiO — Ni + 2CO + 3H, (2.17)

CHgq + NiO — Ni + CO + 2H, (2.18)
Air reactor:

Ni + 1/20, — NiO (2.19)

For Fe-based oxygen carriers which have lower reactivity for breaking bond
compared to Ni, the reactions taking place in fuel reactor and air reactor are listed

below [55, 56]:

Fuel reactor:
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Partial Oxidation

C2H5OH + 3FQQO3 — 3H2 + 2CO + 2Fe3©4 (220)

CoHsOH + Fey,03 —> 3H, + 2CO + 2FeO (2.21)

Reduction of iron oxide

3Fe,05 + CO <> 2Fes0q + CO, (2.22)
3Fe,03 + Hy <> 2FesOq + H,0 (2.23)
Fes0q + CO <> 3FeO + CO; (2.24)
FesOq + Hy <> 3FeO + H,0 (2.25)
FeO + CO <> Fe + CO, (2.26)
FeO + Hy; <> Fe + H,0O (2.27)

In the fuel reactor, the deep reduction products of iron oxide, FeO and Fe (as
seen in Eqgs. 2.21, 2.24-2.27) can be re-oxidized by reacting with steam to form Fe;Oq4
and pure H, (Egs. 2.28 and 2.29) which is their advantage compared to other oxygen

carriers, and the net reactions can be illustrated in Eq. 2.30 [57, 58]

Steam oxidation

3FeO + Hzo > Fe3O4 + H2 (228)

Fe + H,O <> FeO + H, (2.29)

Overall
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3Fe + 4H,0 <> FesOq + 4H, (2.30)
Air reactor:
2Fe304 + 1/202 < 3Fe203 (231)

2.5 Sorption Enhanced Chemical Looping Reforming (SECLR)

The sorption enhanced chemical looping reforming (SECLR) process is a
combination of sorption enhanced steam reforming (SESR) and chemical looping
reforming (CLR) which is considered as upgrading of chemical looping reforming
process by capturing CO, during hydrogen production with an additional reactor for
regeneration CO, sorbent. Therefore, in this process, there are three reactors
connected including fuel reactor (also called reforming reactor), calcination reactor
and air reactor as shown in Figure 8. The reactions that occur in this process are

presented in the previous subsection (2.2-2.4) [59, 60].

H> CO2 N2
Me, MeO
Me Cao
CaCos R
Fuel » Calcination - Air
reactor < (1-a) reactor < 1-p) - reactor
Me MeO

I N I

Fuel and steam Sweep gas Air (N2, O2)

Figure 8 Schematic description of sorption enhanced chemical looping reforming using CaO as

CO; sorbent (Me = metal, MeO = metal oxide).
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To begin with, fuel and steam are fed into fuel reactor where fuel is firstly
partially oxidized by solid particle of MeO (metal oxide) which is also fed at the same
time to produce H, and CO. Then, catalytic steam reforming which is catalyzed by
Me (metal) and water gas shift reaction occur. At this time, CaO captures CO,
simultaneously to produce more H; and outlet stream also contains CHg, CO,, CO,
CoHq and CH5CHO. After that, both reduced oxygen carrier and CaCOs are fed to the
calcination reactor and the air reactor for regeneration and re-oxidation before
coming back to the fuel reactor. The heat from highly exothermic reaction of re-
oxidation of oxygen carrier in the air reactor can be provided to the calcination
reactor and the reforming reactor leading to the heat balance in the system.
Therefore, the sorption enhanced chemical looping reforming (SECLR) process has

potential to operate under self-sufficient condition.
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CHAPTER IlI

LITERATURE REVIEWS

As the energy demand continuously increases, research efforts have been
focused on alternative fuels including hydrogen. The hydrogen production has been
widely studied over the past decade. Hydrogen can be produced by primary energy
source like fossil fuel (coal, oil and natural gas) and renewable resources such as
wind, solar, tidal and biomass. Both industrially and academically for hydrogen
production are used methane and methanol as feed stock in steam reforming
process. However, from the energy source concerns, the ethanol steam reforming
has drew much attention in the last few years due to its many advantages especially
renewabilty from biomass. Currently, the sorption enhanced chemical looping steam
reforming (SECLR) which is a combination between sorption enhanced steam
reforming (SESR) and chemical looping reforming (CLR) process becomes more
attractive for hydrogen production than conventional steam reforming. In this
section, the development of method for hydrogen production for both experimental

and simulation studies are reviewed.

3.1 A review of hydrogen production based on simulation studies

The simple model of the developed process of sorption enhanced chemical
looping reforming was firstly performed by Rydén and Ramos (2012) [61] via ASPEN
PLUS program which includes three connected fluidized bed reactors and uses NiO

as an oxygen carrier and CaO as a solid CO, sorbent. Their schematic description of
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the process model is shown in Figure 9 of which the blocks and streams are

explained in Tables 2 and 3, respectively.

Figure 9 Schematic description of process model from Ryden and Ramos (2012) [61]

Table 2 Summary of block components for the thermodynamic model.

Block Component
B1 Reformer reactor
B2 Cyclone
B3 Calcination reactor
Bd Cyclone
B5 Air reactor

B6 Cyclone
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Table 3 Summary of product streams for the thermodynamic model

Stream Function
1 Fuel (CHg, H,0)
q Product (H,, impurities)
8 Carbon dioxide (CO,)
10 Air (O, N»)
12 Oxygen depleted air (Ny)

2,35,6,7,9,11 Establish connections between blocks

The important part of sorption enhanced chemical looping reforming process
is the reforming reactor which converts hydrocarbon to hydrogen. The results
showed that at reformer temperature of 580 °C and pressure of 1 bar, the hydrogen
purity is 98.7 vol% with CH4 conversion 84.7% and CO, capacity 95%. Udomchoke et
al. (2016) [62] also studied hydrogen production in the sorption enhanced chemical
looping reforming process from biomass by simulating the model in ASPEN PLUS
program. They further designed the process model taken from Rydén et al. [61] with
modification of catalyst and sorbent regeneration which is represented in B shown in

Figure 10.
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Figure 10 Process flow diagram of modified sorption enhance chemical-looping reforming from

Udomchoke et al. (2016) [62]

For the hydrogen production section, the results showed that modified
sorption enhanced chemical-looping reforming (SECLR) process can improve both
hydrogen vyield and purity. Moreover, they reported that the amount of solid
circulation in the modified SE-CLR process is less than in the un-modified SECLR
process at optimal conditions which imply that the modified SECLR process requires
less energy than un-modified. Phuluanglue (2017) [63] also simulated the SECLR
process focusing on the intensified SECLR process fed by methane. Their intensified
process of sorption enhanced chemical-looping reforming (SECLR) for hydrogen
production is to recycle a portion of solid NiO and CaO from air reactor (AR) to
reforming reactor (RR) and to employ the outlet CO, as sweep gas at the calcination
reactor (CR) under energy self-sufficient operation. The process flow diagram is

shown as follow.
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Figure 11 Process flow diagram of intensified sorption enhance chemical-looping reforming from

Phuluanglue et al. (2017) [63]

The results indicated that the intensified SECLR under adiabatic operation
with solid ratio from CR to AR of 0.945 and solid ratio from AR to RR of 0.008 showed
the best performance with hydrogen productivity of 3.95 kmol/h, CH4 conversion of
98% and H, purity of 98.37% at reformer’s temperature 610°C and steam to carbon
ratio equal to 4. Yahom et al. (2014) [64] simulated two chemical looping processes:
one process being a conventional CLR process and the other being a sorption
enhanced process. They found that at temperature of 800°C, a H,0/CHg ratio of 3
and a NiO/CH, ratio of 1, the conventional CLR process yielded 2.5 mol of H, per
mole of CHys and hydrogen purity of 75%. However, the process with CO, sorption
obtained a hydrogen purity more than 90% and a yield within the range of 3 mol of
H, per mole of CH4. They also studied energy balance and carbon activity of both
processes and the data revealed that with increasing steam and temperature, the
energy balance becomes more positive approaching a limit value of zero and the

activity of carbon formed decreases when using the steam to carbon ratio more than
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1 of CLR process and for SECLR process, the thermodynamic is unfavorable to drive
the formation of carbon under the studied conditions. Another design of schematic
diagram of sorption enhanced chemical looping reforming process from methane is
conducted by Antzara and co-worker (2015) [65] They studied a detailed
thermodynamic analysis by sensitivity effect of different parameters using CaO and
NiO as CO, sorbent and oxygen transfer material, respectively. The results of
thermodynamic analysis indicate that the sorption enhanced processes have
significant advantages compared to the conventional steam reforming as the
presence of CaO sorbent in the reformer leads to higher methane conversion,
hydrogen purity and yield at low temperatures (650°C). However, the chemical
looping reforming concept is remarkable in minimizing thermal requirements of the

process. The simulation flow diagram of sorption enhanced chemical looping steam
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methane reforming is presented in Figure 12.

Figure 12 Process flow diagram of sorption enhance chemical-looping steam methane reforming

from Antzara et al. (2015) [65]
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3.2 A review of hydrogen production based on experiments

According to literatures, the chemical looping concept was first proposed by
Lyon and Cole (2000) [66] in term of ‘Unmixed combustion’ which alternate
between fuel and air passed through the oxygen transfer materials (OTM) in a single
reactor. The oxidation reaction occurs over the oxygen transfer materials by fuel and
is used to provide heat to endothermic reaction like steam reforming process. The
reduced oxygen transfer material is regenerated via re-oxidation by air. In their
experiment, they obtained high purity of hydrogen in the presence of CaO and also
found that the process has self-sufficient operation without external heat output.
The selection of oxygen transfer material or oxygen carriers (OCs) was carefully
considered to employ in the system as it affects performance of hydrogen
production. Kang et al. (2010) [67] demonstrated candidate OCs and support for
chemical looping process. They selected based on several criteria of their physical
and chemical properties such as melting point. Table 4 shows the melting
temperatures of the candidate OCs and attributed to Ni, Co, Cr, Ce, W, Fe, Mn and

their oxides that have desired melting point (>1400°C) of OCs.



Table 4 Melting temperatures of the candidate oxygen carriers and their metals

Metal Oxides and metals

Melting point (°C)

Ni/NiO
Cu/Cu,O/CuO

Fe/FeO/Feq9a70/Fes0d/Fe,0Os

1455/1955

1085/1235/1446

1538/1377/1378/1597/1565

Cd/CdO 321/-
Mn/MnO/Mn304/Mn,05 1246/1842/1562/1347
Co/Co0/Co30, 1495/1830/-
Sn/SnO/Sn0O; 232/1042/1630
Ge/Ge0/Ge0;, 938/-/1116

Zn/Zn0O 420/1975

Cey04/Ce01 72/Ce0; 53/CeO, 2230/-/-/2400
W/WO2/WQ3 722/\WO3.96/WOs5 3407/1724/-/-/1472
Mo/MoO,/MoO; 75/MoO; ggo/MoO3 2623/1927/1920/1512
Nb/NbO/NbO,/Nb,Os 2477/1937/1902/1512
Cr/CrO4/Cr,0s5 1907/-/2330
V/NO/NO; 24/NO2/NV,03/V,05 1910/1790/-/1545/2067/670
In/IN;03 156/1913

Ta/Tay0s 3014/1785
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In chemical looping reforming (CLR), OCs should not only have high melting
temperatures but also perform some characteristics [68, 69]: (i) sufficient oxygen
transport capacity (i) high reactivity for reduction and oxidation reaction (iii) steam

reforming and WGS reactivity to H, production (iv) physical strength (v) environmental
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friendliness and low-cost. The heat capacity is one of important physical properties
and has a relationship in term of thermal balance. The values of specific heat

capacity of some substances are shown in Table 5.

Table 5 Specific heat capacity of some substance

Substance Specific heat capacity (J/g °C)
Manganese 0.46
lron 0.449
Nickel 0.44
Cobalt 0.435
Copper 0.385

Ni-based oxygen carriers are extensively studied both of experimental and
simulation works. It shows very high reactivity and good stability at high temperature.
Garcia-Labiano et al. (2015) [70] presented the experimental results obtained in a
continuously operating CLR unit (1 kWth) and used NiO,1/YALL,O3 as oxygen carrier.
The results showed that syngas composing of =61 vol. % H,, #32 vol. % CO, =5 vol.
% CO, and =2 vol. % CH; was obtained at auto-thermal conditions. They also
studied effects of the main operating conditions such as oxygen-to-fuel molar ratio,
temperature (850-950 °0), and H,O/EtOH molar ratio. They found that temperature
in fuel reactor hardly affected the gas composition and increasing the amount of
water injected slight increased concentration of H, and CO because the water
enhancement of the steam reforming reactions catalyzed by Ni. Finally, they claimed

the oxygen-to-fuel molar ratio is the main parameter in CLR process. Zafar et al.
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(2005), Ryden et al. (2008) and Wang et al. (2016) investigated effect of support on
hydrogen production over Ni based oxygen carrier. Zafar et al. [71] reported that the
Fe, Mn, Ni and Cu-based oxygen carriers supported on MgAl,O, showed higher
reactivities than supported on SiO, oxygen carriers at high temperature. Ryden et al.
[38] found that NiO on MgAl,O, and aAl,O5 seems to have more stable on physical
and chemical structure than on yAl;O5 which changes considerably during operation.
Wang et al. [72] studied a group of Ni-based OCs with different support structure,
including Ni/Al,Os, Ni/MMT, Ni/Al-MCM-41 and Ni/SBA-15 and showed that Ni/SBA-15
OCs with mesoporous structure exhibited most efficient confinement effect to
accomplish small nickel particles and high dispersion which follow by Ni/Al-MCM-41,

Ni/MMT and Ni/Al,Os, respectively.

Another interesting oxygen carrier which has high melting point and required
properties is Fe-based material. Fe-based oxygen carrier offered low-cost and
environmental-friendly more than Ni-based one. Although, oxygen carrier from Fe-
based has low oxygen transport capacity, it is considered as an attractive
characteristic in different oxidation state as Fe,Os is reduced (FeO, Fe;O4 or Fe).
Because of this reason, the researcher made an effort to utilize for hydrogen
production. Wei et al. (2014) [73] evaluated the reactivity of Fe,03/Al,03 prepared by
mechanical mixing method with a mass ratio of Fe,O; to AlLO; of 7/3 in CLR of
methane process to produce H, at 850 °C. The authors found that H, productivity of
75% was obtained at the beginning of the reaction and declined dramatically after
15 minutes due to material sintering. Hafizi et al. (2015) [74] synthesized 15 wt%
Fe,O5 oxygen carrier on alumina (Al,O3) support using different synthesis methods,

including impregnation and co-precipitation, and tested for CLR of methane process.
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Synthesis method significantly affected the carrier’s performance. The Fe on alumina
synthesized by impregnation method showed higher performance (79% H, yield)
than the carrier synthesized by co-precipitation method (65% H; yield) at reforming
temperature of 600 °C. The reduction of the oxygen carrier’s performance was
observed during operation due to the formation of FeAl;O4 spinel in Fe,Os/Al,O5
structure. Forutan and co-workers (2015) [75] studied performance of alumina
supported Fe-based oxygen carriers compared to Mn, Co and Cu oxygen carriers for 4
cycles of oxidation and reduction in CLR process of methane. Four different OCs
were synthesized by co-precipitation method containing 40 wt% of metal content.
According to the experiments, the maximum H, purity was obtained about 72% at
850 °C for Fe;O3 oxygen carrier, while Mn-, Co- and Cu-based oxygen carrier provided
50, 54 and 68% of H, purity, respectively. Nevertheless, H, production was found to
reduce over multiple cycles due to sintering effect. YUzbasi et al. (2017) [76]
prepared Fe,0s/Al,03 oxygen carrier using a sol-gel technique with 80 wt% of iron
content, in order to investigate the influence of the iron precursors (iron nitrate, iron
chloride and iron acetylacetonate) on their activity for H, production via chemical
looping. Using iron nitrate and iron acetylacetonate as the iron precursors resulted in
materials with a high H, yield. While over 50% of H, yield was reduced in Fe,O3
synthesized from iron chloride precursor due to the presence of FeAl,Oq4 in freshly
calcined material. The recently experimental demonstration of the combined iron
oxide (Fe,03) and alumina (Al,03) with CaO sorbent was reported by Hafizi et al.
(2016) [77] for H, production in SECLR process of methane and compared to CLR
process. 22wt% of iron loaded on alumina was firstly synthesized via impregnation

and method and combined with CaO using mechanical mixing. A H,/CO molar ratio
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of 36 in SECLR at 600 °C was obtained which is higher than a H,/CO molar ratio of 12
in CLR. This is due to the removal of CO, by Ca0, resulting in an improvement of H,
production. However, lower H, yield in SECLR (75%) was observed compared to CLR
(80%) because of the mass transfer resistance in the mixture of oxygen carrier-

sorbent material in the reaction media.

As seen, although using Fe,Os can offer high H, production due to its high
oxygen content; however, its rapid deactivation during reduction/oxidation cycles
and mass transfer resistance of the combined material are major drawbacks of the
chemical looping process. Several strategies have been proposed to develop an iron-
based oxygen carrier such as addition of secondary metals or alloying to enhance
catalytic activity and stability, using basic support or doping with alkaline metal to
minimize coke formation as well as preparation method. The alloying Fe with other
metals such as Ce, Co and Ni has been widely investicated. Among of them, the Ni-
Fe alloy has attracted particularly attention for reforming reactions of various
hydrocarbons with steam or CO, due to theirs synergistic effects and Ni is a well-
known metal site for its ability to rupture C-C bond in ESR reaction. The selection of
support material is also an important issue. Currently, the promising support for the
chemical looping process of Fe and/or Ni metals are Al,Os, MeO and MgO-Al,Os [78,
79].  In order to improve the long-term performance (such as stability and
regenerability), the use of calcined hydrotalcite-like catalysts has been found to
obtain multimetallic mixed oxides which exhibit superior catalytic performance,
provide good dispersion of the different components and gain strength for enhancing
both hydrogen yields and catalyst stability. Wei et al. (2019) [80] synthesized Fe/Ni/Al

oxygen carriers derived from layered double hydroxide (LDH) precursors to employ in
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CLR process of biomass coupling with chemical looping hydrogen (CLH). They
observed the maximum hydrogen purity ca. 90% at 900 °C. In CLH stage, the highest
hydrogen yield of 470.3 ml/g was obtained in a sample with Fe/Ni ratio of 4/1 which
was higher than the sample consisting only Fe/Al oxides. Although Ni does not
participate in water splitting reaction, it can supply catalytic active centers to
promote the reaction of Fe and H,O. Moreover, after the reaction, the agglomeration
phenomena were occurred but the porous structure still reserved indicating that
mixed metal oxygen carrier from LDH precursor is stable and suitable for CLR and

CLH process.

As the CO, adsorbent (calcium oxide) deactivates when operating at high
temperature, researchers have attempted to improve stability and activity. Lu et al.
(2006, 2009) [81, 82] investigated performance of CaO by carbonation experiments at
600 °C under a CO, partial pressure of 0.3 bar using various precursors, including
Ca(NO3),+4H,0, Ca(OH),, CaCOs5, Ca(CH;CO0),#H,O and CaO. The adsorbent prepared
from calcium acetate (CaAc,-CaO) had the best performance for CO, adsorption with
high BET surface area (20.2 m?/g) and large pore volume (0.23 cm®/g). For doping
CaAc,-Ca0 with SiO,, the results had no better performance as the deactivation by
sintering is not dominant. Then, they additionally studied refractory dopants with
series of nanosorbents based on doped CaO (M/Ca which M = Si, Ti, Cr, Co, Zr, and
Ce). The results showed that doped-CaO develop sorbent with better mechanical
strength and Zr-doped indicated very high CO, capacity performance under
multicyclic carbonation-decarbonation testing. The incorporation of inert support
materials is immerged as an efficient technique for enhancing the stability of CaO-

based sorbents, including aluminum oxide (Al,03), magnesium oxide (MgO), zirconium
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oxide (ZrO,), titanium oxide (TiO,), silica (SiO,), yttrium oxide (Y,03), etc [83-85].
Among them, the most investigated one is aluminum-containing material. Zhou et al.
(2012) [86] synthesized CaO-based CO, sorbents derived from various calcium and
aluminum precursors. The as-prepared sorbents consisted of active CaO and inert
support materials of Al;0s, CajpAligOss or CagAlsO1s. The result found that the
prepared CaO-based sorbents showed much higher CO, capture capability and
stability over multiple carbonation/calcination cycles compared to pure CaO, which
was attributed to the relatively high specific surface area of the sorbents, with better
textural properties of pore size and volume, and the inert support material that can
effectively prevent or delay sintering of CaO particles. Therefore, CaO-based sorbents
has been identified as a suitable material for high-temperature CO, adsorption
applications in sorption enhanced process. There are several experiments on Ni
based and Fe based oxygen carrier with most of using modified CaO as CO,

adsorbent for H, production which are summarized in Table 6.
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CHAPTER IV

RESEARCH METHODOLOGY

This research is divided into two main sections; simulation and experimental
sections. It is started with various processes designs of hydrogen production from
bioethanol simulated using Aspen Plus program to select an appropriate technology
and to determine optimal operating conditions. The data from simulation section is
employed for further experimental study. The appropriate technology is applied to

produce hydrogen with modification of materials in laboratory.

4.1 Simulation and design

4.1.1 Process simulation and description

Four processes for ethanol-derived hydrogen production: conventional
ethanol steam reforming (ESR), sorption enhanced steam reforming (SESR), chemical
looping reforming (CLR) and sorption enhanced chemical looping reforming (SECLR)
were simulated in ASPEN Plus V9.0. All sorption enhanced processes (SESR and
SECLR) use CaO as the CO, sorbent and all chemical looping processes (CLR and
SECLR) use NiO as the oxygen carrier. For all processes, some of the produced
hydrogen is diverted into combustion sections to generate heat for the processes.
The selection of hydrogen as a fuel to burn instead of using ethanol enables
possibility for complete carbon capture. The details of each process are described

below.

1) Conventional ESR
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The simulation flow diagram of the conventional ESR is shown in Figure 13.
Ethanol feed (ETOH) is preheated to a reforming temperature and then fed into a
reformer (REFORMER) with steam (SHSTEAM) at a desirable steam to ethanol (S/E)
ratio. The overall reaction of ESR for H, generation is shown in Eq. 2.1. However, the
reaction may occur through various reaction pathways depending on operating
conditions and catalyst. Ethanol may be consumed in side reactions: decomposition
(Eg. 2.2), dehydration (Eq. 2.3) and dehydrogenation (Eq. 2.4). Methane formed as an
intermediate can react with steam or carbon dioxide to form H; in Egs. 2.6 and 2.7,
respectively. Methanation reaction can also take place from other intermediates such
as carbon monoxide (Eq. 2.8) and carbon dioxide (Eg. 2.9). Hydrogen may still be
produced from carbon monoxide through the water gas shift reaction (Eq. 1.3). Lastly,
carbon deposit may be generated from methane (Eq. 2.10) and carbon monoxide

(Eq. 2.11).

The outlet from the reformer (OUTREFOR) is connected to the water gas shift
reactors, which are composed of a high-temperature shift (HTS) reactor and a low-
temperature shift (LTS) reactor, to convert undesired CO into hydrogen and improve
hydrogen yield and purity. The HTS reactor normally operates at 350-450 °C for fast
kinetics, while the LTS does at a more thermodynamically favorable temperature of
200-250 °C [97]. Therefore, the HTS and LTS in this work are operated at 400 and 200
°C, respectively, and at atmospheric pressure to lower CO partial pressure. The
product stream from the LTS (OUTLTS) is then cooled and condensed to produce
purified H, (H2PROD), which is split into two streams: one for net hydrogen
production (H2NET) and the other (H2USED) for combustion in a furnace (FURNACE)

with air (AIR2).
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2) SESR

Figure 14 shows the simulation flow diagram for the sorption enhanced steam
reforming (SESR). Solid sorbent (CaO) is employed in the reformer to capture CO,
through the carbonation reaction (Eq. 2.12), shifting forward the equilibrium of steam
reforming and water gas shift reactions and increasing H, yield and purity. Moreover,
the heat released from carbonation could satisfy the heat requirement of the
endothermic steam reforming reaction. The exit stream from the reformer
(OUTREFOR) containing gaseous products and saturated sorbent as CaCOs is fed to a
cyclone (CYCLONE1) for gas/solid separation. The solid stream (TOCAL) enters the
calcination reactor for regeneration to CaO through the reverse reaction of Eq. 2.12.
Ca0 is fed back (RETOREFO) to the reformer with a solid split fraction of 0.9. The
gaseous stream (H2H20) is sent for water removal in SEP. The hydrogen produced
(H2PROD) is split to for net hydrogen production and combustion in the same

manner as ESR’s.
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3) CLR

Figure 15 shows the simulation flow diagram of the chemical looping steam
reforming in this work. The oxygen carrier in the reformer is reduced by fuel via
partial oxidation and oxidation reactions in the reformer. The outlet stream
containing reduced oxygen carrier is sent to a cyclone (CYCLONE1). The separated
solid stream (TOAIR) is sent for re-oxidation in an air reactor followed by separation
in a cyclone, from which the outlet stream composing of NiO (QUTCY2) is split: 90%
to the reformer (RETOREFO) and 10% to back to the air reactor. Water is removed
from the gaseous stream from the first cyclone (H2H20). The dry hydrogen stream

(H2PROD) is split for combustion and net hydrogen production (H2NET).
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a) SECLR

Figure 16 shows the sorption enhanced chemical looping reforming (SECLR)
process. The reformer in this process contains both CO, adsorbent and oxygen carrier
to conduct simultaneously CO, adsorption and partial/complete oxidation reactions.
The product stream from the reforming reactor (OUTREFOR) is sent to a cyclone for
gas-solid separation. The separated solid stream (NICACO3) is firstly fed to a
calcination reactor to desorb CO, from CaCOs. The effluent stream (OUTCAL) from
this calcination reactor is separated into a solid stream and a gas stream in a cyclone
(CYCLONE2). Then, CYCLONE2’s outlet solid stream (OUTCY2) is split into two parts:
one sent back to the reformer (NINIOCAO) and the other passed to an air reactor
(TOAIR) to regenerate the oxygen carrier with air (HOTAIR). Due to the highly
exothermic re-oxidation of the oxygen carrier, the temperature of the air reactor’s
product stream rises sharply. This stream is sent back to the calcination reactor
(RETOCAL) and reformer (RETOREFO) to provide energy for the reforming reactions as

proposed by Udomchoke et al. [62].
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4.1.2 Simulation and performance evaluation

Basic equilibrium calculations were carried out in ASPEN Plus V9.0. SRK
method was specified for the ESR process, and SOLIDS model with the default vapor
model SIG replaced by ESSRK, which is also the default vapor model of the method
SRK, was specified for the SESR, CLR and SECLR due to the presence of solid in the
systems. RGIBBs units, whose calculations are based on minimizing the Gibbs free
energy, were selected as reactor models and CYCLONE units were used for
fluid/solid separation. The simulation was performed with the assumptions that (i)
the production of components other than C,HsOH, H,O, H,, CO,, CO, CHa4, CyHg,
CHsCHO, N, and O, does not occur, (ii) carbon deposition is negligible and (iii) the
condition of inlet stream (ETOH and H20) is at ambient temperature and pressure.
The optimal operating conditions were determined by varying parameters in Table 7
until achieving the most effective value. Moreover, the effects of solid circulation,
amount of energy requirement and hydrogen yield after the split to combustion

were evaluated individually.

Table 7 Ranges of investigated parameters

Temperature S/E MeO/E* o and B**

400, 500, 600 and 700 °C 1-10 1, 5and 10 0-1

*Metal, Me = Ca or Ni

**a and B are solid circulation; @ is the solids flowing from calcination to air reactor and [ is the solids
recovered from air reactor to reformer.

***QOther conditions are an atmospheric pressure, ethanol feed flow rate of 1 kmol/h, calcination and air reactor’s

temperature of 900°C.
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Hydrogen productivity, ethanol conversion, hydrogen purity and CO, capture

ability were calculated by the following equations.

lez produced

Hydrogen productivity (kmol/kmol) = — (4.1)
NEtOH feed
Ethanol conversion (%) = (EtoH feed “iEtot out) 3 1)) (4.2)
NEtOH feed
Hydrogen purity (%) = —bzproduced o 40 (4.3)
Ngaseous product
CO; capture ability (%)
_ 2 X NEtOH feed ~NCH 4out ~NcO out—Mcoout =2 X (NEtoH 0ut+hC2H4out +r.1CH3CHO out) % 100 (44)

2 X NEtOH feed

Another important parameter for the evaluation of process performance is
the thermal efficiency (n), which is defined as energy output divided by energy input
[98]. Combustion of hydrogen is also subtracted from the energy output. The
schematic energy diagram is shown in Figure 17 and the definition of the thermal

efficiency is in the following equation.

1 Net H, XLHVH, (M]/mol)

ngton XLHVEton(MJ/mol)

(4.5)

Thermal efficiency, n (%) =

where n; is the mole flow rate of species i, LHV; is the lower heating value of species

i.



a7

Air H,0O
> Furnace >
(ns=10.85)
| |
1
Heat : H,
supplied i utilization
h 4
Fuel Process
’ (ESR, SESR, CLR and _’ Net H;
H,O SECLR) H, productivity

Figure 17 Schematic energy diagram of hydrogen production process with heat supplied by

burning some of product stream

A significant process performance indicator in this work is the net hydrogen,
which is the amount of hydrogen utilization for combustion subtracted from the

amount of hydrogen productivity:

Net hydrogen (kmol/kmol) = Hydrogen productivity — Hydrogen utilization

(4.6)

The amount of hydrogen utilization is the amount of hydrogen diverted for
combustion with air to fulfill exactly the thermal requirement of each process. The

stoichiometric combustion of hydrogen and oxygen is given by Eqg. 1.1.

Hydrogen combustion

2H; + O, — 2H,0 (1.1)

As this work used air for oxidation instead of oxygen, the nitrogen in air
needed to be included for calculation and the hydrogen combustion thermal

efficiency in furnace (ng) was assumed to be 85% [99]. The thermal requirement of
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each process was the summation of the heat duty of all units. Reformer, calcination
reactor, air reactor and furnace were considered to be adiabatic and the energy
requirement is equal to heat duty (Q) of the reactor. For air reactor, the generated
heat comes from oxidation of nickel. Cyclone and separator are considered to be

adiabatic and heat loss from heat exchangers is neglected.

4.2 Experiments

The experimental section of this research were divided into 2 parts.

Partl: The Fe,0O5/Ca0O-Al,Os multifunctional catalysts were synthesized with different
preparation methods. The material preparations, characterization and catalytic

activity for H, production test were described following.

Materials preparation:

Iron (lll) nitrate nonahydrate (Fe(NO3):9H,O, 98% Ajax Finechem) and
aluminum nitrate nonahydrate (AUNO3)329H,0, 99% Ajax Finechem) were used as iron
and aluminum precursors. Calcium acetate monohydrate (Ca(CH;COO),eH,0, 99%)
purchased from HiMedia was used as calcium precursor. Citric acid (C¢HgO7, 99.5%),
used for material synthesis via sol-gel method was purchased from Ajax Finechem.
AWl chemicals were used as received. The Fe,05/Ca0O-Al,05 multifunctional catalysts

were synthesized with different preparation methods as follows.

Sol-gel method

For, multifunctional catalyst, a mass ratio of calcium to alumina of 70:30 and
normalized with 5 wt% of iron was maintained. The iron, calcium and aluminum

precursors were mixed with de-ionized (DI) water and the resulting mixture was
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hydrolyzed for 2 h at 80 °C under constant stirring. Citric acid was used to peptize
the slurry as a metal-complex agent with a fixed molar ratio M:H,O:H" (M= Fe’*, Ca**
and Al’*) of 1:50:1.2 under refluxed for 6 h at 105 °C. After hydrolysis, the resulting
gel was dried at 110 °C overnight and calcined at 850 °C for 2 h at a heating rate of
10 °C min™. In some preparations, the iron precursor was added after peptizing the
slurry to study the effect of this procedure. In this work, the effect of iron adding
step was therefore studied; the as-prepared catalysts with iron precursor addition

before and after peptization were denoted by 5FeCaAl and 5Fe*CaAl, respectively.
Mechanical mixing method

The Fe,Os over CaO-Al,Os catalysts prepared by mechanical mixing was
carried out according to the method described in the previous literature [100]. The
modification of CaO sorbent was firstly prepared via sol-gel route. Calcium and
aluminum precursors with a mass ratio of 70:30 were mixed in DI water. Citric acid of
the same molar ratio used in the previous preparation was added into the solution.
The resulting solution was heated and stirred under reflux at 80 °C for 7 h and then
left for 18 h at ambient temperature. The obtained wet gel was dried at 110 °C for
12 h and then calcined at 850 °C for 2 h. The iron salt precursor and as-synthesized
modified CaO powder were crushed together to obtain homogeneous powder with
5wt % of iron. This mixture was calcined at 500 °C for 2 h with a heating rate of 10 °C
min™. The resulting mixture was sieved to obtain particle with a size fraction of 106

um. The catalyst produced in this method were denoted by Mec5Fe/CaAl.

Impregnation method
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To prepare Fe;O3 over CaO-Al,O3 catalysts by incipient wetness impregnation,
an aqueous solution of the iron precursor with a predetermined concentration was
added drop-wisely on the sorbent powder prepared in the same way as the
mechanical mixing method. The resulting slurry was left at room temperature for 4 h,
dried in an oven at 110 °C overnight and calcined at 500 °C for 2 h. The samples
prepared by this method were denoted by ImpXFe/CaAl where X is the mass ratio of

iron at 5, 10 and 15 wt%, respectively.

In addition, to investigate the performances of multifunctional catalysts and
the effect of preparation method, 5 wt% iron supported by commercial Al;O3 was

also prepared for comparison. The sample was denoted by 5Fe/Al.

Materials characterization:

All prepared catalysts were characterized by X-ray diffraction (XRD) (D8
Advance, Bruker) to identify the crystalline phases in a 26 range of 10°-80° with a step
size of 0.04° and a scan speed of 0.5 s/step. The specific surface area, pore volume
and pore size were measured by nitrogen adsorption/desorption with a Micromeritics
Chemisorp 2750 and calculated based on BET and BJH models. The external
morphology and elemental contents of the catalysts were determined by a scanning
electron microscope (SEM), Hitachi S-3400 N, coupled with energy dispersive X-ray
spectrometer (EDX), AMETEK EDAX, APOLLO X. Carbon formation on spent catalyst
after reaction test and thermal information were examined by differential scanning
calorimetry and thermo gravimetric analysis (DSC-TGA) with TA Instruments’ SDT Q
600 analyzer in a temperature range of 25 to 1000 °C in air at a heating rate of 10 °C

min’.
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Hydrogen production:

Hydrogen production was performed in a quartz fixed-bed reactor of 15 mm
inner diameter and 500 mm length. The reactor was installed in a vertical furnace as
shown in Figure 18. Two grams of prepared multifunctional catalyst sandwiched
between two lumps of quartz wool were placed in the reactor. The temperature of
the catalytic bed was monitored and controlled through a thermocouple positioned
in the center of the reactor. The inlet gas composition and flow rate were controlled
by mass flow controllers. The particles were exposed to alternating reducing and
oxidizing atmosphere. Before performing each experiment, the sample was
pretreated at 850 °C for 30 min under N, flow (30 ml min) to eliminate moisture
content. Table 8 shows a summary of the sequential stages operating conditions in
the SECLR process. H, production activity of the multifunctional catalysts were
performed at 600 °C with a steam to ethanol ratio (S/E) of 4 under nitrogen
atmosphere and a total flow rate of 50 ml min". The duration of SECLR step was
lasted for 180 min. Then, the reactor was purged by N, to remove gaseous products
in the previous step. In oxidation step, the steam oxidation was optional and only
made for stability test of iron-based oxygen carrier by further feeding H,O for 60 min.
After that, the air was introduced to re-oxidize the metal for 60 min at a flow rate of
30 ml min™. Finally, the furnace was heated to 850 °C for CO, sorbent regeneration
under N, atmosphere for 60 min at a flow rate of 30 ml min".. The product gas
compositions were analyzed by gas chromatography (GC-8A SHIMADZU) with two
detectors: flame ionization detector (FID) for ethanol and high-density components
and thermal conductivity detector (TCD) equipped with two columns: Molecular

sieve5A and PoraPLOT Q for Hy, CO, CHq and CO,. Breakthrough model was applied
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to demonstrate composition profile of substances at outlet stream as a function of

time.

—
D2 Ball valve T~F Checkvalve

=71 Filter %] Needle valve
& Mass flow controller

H, A Vent

Enc ail

Figure 18 Schematic diagram of the experimental setup: (A) Heater; (B) Quartz reactor, ID =15

mm, length = 500 mm,; (C) Catalytic bed; (D) Thermocouple; (E) Temperature controller; (F)
Syringe pump; (G) Water trap; (H) Gas chromatograph; () Bubble flow meter.
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Table 8 Operating conditions for each step of the SECLR process of ethanol in one

cycle.
Step Feed Total flow rate  Temperature  Duration
(ml min™) @) (min)

(1) SECLR CoHsOH and H,O° 20
600 180

N2 30
(2) Purging N2 50 600 30
(3) Oxidation H,0" 0.05 500 60
Air 30 600 60
(4) Heating N2 50 850 30
(5) Calcination Nz 30 850 60

® Steam to ethanol ratio (S/E) = 4
® Additional test for stability from water splitting (WS) reaction

Part2: The catalysts including Fe-MgAl, Ni-MgAl and Ni-Fe/MgAl were derived from
hydrotalcite-like compounds. The material preparations, characterization and

catalytic activity for H, production test were described as follows.
Materials preparation:

The Fe-Ni-Mg-Al HTcls precursors were synthesized through the co-
precipitation method at a constant pH and room temperature. A nitrate solution of 1
M containing Fe(NO3)3-9H,0, Ni(NO3),-6H,0, Mg(NO3),-6H,O and AWNO3);-9H,O was
added slowly to a 0.2 M Na,CO5 solution under stirring at room temperature. The pH
value of the solution was adjusted with a 2 M NaOH and maintained at a pH of 10 +
0.5. The molar ratio of divalent metals (Ni** and Mg”*) to trivalent metals (Fe** and
AL*) was fixed at 2 and the molar ratio of Fe/Ni for bimetallic oxygen carrier catalyst

was 0.2 with the weight fraction of Ni+Fe at 10 wt %. The resulting suspension was
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kept at room temperature for 24 h. The precipitates were filtered, and washed with
deionized water and dried at 110 °C overnight. The dried precursors were ground to
fine powders and then calcined at 800 °C for 5 h using a heating rate of 5 °C min™.
The obtained materials were pressed and sieved to particles with 40-60 mesh size.
The bi-functional oxygen carrier catalyst derived from Fe-Ni-Mg-Al hydrotalcite-like
compounds are denoted as FeNi-MgAl.

For comparisons, two oxygen carrier catalysts derived from Fe-Mg-Al and Ni-
Mg-Al hydrotalcite-like compounds were also prepared by co-precipitation method
with the same procedure and amount of metal loading (10wt %), and denoted as Fe-
MgAl and Ni-MgAl, respectively.

Materials characterization:

The X-ray diffraction (XRD) spectrums were performed on a Rigaku D/max-
2500 diffractometer equipped with Cu Kg radiation (A = 1.54056 A) to identify
crystalline phases in the catalysts. The data were collected in the 208 range of 5-90°
with a scan speed of 10° min™ and a step of 0.02°. The Scherrer equation (Eq. 4.8)

was applied to estimate average particle size (dy):
k-1
"~ Bhiicos(6)

where A is the X-ray wavelength, Bpy is the full-width at half-maximum in radian and

dh (4.8)

0 is the Bragg's diffraction angle.
Inductively coupled plasma optical emission spectroscopy (ICP-OES) was
employed to determine the elemental chemical analysis of calcined catalyst, using

VISTA-MPX; Varian. Before each analysis, the samples were dissolved in the aqueous
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solution and the concentrations of measured elements were close to the standard
solutions.

Nitrogen (N,) physisorption was conducted at 77 K by using a Micromeritics
Tristarll 3020 analyzer to measure textual properties. Prior to the experiment, the
samples were degassed at 300 °C for 3 h. The surface area and pore properties were
calculated by the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)
method, respectively.

The surface morphologies of some of the fresh or spent catalysts were
characterized by a scanning electron microscope (SEM) (Hitachi, Model S-4800, 5 kV)
and a transmission electron microscopy (TEM) (JEM-2100F, 200 kV). For the TEM
analysis, the samples were dispersed in anhydrous ethanol by using ultra-sonication
and then suspended on an ultrathin Cu grid-supported carbon foil.

Temperature-programmed reduction (TPR), desorption (TPD), and oxidation
(TPO) measurements were performed in chemisorption analyzer (Micromeritics
AutoChem II 2920). H,-TPR was employed to analyze the reduction behavior. Ca. 80
mg of samples obtained by calcination of the hydrotalcite precursors were loaded in
the U-quartz microreactor, dehydrated at 300 °C for 1 h under Ar stream, and cooled
to 80 °C in the same atmosphere. The analysis was carried out in a mixture of 10 vol
% H, in Ar (30 ml min™"), ramping the temperature from 80 °C to 900 °C at 10 °C min
!. The CO,-TPD was characterized to analyze the basic property on the surface of the
catalysts. The same amount of samples were pretreated with 10% H, in Ar at 300 °C
for 1 h then cooled down. The inlet gas was switched to CO, stream (50 ml min™)
until CO, adsorption was saturated. The sample was heated to 900 °C at a heating

rate of 10 °C min™ for CO, desorption. The O,-TPO experiments were performed to
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investigate the coking characteristics of the used samples under a gas flow of 10 vol
% O, in He at the flow rate of 30 ml min. The consumption of each gas was
monitored continuously with TCD gas chromatograph.

Coke characterization was analyzed by Raman spectroscopy in a Renishaw
inVia reflex Raman spectrometer using an excitation wavelength of 532 nm,
performing the analysis in several areas of the used sample for increased
reproducibility.

The alternate pulse experiment was conducted on the same chemisorption
analyzer (Micromeritics Autochem Il 2920) connected with a Hiden QIC-20 mass
spectrometer (MS) to understand the mechanism on bimetallic catalyst by sequential
pulse of C,HsOH-H,O vapor and CO,. The calcined sample was heated at 300 °C for
30 min under Ar gas flow. Then, the temperature was increased to 500 °C followed
by 10 pulses of C,HsOH-H,O vapor (C,HsOH/H,O = 3, 3 min pulse'1 and 0.5 ml pulse
Y. After that, temperature was further increased to 800°C and the previous gas was
removed by purging with 10 pulse of Ar. Finally, 10 pulses of CO, gas (3 min pulse™
and 0.5 ml pulse™) was subsequently introduced into quartz reactor and the sample
was collected at different amount of CO, pulses (1, 5 and 10 pulses). The products
from each period were detected by the online MS.

X-ray photoelectron spectroscopy (XPS) analysis was performed on a Perkin-
Elmer PHI 1600 ESCA system with an Al Kq X-ray source (E = 1486.6 eV) to determine
the surface chemical state changed of samples in different conditions from alternate
pulse experiment.

In situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of

a fuel feed step on CLR by ethanol were carried out on a Thermo Scientific Nicolet
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IS50 spectrometer, equipped with a Harrick Scientific diffuse reflection accessory, a
mercury-cadmium-telluride (MCT) detector, and a Hiden QIC-20 mass spectrometer.
Samples were first pretreated at 300 °C under 40 ml min™ argon for 30 min and
cooled down to 220 °C to collect a background spectrum. The liquid mixture of
ethanol and water (S/E = 3) was bubble into the reaction cell by Ar stream (15 ml
min™). The gaseous products were monitored by transmission infrared spectrometry

and detected by MS.

Hydrogen production:

Catalytic performance for H, production on CLR from ethanol were carried
out at atmospheric pressure in a fixed-bed reactor (900 mm length, 18 mm internal
diameter) with alternating fuel and air feeding steps. Typically, the bi-functional
catalyst (1 g, 40-60 mesh) was diluted with SiO, in the mass ratio of 1:2, and then
loaded into a stainless steel tube reactor supported by quartz wool at constant
temperature zone. The temperature of the reaction zone was monitored by a
thermocouple and maintained by a tube furnace. Prior to each test, the oxygen
carrier was oxidized by air (100 ml min™, 21 vol% O, and 79 vol% N,) at 800 °C for 30
min, and then the air was shifted to pure N, (100 ml min?) for 10 min. A cycle
consisted of fuel feed step for H, production and air feed step for re-oxidation of OC.
In fuel feed step, a liquid mixture of ethanol and water (0.1 ml min™, C,HsOH/H,0
molar ratio of 1:3, weight hourly space velocity (WHSV) of 6000 h™') was fed to the
reactor using a HPLC pump (P230, Elite, China) which was vaporized at 180 °C into
gaseous reactants. The product components from reactor (ethanol, H,, CO, CO, and
CHa) were detected and analyzed online by the gas chromatograph (Agilent Micro GC

490) with interval of 2 min and mass spectrometer. For the subsequence of air feed
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step, N, was entered to purge the reactor, followed by an air (100 ml min™, 30 min)

at 800 °C for complete oxidation of oxygen carrier.
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CHAPTER V
Performance comparison among different multifunctional reactors
operated under energy self-sufficiency for sustainable hydrogen

production from ethanol

This study presents the results of hydrogen production from renewable
ethanol through four reforming processes: conventional ESR, SESR, CLR and SECLR
with combustion of a fraction of hydrogen product for heat supply within the system.
The performances in terms of net hydrogen productivity, hydrogen purity, ethanol
conversion, CO, capture ability and thermal efficiency of these processes from
simulation on the basis of self-sufficiency with net hydrogen production maximized

were compared.

5.1 Validation

The simulation was first validated for the SECLR of methane using NiO as
oxygen carrier and CaO as CO, sorbent under the same condition employed by
Rydén and Ramos [61]: a reforming pressure of 1 bar, a H,O/CHg of 2, a NiO/CH, of 1
and a CaO/CHq4 of 1. The validation results of SECLR simulation are shown in Table 9
comparing hydrogen productivity, methane conversion, hydrogen purity and CO,
capture ability from our process with those from Rydén and Ramos [61]. Our results
show good agreement with deviations of hydrogen productivity, methane conversion,

hydrogen purity and CO, capture ability from the reference by only 1.25%, -0.37%, -
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0.32% and 0.34%, respectively. Therefore, this simulation model was deemed
reliable for further investigation.

Table 9 Simulated validation results from this study and results of reference by

Rydén and Ramos [61] for equivalent SECLR process under the same condition.

Simulation Value Reference Simulation deviation (%)
H, productivity (kmol/kmol) 2.846 2.811 1.25
CHa conversion (%) 96.64 97.0 -0.37
Hz purity (%) 98.38 98.7 -0.32
CO; capture ability (%) 95.33 95.0 0.34

5.2 Base case calculation

The base case simulation of an SECLR was performed at an ethanol feed flow
rate of 1 kmol/h, reforming temperature of 600°C, pressure of 1 bar, a S/E ratio of 4,
a calcium oxide to ethanol ratio (CaO/E) ratio of 4, and a nickel oxide to ethanol
(NiO/E) ratio of 1 with amount of solid split fraction of 0.95 for a and 0.05 for B
following Ref. [62]. The performance of the process under these base case conditions
is shown in Table 10. Hydrogen productivity of 4.1 kmol/kmol was observed with
77% purity and complete ethanol conversion. The CO, capture ability is quite low
because the amount of adsorbent is not enough for CO, adsorption and the fractions
of solid circulation (a and B) are not appropriate.

The energy requirement of SECLR at the base case was approximately 0.07
MW, which is mainly the requirement from the endothermic reverse reaction of Eq.

2.12 to regenerate CaCOs3 in the calcination reactor. This energy demand is supplied
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by combustion of a portion of the produced hydrogen. The theoretical combustion
of hydrogen requires 2 moles of hydrogen and 1 mole of oxygen for complete
combustion. The number of moles of air per mole of oxygen for combustion is given

by Eq. 5.1.

Mole O,
0.21

Number of moles of air = (5.1)

The stoichiometric air/fuel (A/F) ratio for combustion of hydrogen with air is given by

Eq. 5.2.

moles of air
AJF = ( ) (5.2)

moles of hydrogen

In practice, 10% excess of air must be fed to a furnace for complete combustion
[101]. Therefore, the number of moles of air and the A/F ratio are 5.2 and 2.6,
respectively. The amount of hydrogen in air that can be used as a fuel ranges from 4
to 75% which causes hydrogen to be combustible, meaning that hydrogen’s
flammability range is very wide in the air. The hydrogen to air mixture in these
calculations is 27.6% which is close to the stoichiometric hydrogen combustion that
is considered as an optimal condition [35]. With a furnace’s thermal efficiency of
85%, the SECLR process requires 35% of hydrogen productivity to fulfill the energy
requirement of 0.07 MW, producing a net hydrogen of 2.65 kmol/kmol and having an

overall thermal efficiency of 51%.
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Table 10 Process performance of SECLR for hydrogen production from ethanol at

base case condition.

Parameter Value
Ethanol feed rate (kmol/h) 1
S/E ratio (-) il
Temperature of reformer (°C) 600
Temperature of calcination reactor (°C) 900
Temperature of air reactor (°C) 900
Pressure (bar) 1
CaO/E ratio () il
NIO/E ratio (-) 1
Solid fraction of CR to AR, a (-) 0.95
Solid fraction of AR to RR, B () 0.05
H. productivity (kmol/kmol) 4.1
Ethanol conversion (%) 100
H. purity (%) 77
CO; capture ability (%) 39
Energy requirement (MW) 0.07
Hydrogen utilization (%) 35
Net hydrogen (kmol/kmol) 2.65
Thermal efficiency (%) 51

5.3 Determination optimal conditions for maximum net hydrogen
production

The energy requirement and hydrogen vyield are important factors for
identifying the optimal process for hydrogen production. They depend on a number
of operating conditions such as reactor temperature, pressure and flow rate.
Therefore, the determination of the optimal condition with maximum net hydrogen

on each process is required in performance comparison among different processes.
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For conventional ESR process, the reforming temperature and S/E ratio are
the two main factors influencing hydrogen yield and energy demand. Figure 19
illustrates the effects of reforming temperature and S/E ratio on hydrogen
productivity, net hydrogen and energy requirement. Increasing reforming temperature
results in higher hydrogen productivity because steam reforming is endothermic and
therefore is thermodynamically favorable at high temperatures. Increasing the S/E
ratio also increases the hydrogen productivity because the main reaction (Eq. 2.1) is
shifted toward the products. However, operating at a high temperature and a high
S/E ratio requires a large amount of energy. Therefore, more hydrogen was diverted
to furnace for combustion. This leads to a lower value of net hydrogen. In the range
in our study, net hydrogen becomes zero as the S/E ratio is increased to 2 and 7 at
the reforming temperatures of 400 and 500 °C, respectively. This indicates that all
hydrogen produced was sent to the furnace. Beyond these conditions the process
even requires energy from external sources. The highest net hydrogen from the
conventional ESR process was obtained at the temperature of 700 °C and the S/E
ratio of 3. The hydrogen productivity, net hydrogen and purity of hydrogen at these
conditions are 5.6 kmol/kmol, 3.2 kmol/kmol and 73.5%, respectively, with an energy

requirement of 0.15 MW.
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Figure 19 Top: Effects of reforming temperature on energy requirements of ESR. Bottom: Effect

of steam to ethanol ratio on hydrogen productivity (solid lines) and net hydrogen (dashed lines)

In addition to the reforming temperature and S/E ratio, the amount of solid
used in the system also has a significant impact on the process performance. The
sorption enhanced processes with in situ CO, separation has CaO as a solid sorbent
circulated in the system. Figure 20 indicates the effect of the calcium oxide to
ethanol ratio (CaO/E) on hydrogen productivity (kmol/kmol), net hydrogen
(kmol/kmol) and energy requirement (MW) at various reforming temperatures and S/F
ratios. The reforming temperature in sorption enhanced processes with CaO as the
sorbent is limited to 700 °C, beyond which CO; adsorption by CaO is not favorable.

The simulation results showed that at CaO/E ratios of 1 to 5, the hydrogen

productivity increases with the CaO/E ratio because the immediate capture of CO,
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shifts the equilibrium of reactions Egs. 2.1 and 1.3 toward the products. The amount
of net hydrogen also increases even though energy requirements are higher due to
the heat from CO, adsorption of CaO (Eq. 2.12) can be supplied during the steam
reforming and other side reactions occurred in the reformer. At CaO/E ratios larger
than 5, the performance (hydrogen productivity, net hydrogen and energy
requirements) remain constant, suggesting that the amounts of CO, sorbent became
excessive.

In terms of energy requirement, when the reformer is operated at low
temperatures, most of the energy demand arises from the calcination reactor as
calcination needs more energy to heat the outlet stream from the reformer (TOCAL).
On the other hand, when the reformer is operated at high temperatures, the main
energy requirement is from the steam reforming reactions in the reformer. The
highest net hydrogen was observed at the temperature of 500 °C, S/E ratio of 5 and
CaO/E ratio of 5. The productivity, net hydrogen and purity of hydrogen at these
optimal operating conditions were 5.7 kmol/kmol, 3.5 kmol/kmol and 98.5 %,
respectively, with an energy requirement of 0.14 MW.

It is noteworthy that if only the hydrogen productivity is considered, the
optimal conditions of SESR will be found at the temperature of 500 °C and S/E ratio
of 10. A large energy requirement and low net hydrogen are observed at these
conditions as shown in Figures 20(b) and (c). Therefore, the energy requirement is

important and directly affects the return and cost of the production.
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Figure 20 Effects of CaO/E ratio, steam to ethanol ratio and reforming temperature on hydrogen

productivity (a), net hydrogen (b) and energy requirement (c) of SESR process
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The CLR process also has a solid oxygen carrier NiO circulated in the system.
Figure 21 shows the effects of nickel oxide to ethanol ratio (NiO/E) on hydrogen
productivity (kmol/kmol), net hydrogen (kmol/kmol) and energy requirement (MW) at
various parameters (Table 7). Increasing NiO/E ratio from 1 to 5 decreases the
hydrogen productivity slightly as a portion of ethanol was oxidized to undesired CO,
and CO according to Egs. 2.13-2.18. This results in lower purity of hydrogen
compared with the sorption enhanced process. Nevertheless, the negative effect of
NiO/E ratio on the hydrogen production is significantly weaker than the positive
effect of the sorbent due to the NiO reduction is firstly occurred and fast reaction,
which is unlikely with CaO, implied that the CO, concentration has a huge impact on
process performance. At low NIO/E ratios, high temperatures and S/E ratios, a higher
hydrogen productivity and energy requirement are observed as the steam reforming
reactions become dominant leading to low amount of net hydrogen. Nevertheless,
the net hydrogen increases when the NiO/E ratio increases as heat is recovered from
oxygen carrier regeneration, especially with the negligible negative effect of NiO/E
ratio beyond 5. Reforming temperature of 700 °C, S/E ratio of 10 and NIO/E ratio of 1
offered the highest hydrogen productivity but not the highest net hydrogen. The
latter was observed at temperature of 700 °C, S/E ratio of 5 and NiO/E ratio of 5. The
productivity, net hydrogen and purity of hydrogen at these conditions are 4.3
kmol/kmol, 2.7 kmol/kmol and 689%, respectively, with energy requirement of 0.1

MW.
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As the SECLR process was designed with the recirculating solids from
calcination reactor to reformer (1-a) followed by Rydén and Ramos [61] and solids
from air reactor directly to the reformer (B) according to Udomchoke et al. [62]. The
advantages of splitting the fraction of NiO and CaO directly to the reformer are higher
conversion rate and hydrogen productivity as the temperature in reformer and CO,
adsorption rate increase. The effect of solid recirculation controlled by splitter was
investigated in term of solid split fraction. Our result of the effect of solid split
fraction is shown in Figure 22 which confirms the result of Udomchoke et al. in the
higher hydrogen productivity and purity compared without recirculating solids (a=1
and B=0). The hydrogen productivity and purity reach to the maximum at a=0.6 and
B=0.1. Moreover, there was no effect when splitting solid from calcination to the

reformer more than this fraction (a0 < 0.6).
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Figure 22 Effects of a and B on hydrogen productivity and purity of SECLR process at CaO/E = 5
and NiO/E = 5
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Figure 23 illustrates the hydrogen productivity, net hydrogen and energy
requirement of SECLR process as a function of reforming temperature and S/E ratio
with solid split fractions of a and B equal to 0.6 and 0.1, respectively. As would be
expected, the hydrogen productivity increases with increasing of S/E ratio and
reforming temperature. The lower hydrogen productivity was observed when
operating at temperature 700 °C because of the reduction in adsorption capacity of
CaO and exothermic carbonation reaction (Eg. 2.12). For the net hydrogen and
energy requirement, the SECLR process relatively consumes lower amount of energy
compared to other processes leading to higsher net hydrogen. From the figure, it can
be seen that the hydrogen productivity at 500 and 600 °C is similar; however, the
energy consumption at 600°C is higher. Therefore, the optimal operating condition of
SECLR process with the highest net hydrogen was observed at temperature of 500 °C
and S/E ratio of 5. At this condition, the productivity, net hydrogen, purity of
hydrogen and energy requirement are 5.1 kmol/kmol, 4.4 kmol/kmol, 99% and 0.03

MW, respectively.
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5.4 Performance comparison for hydrogen production from different

processes

The performance of hydrogen production processes including conventional
ESR, SESR, CLR and SECLR from ethanol at their optimal conditions is shown in Table
11. The results clearly observed the complete of ethanol conversion under all

studied conditions. The conventional ESR process offered hydrogen productivity of
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5.6 kmol/kmol with 73.5% purity and most of energy consumption up to 0.15 MW.
This process required 42% of hydrogen productivity to combust in furnace for
sufficient supply in the system which is given net hydrogen only 3.2 kmol/kmol as it
involves several steps, including reformer, two shift reactors and purification unit, and
more severe operating condition (up to 700 °C) than the sorption enhanced
processes. The conventional ESR has a similar tendency with CLR process, as high
hydrogen was produced at high temperature where steam reforming reaction was
dominant. Therefore, the optimal condition of these processes are rather similar. As
the optimal condition of CLR requires higher steam, it leads to lower CH, and higher
CO, concentration in outlet stream resulting in low purity.

Hydrogen can be produced from CLR process at approximately 4.3 kmol/kmol
with 68% purity and the process requires 37.2% of hydrogen productivity for
combustion to fulfill with energy demand of 0.1 MW and finally remains net
hydrogen of 2.7 kmol/kmol. The CLR process obviously consumes lower amount of
hydrogen to burn and supply in the system as it has significant advantage in heat
providing which is heat from re-oxidation in the air reactor can provide to the
reformer by solid oxygen carrier. The thermal efficiency of conventional ESR and CLR
processes are 62% and 52%, respectively. Even though the conventional ESR does
not provide energy to the system, this process produces a good yield and results in
higher thermal efficiency.

In sorption enhanced processes, both of SESR and SECLR were obtained the
same optimal operating condition from simulation results in the previous section.
The SESR was found to produce hydrogen approximately 5.7 kmol/kmol with energy

requirement of 0.14 MW. This process required 37.8% of hydrogen productivity in the
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combustion section which remains net hydrogen 3.5 kmol/kmol. The acquired energy
provided to the calcination reactor and the reformer as reverse Eq. 2.12 is highly
endothermic and only heat from CO, adsorption by CaO disable enough supply in
the system. The SECLR slightly produced hydrogen less than SESR which is 5.1
kmol/kmol. However, it consumed the lowest amount of energy of 0.03 MW and
required only 12.5% of hydrogen productivity in combustion section as the re-
oxidation of oxygen carrier and sorbent’s carbonation in the regeneration cycle are
exothermic reactions and can provide heat for highly endothermic reaction in the
reformer and the calcination reactor. Therefore, the highest net hydrogen was
obtained from SECLR which is equal to 4.4 kmol/kmol. Moreover, providing heat
from solid in the system leads to sorption enhanced processes enable to operate at
a lower temperature with high purity of hydrogen. The CO, capture ability of both
processes are over 95% resulting in high purity of hydrogen which is 98.5% for SESR
and 99% for SECLR. As expected, the thermal efficiency of SECLR is up to 85% which
is higher than SESR process (68%) as it provides better performance in heat
management in the system. For the lower thermal efficiency of ESR, CLR and SESR,
these processes would be accounted for cost of heat addition. Therefore, SECLR
process reveals several advantages to produce highest net hydrogen with high purity

and low energy requirement.



Table 11 Performance comparison of different hydrogen production processes

including conventional ESR, SESR, CLR and SECLR at optimal condition.

Parameter ESR SESR CLR SECLR
Ethanol feed rate (kmol/h) 1 1 1 1
S/E ratio (-) 3 5 5 5
Temperature of reformer (°C) 700 500 700 500
CaO/E ratio (-) - 5 : 5
NIO/E ratio (-) - - 5 5
H, productivity (kmmol/kmol) 5.6 5.7 4.3 5.1
Ethanol conversion (%) 100 100 100 100
H, purity (%) 73.5 98.5 68 99
CO, capture ability (%) : 95.8 - 98
Energy requirement (MW) 0.15 0.14 0.1 0.03
Hydrogen utilization (%) 42 37.8 37.2 125
Net hydrogen (kmol/kmol) 3.2 3.5 2.7 4.4

Thermal efficiency (%) 62 68 52 85

74
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CHAPTER VI
Fe,0,/Ca0-AlL,0; multifunctional catalyst for hydrogen production by

sorption enhanced chemical looping reforming of ethanol

This work focuses on developing multifunctional catalysts, which combine a
metal-based reforming catalyst and an oxygen carrier as well as a carbon dioxide
sorbent, to facilitate mass transfer and improve catalytic activity and recyclability
applied for the SECLR process of ethanol. The combination of iron-based oxygen
carrier and CaO-based sorbents into multifunctional material is the most important
issue as phase formation on catalytic surface affects the oxygen transfer capacity of
iron oxides and adsorption capacity of calcium oxide. Material preparation as well as
metal oxide content are found to strongly affect phase composition of the material
and H, production. In this study, the use of Fe,Os as oxygen carrier combined with
CaO-Al,O3 sorbent in the SECLR of ethanol process for H, production was proposed.
The effect of preparation method on phase formation of Fe-based multifunctional
catalysts was investigated on their activity and stability over multiple cycles of

operation.

6.1 Fresh catalyst characterization

The diffractograms of fresh Fe-based multifunctional catalysts prepared by
different methods are shown in Figure 24. The samples synthesized by the sol-gel
route, 5FeCaAl and 5Fe*CaAl, showed the formation of Ca,Fe,Os phase at diffraction

peaks of 20 = 24, 26.8, 29.2, 33, 36.6, 41.2, 43.4 and 59.9° (JCPDS 47-1744), FeAl,O4
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spinel at 20 = 31 ° (JCPDS 34-0192), CagAlsO1g at 26 = 47.7 © (JCPDS 32-0150) and CaO
at 20 = 32.3, 37.3, 53.9, 64.2 and 67.4° (JCPDS 48-1467). Changing steps of iron
precursor addition after acid peptization (5Fe*CaAl), the sol-gel method still
promoted the formation of the CazFe,Os mixed phase but the decreased intensity of
this phase was observed, indicating relatively lower content of CasFe,Os. However,
other phases in this sample also had a lower peak intensity than the conventional
sol-gel method (5FeCaAl) because the duration for phase transformation was
decreased. The XRD pattern of the sample prepared by mechanical mixing
(Mec5Fe/CaAl) showed the diffraction peaks attributed to Fe,Os at 20 = 23.2, 32.9,
35.6 and 47.3° (JCPDS 39-0238), CaO at 20 = 32.1, 37.2, 53.8, 64.1 and 67.2°, and
CagFey0s at 20 = 26.8, 32.9, 43 and 59.9°. The Fe,O5 phase with the lowest CasFe,Os
peak intensity was clearly observed only from sample prepared by mechanical
mixing method. This implied that heating iron precursor in solid state could release
water and nitrate molecule quickly, decreasing the formation of Ca,Fe,Os or other
phases. For the catalysts prepared by impregnation method, the formation of
CayFe 05 phase at 28 = 33.1, 36.6 and 55.2° was found regardless of Fe content due
to strong interactions between the iron phase and the calcium sorbent. The inert
Ca1,Al14033 phase from modified CaO also presented at diffraction peaks of 26 = 18,
27.8, 29.7, 36.6, 41.1, 46.7 and 57.2° (JCPDS 48-1882) and its intensity decreased with
increasing iron contents from 5 to 15 wt % later distribution of Ca,Fe,Os phase over
catalyst surfaces. However, the represented peaks of Fe,Os phase observed at 26 =
35.5 and 47.3° could be detected when the catalyst prepared with Fe contents of 10
and 15 wt %. This might be due to the positioning of iron oxide inside the material.

Therefore, the XRD results showed that the catalyst preparation using iron precursor
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in a solid state could suppress the formation of CasFe,Os, leading to a higher content
of Fe,Os, but destroyed the inert Ca;2Al14033 phase in sorbent’s structure. In contrast
to the mechanical mixing method, impregnation method allowed the existence of
Cai2Al140s3 phase in the sorbent while the sol-gel method promotes the stronger

interactions between the iron phase and the sorbent.
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Figure 24 XRD patterns of the Fe;0s/Ca0-AlOs multifunctional catalysts prepared through

different synthesis methods (sol-gel, mechanical mixing and impregnation) with different iron
contents (5, 10 and 15 wt %).
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The crystallite size of CaO, CazFe;0Os, CaiAligOs3 and Fe,Os of all samples
calculated based on Scherrer’s equation are shown in Table 12. The CaO and
CagFe 05 crystallite sizes of 5FeCaAl sample synthesized by sol-gel method were 41
and 57 nm whereas the CaO and Ca,Fe,Os crystallite sizes of 5Fe*CaAl were 30 and
44 nm. Adding iron precursor after acid peptization (5Fe*CaAl) made the
crystallization period shorter than mixing precursors together at the beginning
(5FeCaAl) leading to the lowering of ordered material structure, hence the crystallite
size decreased [102]. By mechanical mixing, the CaO crystallites of Mec5Fe/CaAl also
had a small size of 32 nm with the Fe,Os crystallite size of 38 nm. Furthermore, the
smallest of CaFe,Os crystallite size of 27 nm was found in this sample. For
impregnation route, the Ca0, CasFe,0s and CajAl140s3 crystallite size of Imp5Fe/CaAl
were 47, 38 and 63 nm, respectively. The crystallite size of each phase grew
gradually with increasing Fe content. It should be noted that the sample with 5 wt %
loading of Fe provided better dispersion since smaller crystallite sizes were obtained.
The presence of Caj2Al14033 in the samples prepared by impregnation method gave
higher crystallite size of CaO as shown in Figure 26. Thus, the materials prepared by
modified sol-gel and mechanical mixing methods presented higher dispersion with
smaller CaO crystallite size when compared with the sol-gel and impregnation
methods. However, with 5 wt% Fe loading, the sol-gel method preferred to form
CayFe,0s during the topological transformation of calcium and iron precursors as it

provided the largest CayFe,Os crystallite size.
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The specific surface area, pore volume and pore size diameter analyzed from
N, adsorption/desorption isotherm are also listed in Table 12. The synthesis routes
had an effect on textural properties of multifunctional materials. The Imp5Fe/CaAl
sample possessed the highest specific surface area and pore volume of 18.3 m* g
and 0.08 cm’ g, respectively. Nevertheless, no significant change was observed
when the iron content increased from 10 to 15 wt %. For the samples prepared by
sol-gel method, adding the iron precursor after peptization (5Fe*CaAl) offered higher
specific surface area, pore volume and pore size than adding the iron before
peptization (5FeCaAl). This is possibly due to the absence of iron precursor in
hydrolysis which increased calcium and aluminum precursors’ breakdown into
interatomic bond to interact with, e.g., Ca-O, Ca-Al and Al-O, originated of porous
Ca0-CagAlgO1s. The catalysts synthesized by mechanical mixing (Mec5Fe/CaAl) had a
small surface area of 57 m? g' with a pore volume of only 0.03 cm?® g¢*. This
indicates the influence of the state of the precursors. The precursors interacting in
solution resulted in the hydration of CaO, forming Ca(OH),, which could increase the

pore volume [103].
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Figure 25 SEM micrographs and particle size distribution curve of the freshly prepared

Fe,0s/Ca0-AlL,Os multifunctional catalysts: (a) 5FeCaAl, (b) 5Fe*CaAl, (c) Mec5Fe/CaAl, (d)
Imp5Fe/CaAl, (e) Impl0Fe/CaAl and (f) Imp15Fe/CaAl.
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Figure 25 illustrates morphology and particle size distribution of Fe-
based/CaO-Al,Os multifunctional materials pictured by SEM. The samples
synthesized via sol-gel formed homogeneous phase. The 5Fe*CaAl (Figure 25(b)) had
more uniform surface than 5FeCaAl (Figure 25(a)). On the other hand, the samples
prepared by mechanical mixing and impregnation were composed of heterogeneous
particles of blades and irregular shapes (Figures 25(c)-(f)). From the particle size
distribution graphs, it is obviously observed that the particle size of the sample
obtained by solid state reaction was larger than those obtained by sol-gel method.
The particle size of the samples prepared sol-gel route were in the range 0.01-0.14
um and the average size was 0.042 um. The mechanical mixing route showed the
largest average particle size of 0.074 um and the particle size was broadened in 0.01-
0.35 um. The average particle size of the samples synthesized by the impregnation
route was found to depend on the amount of Fe loading. The Imp5Fe/CaAl exhibited
the lowest average size of 0.043 pm compared to the Imp10Fe/CaAl (0.067 um) and
the Imp15Fe/CaAl (0.07 um) with the distribution range of 0.01-0.35 pum. The
difference in size could be due to the presence of different amounts of aggregates

on catalytic surface.



Figure 26 SEM-EDX of calcium and iron composition in freshly prepared Fe,0s/Ca0-Al,03

multifunctional catalysts: (a) 5FeCaAl, (b) 5Fe*CaAl, (c) Mec5Fe/CaAl, (d) Imp5Fe/CaAl, (e)
Imp10Fe/CaAl and (f) Imp15Fe/CaAl.

83



84

The distribution of calcium and iron on Fe-based multifunctional catalysts
were analyzed by SEM-EDX as shown in Figure 26. The elemental Ca map indicated
that all samples had uniform dispersion of calcium. For the Fe, the samples
containing 5 wt% Fe showed well dispersed on the surface for both synthesized from
sol-gel (Figures 26(a) and (b)) and impregnation methods (Figure 26(d)) while that
prepared by the mechanical mixing route showed partial densification as indicated
within the dashed line in Figure 26(c). With increasing %Fe loading, Imp10Fe/CaAl and
Imp15Fe/CaAl, Fe rich on the surface of CaO-Al,O5; sorbent caused the amount of
irregular structures increased according to SEM images. Furthermore, an increase in
EDX signal intensity of Fe at 15 wt% Fe loading in Figure 26(f) also suggested particle
agglomeration. The elemental compositions and contents of each catalyst from EDX
analysis were summarized in Table 13. The Fe,0s/Ca0O-Al,03 catalysts contain
amount of Fe, Ca, Al and O elements comparable to pre-calculation value, indicating

the success of the synthesis.
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6.2 H, production

The developed catalysts were tested their performances on H, production via
SECLR process of ethanol as shown by breakthrough curve of gaseous products

obtained from fuel reactor presented in Figure 27.
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Figure 27 Product distribution (%) from the SECLR process of ethanol; (a) 5FeCaAl, (b) 5Fe*CaAl,
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The 5Fe/Al sample was selected as based catalyst to investigate the effect of
adding CaO for sorption enhanced H, production. The results in Figure 27(g) showed
that ethanol conversion of 99.6% could be obtained with the production of 57.7% H,
purity. Lower H;, production of 51% observed in the first 30 min was due to a portion
of ethanol was oxidized with iron oxide and yielded CO (Egs. 2.20 and 2.21). In case
of applying multifunctional catalyst to the process, the composition profiles of
gaseous products could be divided into three sections: pre-breakthrough,
breakthrough and post-breakthrough as shown in Figures 27(a)(f). Greater H,
production observed in the pre-breakthrough period showed the effect of adding
Ca0 as CO, adsorbent as the value was over its equilibrium production shown in the
post-breakthrough period. Catalysts prepared by the sol-gel method (Figures 27(a)
and (b)) demonstrated a similar H, purity of about 65% in the pre-breakthrough
period for 30 min for either the Fe precursor was added before (5FeCaAl) or after
peptization (5Fe*CaAl). The maximum H; production and the lowest CO;
concentration were obtained in the pre-breakthrough period, as CaO sorbent
immediately absorbed the produced CO, from the reaction, promoting WGS reaction
and thus high conversion of CO. When a significant portion of the CaO sorbent
absorbed CO, and formed CaCOs (Eq. 2.12), H, concentration at the outlet gradually
decreased, while the CO,, CO and CH, concentration increased. This period is called
breakthrough period. In this period, the 5Fe*CaAl sample showed a longer
breakthrough period of 30 min while that of the 5FeCaAl sample was only 15 min.
This is plausibly because the former possessed higher surface area and pore volume
as shown in Table 12. Once the CaO sorbent was saturated, the concentration of H,,

CO,, CO and CHy reached steady state values in the post-breakthrough period. The
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act of iron as active metal promoted the breaking of the C-H bonds, leading to lower
CHq selectivity and increasing selectivity of CO, at the same time [104]. The H, purity
in the post-breakthrough period of both samples prepared by sol-gel route was 58%.

For the catalyst synthesized by mechanical mixing, Mec5Fe/CaAl, (Figure
27(c)), pre-breakthrough period of 30 min with 64.8 % H, purity was obtained. The
longest breakthrough period of 45 min was observed with this catalyst. This could be
explained by the presence of the lowest amount of CasFe,O5 phase, which could
block pores of the CaO sorbent, as shown in XRD result of fresh catalyst depleted in
Figure 23. Furthermore, this catalyst possessed the highest average pore size (Table
12) as the larger pore size was less susceptible to pore blockage [105]. At the post-
breakthrough period, 55% H, purity was observed in this catalyst.

The catalysts prepared by impregnation (Figures 27(d), (e) and (f)) offered the
highest H, purities of 70% in the pre-breakthrough period regardless of Fe content. In
addition, it was found the shorter breakthrough time of 30 and 45 min for the
Imp10Fe/CaAl and the Imp15Fe/CaAl catalysts, compared to the Imp5Fe/CaAl. This is
possibly due to faster CaO deactivation as more defect in catalytic structure of both
Imp10Fe/CaAl and Imp15Fe/CaAl catalysts, i.e. higher crystallite sizes and poorer
textural properties (Table 12), were found. The longest pre-breakthrough period of 60
min was obtained with the Imp5Fe/CaAl as shown in Figure 27(d), indicating higher
stability of CaO and CO, capture capacity because the presence of both CajzAl14033
inert support and CayFe,Os phase could prevent the sintering of CaO, increasing

diffusion resistance of CO, through the CaCOs layer.
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Figure 28 XRD patterns of the used Fe,0s/Ca0-Al,Os multifunctional catalysts prepared with

different synthesis methods (sol-gel, mechanical mixing and impregnation) of 5 wt % iron content

after H, production.

Figure 28 shows the XRD patterns of the used Imp5Fe/CaAl materials after 1
cycle running, compared with other preparation methods containing 5 wt% iron. As
seen, the impregnation route exhibited the highest CaCOs peak intensity implying the
largest amount of CO, sorption capacity with the presence of Caj,AliOs3 inert
support and CazFe;Os phase. Furthermore, remaining the same peaks of CajFe,Os
phase was observed after the reaction. This suggested that the presence of
Ca1,Al14033 phase in this material could stabilize Ca,Fe,Os plausibly because of strong
intercomponent interactions and the high temperatures of fusion of the two phases
[106]. As the sol-gel and mechanical mixing methods showed lower breakthrough
time of 30 min, this suggested the rapid deactivation by agglomeration during the

test leading to lower CO, sorption capacity which confirmed by the lower intensity of
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CaCOs peak. Moreover, the loss of CajzAl140s3 inert support phase and very small
amount of CazFe,Os in Mec5Fe/CaAl caused lower catalytic performance and more
deactivation as shown by broadening line of XRD pattern. In addition, the minor
peaks of Fe;O4 were observed in all used multifunctional catalysts and confirmed
the presence of Fe,O5; in the material before the reactions which was completely
transformed during the catalytic test. Noted that peaks of intermediate FeO and Fe’
phases were always absent after the reactions. For the result in post-breakthrough
period, 58% of H, purity were obtained in Imp5Fe/CaAl and Imp10Fe/CaAl catalysts.
While, Imp15Fe/CaAl provided 60% of H, purity due to the largest content of iron
active site. It was observed that similar H, purity in this period of the samples with 5
wt % Fe content prepared by the sol-gel and impregnation was found. Whereas, the
lowest amount of 55% was observed in Mec5Fe/CaAl catalyst. This is attributed to
the loss of surface Fe active sites by particle agglomeration confirmed by SEM-EDX
result of the used catalysts which was shown in Figure 29. From SEM images and
element Fe distribution, it was found that particle agglomeration and strongly Fe
densification were observed with the used catalyst prepared by the mechanical
mixing method (Figures 29(c) and (d)). While the material synthesized by the sol-gel
and impregnation routes showed only partial sintering and the dispersion of element
Fe were almost consistent with the fresh catalyst. Moreover, it is worth noting that
sol-gel method is beneficial for WGS reaction as the lowest CO concentration was
obtained at any time as shown in Figures 27(a) and (b). This is correlated with the
uniform surface of the catalyst prepared from sol-gel route to facilitate the easier gas

diffusion, which could be observed in the SEM images depicted in Figs. 4 and 8 [107].
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Figure 29 SEM micrograph (right) with elemental Fe map from EDX (left) of the used Fe,03/Ca0-

AlLOs multifunctional catalysts after reaction test: (a),(b) 5Fe*CaAl, (c),(d) Mec5Fe/CaAl and (e),(f)
Imp5Fe/CaAl (after 1 cycle)
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Furthermore, the lowest CO concentration of 5Fe*CaAl sample results in the

smallest amount of carbon deposition compared to the other methods which was

characterized by DSC-TGA techniques after reaction test.
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Figure 30 (a) TGA and (b) DSC profiles of the used Fe,0s/Ca0-AlOs multifunctional catalysts

0.25

90 -

85 -

—— 5SFe*Caal

——MecSFe/CaAl ——ImpSFe/CaAl

0.15

0.1

0.05

e e 3:5*-":%'.-:!!--4--5;::.-!5:: ‘mﬂ‘.m‘r-"ﬁ!: 0
200 400 600 300 1000
Temperature (°C)
1
1
1
]
1
1
1
1
]
SFe*CaAl '
——MecSFe/CaAl E
——Imp5Fe/CaAl :
L3 T L] T L : T
200 400 600 800 1000
Temperature (*C)

after Hz production in air.

Deriv. Weight (%/"C)



93

As exhibited in Figure 30(a), the first period of mass loss in TGA curve was
from 60 °C and reached a maximum mass loss around 108 °C, resulting from the
elimination of physically absorbed water. The second period of mass loss started
decreasing from 200 °C and reached unchanged at 350 °C due to easily oxidized
amorphous carbon originated from CO disproportionation or Boudouard reaction (Eq.
2.11), consistent with peak of DTG centered at 256 °C [108]. In this period, the
smallest amount of weight loss 4.1% for used 5Fe*CaAl catalyst was obtained. While
the amount of weight loss 4.9% was observed for used Mec5Fe/CaAl, which was
quite low when compared to weight loss of 8% for used Imp5Fe/CaAl catalysts
indicating less coke deposition on catalytic surface. This is also resulted from
reduction of the iron surface to catalyze the CO disproportionation reaction leading
to a decrease in the rate of carbon formation [109]. From the DSC results of used
catalysts shown in Figure 30(b), according to Nogueria et al. (2014) [110], the peak at
220 to 350 °C was attributed to the oxidation of carbonaceous species with low
ordered structure like amorphous carbon type, which was clearly observed in
Imp5Fe/CaAl centered at 258 °C. The small carbon formation amount of 5Fe*CaAl
and Mec5Fe/CaAl makes the heat release at different temperature ranges difficult to
be distinguished, so the thermal information could not be observed in their DSC
profiles.

Then, the last mass loss was observed between 600 to 800 °C which was
assigned to the decomposition of CaCOs to CaO relating to the CO, sorption capacity
[93]. In this temperature range, the maximum weight loss of 16% observed with the
used Imp5Fe/CaAl compared with 9.6 and 9.8% of 5Fe*CaAl and Mec5Fe/CaAl,

respectively. This result confirmed the largest CO, capture capacity of Imp5Fe/CaAl
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which is evidenced for the longest breakthrough time as shown in Figure 27(d). It
should be noted that no mass gain was observed since the iron loading (5 wt %) was
relatively low. Additionally, the mass loss in this period was coincided with the peaks
of DTG and DSC curves at the temperature region of 700-750 °C which observed the
shifted towards highest temperature for 5Fe*CaAl sample prepared by sol-gel
method implying the most difficult for CO, removal. While Imp5Fe/CaAl catalyst
provided the easiest to be eliminated CO,. Therefore, 5 weight percent loading of Fe
on CaO-AlLOs; sorbent synthesized with impregnation method was the best
conditions for combination of iron-based oxygen carrier and calcium-alumina based

sorbent intended for SECLR of ethanol.

6.3 Reusability of multifunctional catalyst

We studied next the capability of spent iron-based oxygen carrier after reaction
test in fuel reactor to be oxidized by reacting with steam (Eqs 2.28-2.30) and
followed by oxygen (Eg. 2.31). The further steam oxidation of reduced iron is not
only evaluate the stability of oxygen carrier but it also more produce high-purity H,
from water splitting (WS) reaction. It was found that the H, gas evolved over iron-
based oxygen carrier under studied condition at temperature of 500°C and steam

flow rate of 0.05 ml min™ lasted for 60 min as shown in Figure 31.
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Figure 31 Evolution of H, from water splitting (WS) after SECLR of the used Fe,03/Ca0-AlO3

multifunctional catalysts prepared through different routes.

This indicated that the catalyst was not complete redox reaction in fuel reactor
and further reduction of FeO and/or Fe was observed resulting in the H, production.
Moreover, the catalysts prepared through different methods yielded significantly
different hydrogen productivity and iron content greatly affected the hydrogen
amount in the steam oxidation. The samples prepared by impregnation method
showed higher activity for water splitting confirming the retarding catalyst sintering by
the presence of CapAlisOss and CasFe,Os phase. The H, yield from WS was
determined by following equation and shown in the insert map in Figure 31.

H, yield (umol) = fot(r'lout X Cy, )dt (6.1)
where 74yt and Cy, are the mole flow rate and concentration of H,.

As expected, it is also evident that the H, yield increased along with the iron

content, which is a result of oxidation reaction. The highest H; yield of 254 pmol was
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obtained from Imp15Fe/CaAl. However, the H, yield of all prepared catalysts still
produced and maintained after running period of 60 min indicating that it takes a
longer time for the complete oxidation by steam which is not similar to the bare Fe’
as reported in previous literature [55]. This is implied that the properties of
supported Fe® was different resulting in the better catalytic stability. To evaluate the
oxyeen carrier’s performance, the stoichiometry ratio of generated H, to mole of Fe
in oxygen carrier was calculated and compared with the result using pure Fe,Os as
oxygen carrier which was reduced with H, before steam oxidation reaction based on
the work from Zhu et al [111]. According to the calculation, the stoichiometry ratio
of H, and mole of Fe in their work was about 1.04:1 which is consistent with the
theoretical ratio of 1:1 in Eq. 2.28 suggesting that this equation is the main reaction
for the water splitting process. It can be seen that this value did not reach 1.33:1 of
the overall reaction (Eq. 2.30) indicating the partial Fe’ from reduction step could be
re-oxidized to its oxidation state (FesO4) by steam. In this work, the maximum ratio of
generated H, and mole of Fe as also shown in the insert map of Figure 31 was 0.21:1
for the used Imp5Fe/CaAl catalyst with 5 wt % of Fe content which is more difficult
to re-oxidize. This performance showed reasonable and acceptable activities for
water splitting into H, with other phases’ formation from strong Fe-Ca interactions.
Although the Imp15Fe/CaAl obtained the highest H; yield, the particle agglomeration
as evidenced in Figure 29 caused the efficiency as H,/Fe mole ratio lower than it
should be.

From all the results, the Imp5Fe/CaAl catalyst offered the most favorable
performance 70% of H, purity and a breakthrough time of 60 min with an

appreciable amount of H, produced in the steam oxidation. Therefore, the
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Imp5Fe/CaAl was chosen for stability test over 5 cycles by performing SECLR for H,
production at reaction temperature of 600 °C and S/E of 4 and following steam

oxidation for oxygen carrier’s performance at temperature of 500 °C.
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Figure 32 The stability of Imp5Fe/CaAl catalyst in SECLR from ethanol for H, production and in

WS from steam oxidation for oxygen carrier evaluation from 5 consecutive cycles.

Figure 32 demonstrates that H;, purity from SECLR could be maintained at ca.
70% in the pre-breakthrough period in the first 3 cycles. This could be attributed to
the most stable sorption capacities of CaO-Al,O3 combined by impregnation method
which presented in this multifunctional catalyst. Moreover, this catalyst also
sustained a relatively stable yield of H; in WS test with ratio of generated H, to one
mole of Fe in the range of 0.19-0.21 for the first 3 cycles indicating the stable oxygen
carrier’s performance. A slight reduction of H, production was observed in the
subsequent 4 and 5" cycles of 66% and 67% for H, purity in SECLR and 0.15 and

0.14 for Hy/Fe mole ratio in WS. The latter should be ascribed to partial sintering
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during the phase transformation (Fe,0;—>FeQ/Fe’«—>Fe;0,) as higher peak intensity
of FesO4 phase in XRD pattern of after stability test was observed as shown in Figure
33, and the peak intensity of Ca,Fe,Os phases also slightly increased with the
formation of other phases from strong interaction between Fe-Ca. However, the
hydrogen amount drop for WS test in this work was 25% which is lower than the
result from Zhu et al [111] that dropped by 60%. This suggested that the presence

of other phases penetrating on CaO surface enhanced the stability of active iron.
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Nevertheless, this sample showed stable activity both for sorption capacity in SECLR
and oxygen carrier in WS over 5 oxidation-reduction cycles on stream.

Figure 33 XRD patterns of the used Imp5Fe/CaAl catalyst after 1 and 5" cycle.
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CHAPTER VI

Activity and carbon resistance of NiFe-MgAl bifunctional catalyst derived from
Hydrotalcite-like precursors in chemical looping reforming of ethanol for

hydrogen production

As in the previous chapter, activity of the catalyst was found to be limited by
the formation of CasFe;Os phase due to the strong interactions between iron and
calcium as higher its content was obtained after reaction test for H, production in
multi-cyclic operation. The modification with other metal oxides like MgO was
applied to improve the catalytic performance. Another promising approach to
enhance the catalytic performance is the utilization of hydrotalcite-like compounds
(HTlcs) as precursors for mixed oxide catalysts. Therefore, in this present work, the bi-
functional catalysts of NiFe-MgAl were prepared from a hydrotalcite-structured
precursor and tested for the H, production from chemical looping reforming of
ethanol. Various analysis techniques are determined to find the relationship between
catalytic structure and performance with respect to activity and stability. In addition,
the influence of the bimetallic NiFe-MgAl for catalytic regenerability and

understanding the role of Fe for the coke resistance were studied.

7.1 Catalytic performance in CLR

Figures 34(a)-(c) depict the product selectivity of CLR over three samples of
HT-derived OCs under different temperatures of 400, 500, 600 and 700°C with S/E at

a stoichiometry of 3. The duration of each temperature for conditions test in fuel
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feed step was 30 min. The results found that ethanol was completely converted
under all studied conditions. The highest purity of H, in all prepared catalysts was
obtained at reaction temperature of 500°C. At this condition, the Fe-MgAl (Figure
34(a)) had a H, purity of 66.5% which is lower than the other two catalysts that have
Ni sites. The NiFe-MgAl and Ni-MgAl (Figures 34(b) and (c)) indicated a similar H, purity
of about 80 %. It demonstrates that the introduction of nickel improves the purity of
hydrogen. This is due to the relatively stronger ability to break C-C and C-H bonds.
When operated at low temperature 400°C, it shows an unsuitable condition of lower
concentration of H, as steam reforming (Eq. 2.1) is an endothermic reaction which
prefers high temperature. While at higher reaction temperatures of 600 and 700°C, it
yields more byproducts especially CO as water gas shift (Eq. 1.3) is an exothermic
reaction. Therefore, the optimum condition over all prepared HT-derived OCs for H;
production in CLR process was at 500°C.

Moreover, the experiment at the optimum condition was further conducted
by performing a longer period of time in fuel feed step approximately 14 h in order
to investigate the stability of the catalyst. The H, concentration as a function of the
time on stream (TOS) at 500 °C for Fe-MgAl, NiFe-MgAl and Ni-MgAl is shown in Figure
34(d). The values of H, concentration of the monometallic Ni-MgAl (black) and
bimetallic NiFe-MgAl (red) catalysts show similar trend— H, purity rapidly increased
at first and gradually decreased at a later time, indicating the presence of sintering
and deactivation. As can be seen from the figure, after TOS exceeds 11 h, the H,
purity of Ni-MgAl decreased more than NiFe-MgAl. This was plausibly due to the
different coke deposition on catalytic surface which will be further explained the

detail about this below. For the monometallic Fe-MgAl catalyst which represents in
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blue color, the H, purity shows stable behavior during the stability test. This is

implying that the presence of Fe can resist the carbon formation. Herein, the

bimetallic of Ni-Fe catalyst not only improves the purity for H, production but also

modifies the catalytic stability.
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Figure 34 Product distribution (%) as a function of temperature for CLR process of the prepared

oxygen carriers of (a) Fe-MgAl, (b) NiFe-MgAl and (c) Ni-MgAl and concentration of H, (%) as a

function of reaction time (d) at 500 °C: Sy (blue), Scra (pink), Scoz (yellow), and Sco (green).

7.2 Characterization of the bi-functional catalyst from hydrotalcite-like

compounds

To find the relationship between structure and activity, the catalysts were

analyzed by various characterization techniques. Figure 35 shows the XRD patterns of

the as-synthesized precursors, calcined and used sample of Fe-MgAl, NiFe-MgAl, and

Ni-MgAl. The layer spacing values of (003) and (110) reflections for dried precursors
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and crystallite size based on (220) reflection for calcined and used catalyst
calculated by Scherrer equation are summarized in Table 14.

From Figure 35(a) of the as-synthesized precursors, all XRD patterns showed
the characteristic reflection peaks of MggAlLCO3(OH);6-4H,0O hydrotalcite (JCPDS 41-
1428) at 20 = 11.27°, 22.7°, 34.36°, 38.94°, 46.36°, 60.02° and 61.52° which are
attributed to (003), (006), (012), (015), (018), (110) and (113) planes, respectively. The
d-spacing of the (003) reflection corresponds to the thickness of a brucite-like sheet
and one interlayer. The d(003) values of Fe-MgAl precursor in Table 14 was well in
line with 0.784 nm for the MgsAl-COs hydrotalcite. While the other two catalysts
modified with Ni were found the lower values. This is possibly due to the formation
of other phases in the precursors as other sharp peaks apart from hydrotalcite were
observed. On the other hand, the d-spacing of the (110) reflection is the average
metal ion-metal ion distance inside the brucite-like sheet which depends on the
ionic radius. For the Fe-MgAl precursor, the d(110) was calculated to be 0.1548 nm
which is slightly higher than 0.1540 nm for the MgsAl-COs hydrotalcite. This is due to

1>* with larger Fe®* cation in the hydrotalcite structure

the replacement of a part of A
(0.064 nm for Fe’* and 0.054 nm for A" in octahedral coordination). For catalyst
with Ni addition, the d(110) are smaller than 0.1540 nm indicating the incorporation
of Ni** cations to form Ni-Fe-Mg-Al HTlcs because ionic radius of Ni** is smaller than
Mg®* (0.069 nm for Ni** and 0.072 nm for Mg?* in octahedral coordination).

The XRD patterns of the samples after calcination at 800 °C are shown in
Figure 35(b). The diffraction peaks of hydrotalcite completely disappeared and the

structure transformed into a periclase [Mg(Ni,Fe)-Ol-type structure (JCPDS 45-0946) at

20 = 36.94°, 42.92°, 62.30°, 74.69° and 78.63° with a mixture of spinel phase. The
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(220) reflection of the periclase structure is observed at dcaicined-Spacings in the range
of 0.1326-0.1488 nm which was smaller than the values for MgO (d = 0.1489 nm) due
to the presence of smaller cations into the periclase structure. After the reaction test
in CLR for H, production, the XRD pattern of used catalyst in Figure 35(c)
demonstrates the reflections of a periclase structure. For the monometallic catalysts
of Fe-MgAl and Ni-MgAl, the diffraction peak of metal particles were detected. For
the bimetallic catalyst of a NiFe-MgAl, the XRD pattern exhibits a formation of Ni-Fe
alloys. To examine the dispersion and morphology of the Ni-Fe alloy, TEM was
employed and it was confirmed that the Ni-Fe alloys were well dispersed and the

particle sizes were in the range of 0.018-0.027 um as shown in Figure 35(d).
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Figure 35 XRD patterns of the samples (a) as-synthesized, (b) after calcination (c) after reaction;

TEM image of the used NiFe-MgAl sample (d) after activity test.



104

Table 14 Summary of XRD analyses for the as-synthesized, calcined and used

catalysts.
d spacing (nm) Crystallite size of Crystallite size of
Catalyst
d(003) d(110)  calcined catalysts (hm)  used catalysts (nm)
Fe-MgAl 0.7804 0.1549 0.1488 0.1547
NiFe-MgAl 0.7460 0.1536 0.1485 0.1537
Ni-MgAl 0.7258 0.1534 0.1326 0.1548

The compositions measured by ICP-OES are given in Table 15. The result of
metal loading of calcined samples ranges from 9.2 to 9.4 wt %, which indicates that
the metal is well loaded. The results of specific surface areas and pore volumes
analyzed from the N, adsorption/desorption are also presented in Table 15. Higher
surface area was obtained in the calcined hydrotalcites sample. The four precursors
of Ni-Fe-Mg-Al in bimetallic catalyst prepared by co-precipitation method provide
lower surface area than monometallic catalyst. This might be caused by more
cations for substitution in the brucite-like layers leading to the decreasing of BET
surface area and pore volume. Moreover, the N, adsorption/desorption isotherms for
all the samples displayed type IV isotherms with hysteresis loops typically for the
ordered mesoporous. As expected, the BET surface area and pore volume of used
catalysts were decreased after reaction test due to the general sintering of

agglomeration and carbon formation.
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Temperature programmed reduction (TPR) measurements were performed for
all calcined samples and Figure 36 summarizes the results. Two reduction peaks
were observed for the Fe-MgAl sample. The first broad peak can be divided to the
transformation of Fe,Os; to FesOq4 at ca. 484 °C and further reduction of Fe;O, to FeO
intermediate at a starting temperature of 500 °C with the maximum reduction peak
at ca. 556 °C [111]. The last reduction peak at ca. 726 °C was associated with the
reduction to metallic Fe. The TPR profile of the NiFe-MgAl catalyst exhibited the
main reduction peak at ca. 885 °C which shifted to higher temperatures due to the
strong interaction of the components inside the Mg(Ni, Fe, ADO structure. For Ni-
MgAL, the TPR showed a profile of the reduction of NiO to metallic Ni in the periclase
structure with a main peak at ca. 748 °C. Also a small peak can be observed at ca.
557 °C which could be attributed to reduction of NiO weakly interacting with support

on the surface.
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Figure 36 Temperature-programmed reduction profiles of the calcined samples
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The origin of catalyst deactivation by coke deposition was also taken into
account due to its importance for process efficiency especially in long-term
performance. Coke deposition on the catalysts after stability test was characterized
by performing O,-TPO. Further structural information concerning the carbon
deposited was obtained by scanning electron microscopy and Raman spectroscopy
analyses of the spent catalysts.

Figure 37 gives the TPO profiles of used catalysts after carbon deposition.
Different amounts of CO, are released during the TPO process, indicating the
formation of different type of coke. The TPO results of the monometallic Fe-MgAl
show a single peak around 415 °C corresponding to the amorphous coke
(temperature <450 °C). This type of coke is identified to encapsulate on active metal
sites and have a great impact on deactivation as it is able to condense and form the
graphitic structure which can detect CO, peak at high temperature (~700 °C). The
TPO profiles of the bimetallic NiFe-MgAl composes of two peaks which the second
peak around 593 °C is attributed to the filamentous coke (>550 °C). This type of coke
is structured in fibres and does not directly block the active metal sites resulting in
this catalyst to be more stable (Figure 34(d)). While the monometallic Ni-MgAl reveals
three peaks in TPO profile with the third peak of coke in more condensed and
graphitic structure. This type of coke may be a blockage of active metal sites that
causes severe deactivation which confirms the decreasing in catalytic stability after
TOS exceeds 11 h. The CO,-TPD results was also listed in Table 15 to measure the
basicity of catalysts as higher basicity can suppress the coke formation. The Ni-MgAl
showed the lowest total amount of desorbed CO, verifying the lower coke resistance

compared to Fe-MgAl and NiFe-MgAL.
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Figure 37 TPO profile of the different catalyst used for 14 h

The morphology of NiFe-MgAl sample before and after reactions was
investigated by SEM, as illustrated in Figure 38. It can be significantly observed that
the external morphology of catalyst changed after reaction at 500 °C. The fresh oxide
catalyst in Figure 38(a) shows an irregularly granular structure and the particle size is
mainly distributed in 0.01-0.16 um with an average size of 0.03 um. After reaction for
14 h, some particles were agglomerated into the large size and the deposited carbon
is observed on the catalytic surface in Figure 38(b) which is identified as filamentous

carbon, corresponding to the TPO results.
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Figure 38 SEM Images of bimetallic NiFe-MgAl catalyst, (a) fresh and (b) after 500°C reaction

The Raman spectroscopy is a suitable technique for studying nature and
characteristics of carbon deposits. Figure 39(a) shows the Raman spectra of used
samples in the range of 1000-1800 cm™ which are fitted into four characteristic
bands. Generally, two intense bands of D and G bands are displayed at 1350 cm™
and 1580 cm™, respectively. The D band is attributed to structural imperfections of

graphite that indicates the presence of amorphous carbon and multilayer carbon
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tubes. Another two bands located at ~1200 °C and 1550 °C are the components of
D band. The first band is associated to bond vibrations in disordered graphitic layers
which appears when the materials is very poor organization. The latter is also
corresponded to amorphous coke due to bond vibrations near the edges in highly
disordered graphitic layers [112]. The wide and large peak of D band was obtained in
all samples indicating the predomination of disordered structures like amorphous
carbon and filamentous carbon. The relative intensity of D to G band (Ip/lg) can be
used to describe the degree of crystallinity of deposited carbon on the catalysts.
Figure 39(b) shows that the higher Ip/Ig ratio obtained in the Fe-based bifunctional
catalyst (Fe-MgAl and NiFe-MgAl) which suggests a lower degree of coke crystal

structures leading to the decreasing of oxidation temperature for carbon removal.
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Figure 39 (a) Raman spectra fitting results of all catalysts after the carbon deposition (b) Ratio of

D- and G-band intensities (Io/lc) and the temperature for coke removal

7.3 Catalytic performance of bimetallic NiFe-MgALl

From the above results, bimetallic NiFe-MgAl catalyst offered high H,
selectivity of about 80 % owing to the ability of Ni added to break C-C and C-H bond
and showed more stable behavior in long-term performance than monometallic

catalyst due to the presence of Fe lead lower density of carbon deposition. To
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investigate the role of Fe on carbon removal, the alternative pulse experiment was
performed and monitored by MS. This experiment was focused on the oxidation with
CO; for carbon removal. The use of CO, gas mainly involved the oxidation of only
metallic Fe, while Ni is stable under this atmosphere. The result in the final step
found that CO was produced on the NiFe-MgAl catalyst during the CO, pulse as

shown in Figure 40, implying the reactions took place with Fe.
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Figure 40 CO production during CO, pulse experiment over bimetallic NiFe-MgAl catalyst.
Conditions: 1 mL s of CO,, 30 min.

To clarify the result, the surface chemical compositions and oxidation states
of the Ni-Fe alloy particles in three samples at different conditions during pulse
experiment including 1 CO; pulse, 5 CO, pulses and 10 CO, pulses were performed
by XPS analysis. The deconvolution of XPS results are shown in Figure 41. The XPS
spectra of the Fe 2p and Ni 2p are split into 2ps/, and 2py, doublets due to spin-
orbit coupling. The Fe 2p spectra (Figure 7.8(a)) can be divided into five peaks, peak

at ~706 eV relating to Fe” species, peak at ~709 eV attributing to Fe*, and the
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peaks at ~711.4 eV and ~724 eV corresponding to Fe** with its satellite peak at
~718.6 eV. The surface compositions were calculated from the peaks area ratio of
each element and the results are listed in Table 16. As can be seen in Table 16, the
fraction of Fe° after 1 pulse of CO, was only about 2.7 % as it was reoxidized to
higher valence states and the fractions of Fe®* and Fe* were 67.3 % and 30.9 %,
respectively. After 5 pulses of CO,, the fraction of Fe?" increased from 30.9 % to 33.1
% could be possible to the formation of FeO via the metallic Fe in alloy obtained
lattice oxygen (O*) from CO, yielding CO (Eqg. 7.1).

CO; + Fe — CO + FeO (7.1)
At the same time, the fraction of Fe’ also increased to 5.1 % which can be explained
by the FeO provides lattice oxygen to deposited carbon (Eqg. 7.2) and oxidizing it
leading to the more production of CO as shown in Figure 40, and the lower amount
of Fe?* was obtained after 10 pulses of CO,.

FeO + C — CO + Fe (7.2)

For Ni 2p XPS spectra in Figure 41(b), the peaks at ~853.8 eV and ~871.2 eV
were consistent to Ni°, while the peaks at ~856 eV and ~873 eV were the feature
of Ni** with its satellite peaks at ~861.5 eV and ~880 eV. The result from Table 16
revealed the remaining of metallic Ni composition during the pulse experiment as it

cannot be oxidized by CO,.
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Figure 41 Surface chemical state evolution of the samples during CO; reduction process: (a) Fe

2p XPS spectra; (b) Ni 2p XPS spectra

Table 16 Element composition of XPS analysis under CO, pulse experiment of NiFe-

MgAl catalyst

o, oul Fe Nit®!
utse
2P Fe** Fe? Fe° Ni2* Ni°
1 673 30.9 27 60.1 359
5 61.8 33,1 51 64.9 35.1
10 56.5 328 10.7 64.5 355

In order to obtain the direct information of the surface reaction and probe
the evolution of intermediate species for carbon removal, in situ DRIFTS experiment
under CLR was employed over NiFe-MgAl catalyst at 500 °C and the DRIFTS spectra
as a function of TOS is shown in Figure 42 in the range between 780-1030 cm™. After

exploring in the C;HsOH + H,O mixture for 10 min, spectrum exhibits the weak bands
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at 810, 890 and 1124 cm™, which are assigned to the Fe-O stretching mode
suggesting the existence of FeO intermediate during the reaction. However, the
intensity of these bands decreased after 20 min indicating the realloying of Fe. The
particle was found to dealloy again after 30 min and lower intensities were obtained
after an hour. According to the result, a graphical illustration of carbon species

removal on catalytic surface of NiFe-MgAl is depicted in Figure 43.
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Figure 42 in situ DRIFTS spectra of NiFe-MgAl catalyst at 500°C under the reaction mixture

containing ethanol and water (S/E ratio = 3) during an hour TOS.



116

Fe + O* < FeO

. co C+FeO — Fe + CO

O
Ni-FeO Vﬂkﬂ I | Ni-Fe ‘Coke

Figure 43 Schematic representation of carbon removal through the reduction of FeO

on the surface of NiFe-MgAl catalyst.

Moreover, it was necessary to study regenerability of catalyst as it is one of
the most challenging problems for multicyclic operation in CLR process. Figure 44
demonstrates the product selectivity for catalytic regenerability of NiFe-MgAl over 10
consecutive cycles. After each cycle, the catalyst was regenerated by oxidation in air,
followed by reaction test for 30 min. It can be seen from the result that H, selectivity
can be maintained at ca. 80% indicating the complete recovery of bimetallic NiFe-

MgAl catalyst.
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Figure 44 Product selectivity (%) on catalytic regenerability for CLR process over NiFe-MgAl at

500 °C: Sz (blue), Scha (pink), Scoz (yellow), and Sco (green).
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To gain an insight into the regenerability on the catalyst structure, the NiFe-
MgAl catalyst after used at different cycles and after regeneration cycle were
measured the structural changes by XRD. As shown in Figure 45, the catalyst after 1°
regeneration shows the similar pattern with calcined catalyst. Moreover, after 2™
cycle, the (220) diffraction peak of alloy appeared at the same position with the 1%
cycle and it disappeared after 2™ regeneration implying the both Ni® and Fe were
oxidized and incorporated into Mg(Ni, Fe,ADO periclase. Similar pattern in structural
changes were observed by repeating in multicyclic operation of CLR. Therefore, the
catalytic regenerability of NiFe-MgAl is the result of alloy regeneration to resist the

deactivation by agglomeration as well as carbon deposition.
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Figure 45 XRD patterns of NiFe-MgAl (Fe/Ni=0.2) used under different conditions.
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CHAPTER VIII

Conclusions and recommendations

8.1 Conclusions

The results obtained from this work consists of simulation study for process
comparison for H, production and experimental studies for development of suitable
catalyst which are summarized in this chapter.

The process performance for hydrogen production from ethanol
(conventional ESR, SESR, CLR and SECLR) were simulated and compared by focusing
on maximum net hydrogen under basis of energy self-sufficient using NiO as oxygen
carrier and CaO as CO, sorbent. The net hydrogen is the amount of hydrogen
obtained after utilization for combustion equal to energy requirement. Different
parameters (temperature, steam to ethanol ratio (S/E), solid to ethanol ratio and
solid circulation) were varied to determine the optimal condition and energy
requirement of each process. At their optimal condition, the processes with in situ
CO, separation (SESR and SECLR) offer better performance and enable operate at
lower temperature with high hydrogen productivity and purity (up to 99%). The
SECLR gives the maximum net hydrogen of 4.4 kmol/kmol and thermal efficiency of
86% as it provides better heat management which requires hydrogen only 12.5% of
its production to sufficiently supply the lowest energy demand. The percentage of
hydrogen utilization in other processes are 42%, 37.8% and 37.2% for conventional
ESR, SESR and CLR, respectively, which is consistent with process’s energy

requirements and has a huge impact on net hydrogen.
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In experimental work, the performance of iron-based oxygen carrier was
investigated for hydrogen production. The performance of Fe,03/Ca0O-Al,O5
multifunctional catalysts from SECLR was firstly examined. The result found that its
activity depended on preparation method and iron content. Different phase
formation and catalytic properties were observed from surface and textural
characterization. The sol-gel method promoted the strong interaction of Fe-Ca by the
formation of CayFe,Os as the main phase but it can be improved by changing steps
for adding iron precursor after acid peptization. The mechanical mixing method can
suppress the formation of CasFe;Os. However, the partial densification of iron was
observed leading to the lowest surface area. The similar performance for H,
production was obtained in catalyst prepared by the sol-gel and mechanical mixing
methods. The combination of iron oxide and calcium-alumina sorbent by
impregnation method revealed better performance. The Imp5Fe/CaAl catalyst with 5
wt% Fe offered the best performance for SECLR to produce 70% of H, purity in pre-
breakthrough period with the longest breakthrough time of 60 min and higher iron
content cannot improve the H, production. Preparation with this method allowed
the existence of CajAligOss inert phase inside sorbent but also promoted the
formation of CaFe,Os phase. Moreover, the presence of both CajsAli4Oss inert
support and CasFe,Os phase in this material enhanced and stabilized the sorption
capacity of CaO in the pre-breakthrough period of SECLR and oxygen carrier’s
performance of Fe,Os in WS test leading to a stable material for at least 5 cycles.
However, a decreased of its activity was observed in the subsequent 4" and 5"
cycles which is ascribed to partial sintering during the phase transformation

(Fe,0;—>FeOQ/Fe’«—>Fe;0,) and higher formation of other phases from strong
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interaction between Fe-Ca. Therefore, to enhanced stability and developed
performance of Fe-based oxygen carrier, the bimetallic NiFe-MgAl hydrotalcite-
derived materials were studied and compared its performance with monometallic
catalysts of Fe-MgAl and Ni-MgAl. From the result, all catalysts were successfully
synthesized by co-precipitation method and employed as bifunctional catalyst in CLR
of ethanol to produce hydrogen. At optimal condition of reforming temperature
500°C with S/E of 3, higher hydrogen selectivity about 80% were obtained in Ni
modified catalysts. The NiFe-MgAl bimetallic catalyst exhibited much higher catalytic
activity and stability than the corresponding monometallic Fe-MgAl and Ni-MgALl.
After reaction test, the bimetallic catalyst observed the formation of NiFe alloy and
coke with a lower crystallinity deposited on catalytic surface. The decreased in coke
formation was due to (i) the Fe in NiFe alloy was partially oxidized to FeO, and (ii)
the FeO intermediate reacted with deposited carbon and turn into NiFe realloy. The
FeO redox cycle leads higher activity and resistance to coke deposition of this
catalyst. In addition, the NiFe-MgAl offers a regenerable catalyst without a loss in
catalytic performance during the catalyst regeneration over 10 repeated cycles of
CLR process.

Finally, when considering the comparison of the performance of the
multifunctional catalysts in the experimental works, it is very difficult to compare
results of performance in hydrogen production because the studies were carried out
under different conditions which influences activity, selectivity and stability of
catalysts. However, the obtained experimental results of different nickel- and iron-
based catalysts were summarized in Table 17. The catalysts’ efficiencies expressed in

terms of activity, stability and regenerability are indicated. It shows that NiFe-MgAl
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exhibited very promising results under studied conditions with the highest activity

and strongest resistance toward thermal and carbon deposition.
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8.2 Recommendations

This study has contributed to the understanding of process for efficient
hydrogen production from ethanol and developing of materials (catalyst, sorbent and
oxygen carrier) for enhancing process performance. As the study progressed, a few

areas surfaced as suggested areas for future studies. The recommendations are as

follows:

Table 18 Recommendations for future studies

Problems

Recommendations

Expectations

Process comparison

To assess the costs derived from
each hydrogen production process
such as capital investment,

operating and utilities.

To support the owners and
operators’ financial decisions on
the purchasing, installing and

design of a plant.

The error bar in chart should be
added.

To indicate the error or
uncertainty in a reported, i.e., how
well the function describes the
data.

H, production in SECLR step

The weight hourly space velocity
(WHSV) can be varied.

To obtain optimal WHSV and
more H, productivity.

Several feed stocks such as
methanol, glycerol, toluene,
phenol and other hydrocarbons
can be used.

To evaluate the feasibility of
different fuels.

Hz production in steam oxidation
step

The operating condition such as

water splitting temperature and

steam feed flow rate can be varied.

To improve the maximum H,

yield in this step.

Catalytic stability

The duration of the stability test
should be extended until it is
clearly seen the catalytic

deactivation.

To obtain the catalyst lifetime.

Catalyst characterization

The investigation of metal
dispersion on surface area supports
should be estimated to obtain the
number of active Ni sites, i.e.,
surface active metal sites for the

reaction.

To describe the catalytic activity

completely.
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BLOCK COMPONENTS AND STREAM TABLE OF PROCESS SIMULATION

Table A.1 Summary of block components and stream for ESR process

Streams
Block Model Description
Input Output
HX1 ETOH FEED2 Ethanol preheating
Ethanol after temperature
HX2 FEED2 TOREFORM
adjustment for steam reforming
HX3 H20 HOTH20 Water preheating
HX4d HOTH20 STEAM Steam production
HX5 HEATER STEAM SHSTEAM Steam production
Products from reformer cooling
CL1 OUTREFOR TOHTS
down
CL2 OUTHTS TOLTS Products from HTS cooling down
Products after temperature
CL3 OUTLTS TOCOND
adjustment for separation
SHSTEAM
REFORMER - OUTREFCR H2 production
TOREFORM
RGIBBS
HTS TOHTS OUTHTS Water-gas shift reaction for CO
LTS TOLTS OUTHTS conversion
H2PROD Water removal unit
CONDENSE Flash2 TOCOND
OUTCOND Waste water
H2NET Amount of net H
SPLT FSPLT H2PROD
H2USED Amount of H, utilization
H2USED
FURNACE RStoic OUTFURNA H, combustion for heat supply

AIR2
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Table A.2 Summary of block components and stream for SESR process

Streams
Block Model Description
Input Output
HX1 ETOH FEED2 Ethanol preheating
Ethanol after temperature
HX2 FEED2 TOREFORM
adjustment for steam reforming
HEATER
HX3 H20 HOTH20 Water preheating
HXd HOTH20 STEAM Steam production
HX5 STEAM SHSTEAM Steam production
SHSTEAM
s F I H. production
REFORMER TOREFORM OUTREFOR
RETOREFO Regenerated CaO fed to reformer
RGIBBS TOCAL CaCOs fed for calcination reaction
Regenerated CaO fed to
CALCINE RETOCAL OUTCAL
calcination reactor for heat supply
SWEEPGAS CO; fed as sweep gas
H2H20 Gas product stream
CYCLONE1 OUTREFOR
TOCAL Solid product stream of CaCOs
CYCLONE CO; separated after calcination
Cco2
CYCLONEZ2 OUTCAL reaction
OuUTCY2 Ca0 after calcination reaction
H2PROD Water removal unit
SEP Flash2 H2H20
REWATER Recycled water
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Streams
Block Model Description
Input Output
Regenerated CaO splitting for
RETOCAL
calcination reactor
SPLT OUTCY2
Regenerated CaO splitting for
RETOREFO
reformer
FSPLT
SWEEPGAS CO; splitting for sweep gas
SPLT2 Co2
CO2TOATM CO; to atmosphere
H2NET Amount of net H,
SPLT3 H2PROD
H2USED Amount of H, utilization
H2USED
FURNACE RStoic OUTFURNA H> combustion for heat supply

AlIR2
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Table A.3 Summary of block components and stream for CLR process

Streams
Block Model Description
Input Output
HX1 ETOH FEED2 Ethanol preheating
Ethanol after temperature
HX2 FEED2 TOREFORM
adjustment for steam reforming
HEATER
HX3 H20 HOTH20 Water preheating
HXd HOTH20 STEAM Steam production
HX5 STEAM SHSTEAM Steam production
SHSTEAM
s F I H. production
REFORMER TOREFORM OUTREFOR
RETOREFO Regenerated NiO fed to reformer
RGIBBS TOAIR Ni fed for air reaction
Regenerated NiO fed to
AIRREACT RETOAIR OUTAIR
air reactor for heat supply
AIR Air fed as oxidant
H2H20 Gas product stream
CYCLONE1 OUTREFOR
TOCAL Solid product stream of Ni
CYCLONE
N2 N2 separated after re-oxidation
CYCLONEZ2 OUTAIR
OuUTCY2 NiO after re-oxidation
H2PROD Water removal unit
SEP Flash2 H2H20
REWATER Recycled water




Table A.3 Summary of block components and stream for CLR process (Cont.)

146

Streams
Block Model Description
Input Output
Regenerated NiO splitting for
RETOAIR
air reactor
SPLT OUTCY2
Regenerated NiO splitting for
FSPLT RETOREFO
reformer
H2NET Amount of net H,
SPLT2 H2PROD
H2USED Amount of H, utilization
H2USED
FURNACE RStoic OUTFURNA H> combustion for heat supply

AlIR2
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Table A.4 Summary of block components and stream for SECLR process

Streams
Block Model Description
Input Output
HX1 ETOH FEED2 Ethanol preheating
Ethanol after temperature
HX2 FEED2 TOREFORM
adjustment for steam reforming
HEATER
HX3 H20 HOTH20 Water preheating
HX4 HOTH20 STEAM Steam production
HX5 STEAM SHSTEAM Steam production
SHSTEAM
— N H. production
TOREFORM
RETOREFO Regenerated solids fed to
REFORMER OUTREFOR
reformer
NINIOCAO for hydrogen production and CO;
adsorption
Ni and CaCOs fed for calcination
NICACO3
reaction
RGIBBS
CALCINE OUTCAL Regenerated solids fed to
RETOCAL
calcination reactor for heat supply
SWEEPGAS CO; fed as sweep gas
Ni fed for re-oxidation at air
TOAIR
reactor
AIRREACT OUTAIR Regenerated solids fed to
RETOAIR
air reactor for heat supply
AIR Air fed as oxidant
H2PROD Water removal unit
SEP Flash2 H2H20
REWATER Recycled water
REWATER Mixing between water and
MIXER MIX1 MIXH20
H20 recycled water
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Table A.4 Summary of block components and stream for SECLR process (Cont.)

Streams
Block Model Description
Input Output
H2H20 Gas product stream
CYCLONE1 OUTREFOR Solid product stream of Ni and
NICACO3
CaCOs
CO; separated after calcination
Co2
reaction
CYCLONEZ2 CYCLONE OUTCAL Solids after calcination reaction
OUTCY2 (Ni,
NiO and CaO)
N2 N, separated after re-oxidation
CYCLONE3 OUTAIR Solids after oxidation reaction (NiO
OUTCY3
and Ca0)
Regenerated solids splitting to
NINIOCAO
reformer
Solids after calcination reaction
SPLT OouUTCY2 and
TOAIR fed to air reactor for Ni
regeneration
to NiO
FSPLT Regenerated solids splitting for
RETOCAL
calcination reactor
SPLT2 NIOCAO
Regenerated solids splitting for
RETOREFO
reformer
SWEEPGAS CO; splitting for sweep gas
SPLT3 Co2
CO2TOATM CO; to atmosphere
H2NET Amount of net H,
SPLT4 H2PROD
H2USED Amount of H, utilization
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APPENDIX B

CALCULATION FOR CATALYST PREPARATION

B.1 Metal precursor calculation
For Fe,03/Ca0-Al,0s multifunctional catalysts with a mass ratio of calcium to

alumina of 70:30 and normalized with 5 wt% of iron, based on 10 gram of sample:

Fe 55.845 g/mol in Fe(NO3)3+9H,0 404 g/mol

Fe 05¢ in Fe(NO3)329H,0 3.617 ¢ = 0.009 mol
Ca 40.078 g/mol in Ca(CH3COO),sH,O  158.17 g/mol

Ca 6.65 ¢ in Ca(CH3CO0)*H,O  26.25 ¢ = 0.166 mol
Al 26.981 g/mol in A(NO3)329H,0 375.13 g/mol

Al 285¢ in AUINO3)329H,0 39.625 ¢ = 0.106 mol

B.2 Citric acid and DI water calculation
1 mole of metal precursor: 1.2 mole of citric acid
So, using citric acid of 0.337 mol = 70.85 ¢

And, 1 mole of citric acid: 50 mole of DI water

So, using DI water of 16.855 mol = 304.3 ml
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B.3 Calculation for synthesis of hydrotalcite-like compounds
For Fe-Ni-Mg-Al HTcls catalysts with 10 wt% of nickel and iron, based on 5

gram of sample:

Ni 58.693 g/mol in Ni(NO3),+6H,0 290.8 g¢/mol

Ni  04g in Ni(NO3)#6H,0 1.98 g = 0.0068 mol
Fe 55.845 g/mol in Fe(NO3)329H,0 404 g/mol

Fe 0.1g in Fe(NO3)329H,0 0.72 ¢ = 0.0018 mol

From molar ratio of divalent metals (Ni** and Mg**) to trivalent metals (Fe**

and A") equal to 2 with a concentration of all precursors of 1 M, yield
Al 0.031 mol in AUNOs3)3-9H,0 11.84 ¢

and Mg 0.06 mol in Mg(NO3),-6H,0 15.35 ¢
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CALIBRATION CURVES
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The instrument of gas chromatography (GC-8A SHIMADZU) with two detectors:

flame ionization detector (FID) and thermal conductivity detector (TCD) equipped

with two columns: Molecular sieve 5A and PoraPLOT Q are calibrated which shows

the operating conditions for gas chromatography in Table C. 1. The calibration

involves the preparation of a set of gas standards containing a known amount of the

analyte of interest, measuring the peak area from instrument response for each

standard and establishing the relationship between the peak area and mole of

analytic gas. The calibration curves are shown in Figures C.1-C.7 for Hy, CO,, CO, CHy,

N2, O, and C,HsOH respectively.

Table C.1 Operating conditions for gas chromatography

Gas Chromatography

Shimadzu GC-8A

Detector

Column
- Material
- Length (m)
- Outer diameter (mm)
- Inner diameter (mm)
- Mesh range
- Maximum

°Q)
Carrier gas

temperature

Column temperature (°C)
- Initial
- Final
Injector temperature (°C)
Detector temperature (°C)
Current (mA)
Analyzed gas

TCD

Molecular sieve 5A PoraPLOT Q
SUS SUS
2 2
4 4
1 3
60/80 60/80
350 350
Ar (99.999%) Ar (99.999%)
50 50
50 50
70 70
150 150
70 70
Ha, N2, O2, CH4, CO CO,

FID
Inert cap WAX

Mixture

60

0.32
1x10°

n.a.

280

He (99.999%)

50
250
180

50
n.a.

C2HsOH
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Figure C.1 H; Calibration curve
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Figure C.2 CO, Calibration curve
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