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ABSTRACT

Previous research articles that deal with methanol-steam reforming with Cu/ZnO/Al,O; catalyst do
not take into account the quality of methanol used and the effect that it would have on catalyst

performance and the off-gas composition as a result.

This study focuses on three methanol qualities, and qualifies and quantifies the change in the off-
gas composition over a period of 30 hours of operation using each methanol quality. In order to
achieve this aim, the problem statement is as follows: The full impact of various methanol fuel
gualities on the operation of the reformer and subsequently the composition of the off-gases which
is not commonly known nor addressed in literature. The addressing of the problem statement was
approached by three experiments on a methanol steam reformer filled with catalyst similar to
commercial Cu/ZnO/Al,O;. Each experiment analysed the off-gas condensate, as well as the
analysis of gas samples and catalyst in 10 hour intervals. A fuel qualifying experimental facility was
designed and built which delivered the respective methanol-water mixture qualities into an
evaporator after which it was reformed into hydrogen, carbon dioxide, and carbon monoxide while
condensing the unreformed methanol and water. The experimental facility was evaluated
according to the design outcomes and requirements stipulated by the design criteria. The catalyst
was manufactured using methods described by various articles. Condensate samples confirmed
that lower methanol quality decreased the maximum methanol conversion and lifespan of the
catalyst when compared to that of the higher methanol quality. An increase in acidity of the
condensate was observed due to chloride compounds which were presented faster when
reforming lower quality methanol. The gas samples indicated that the methanol quality did not
significantly affect the stoichiometric concentrations of hydrogen and carbon dioxide. The carbon
monoxide concentration was highest during the first 10 hours while reforming all methanol qualities
and converged to about 0.3mol% for all methanol qualities. No hydrogen sulphide was detected in
the reformer outlet stream. The analysed catalyst samples revealed signs of sintering while
reforming by a change in pore size, roughing and coarser catalytic surface texture, and indications
of cleavage and brittle fracture when compared to fresh catalyst. Sintering was independent of
methanol quality and the lower methanol qualities did not drastically alter the catalyst topology. The
catalyst exposed to lower quality methanol presented an increased amount of chloride impurities
chemisorbed to the catalyst compared to the catalyst exposed to higher quality methanol as well as
an increased penetration depth into the catalyst pellet. There was no carbon deposition detected

from any of the methanol qualities.

Keywords: Methanol quality. Analytical Reagent. Chemically Pure. Industrial grade. Methanol

steam reformer. Catalyst. Off-gases. Condensate. Methanol Conversion.
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CHAPTER 1 - INTRODUCTION

1.1 Background

In South Africa it is often difficult or unfeasible for Eskom to deliver power to remote locations. This
is often the case for the initial phases of construction projects, mining and farming operations, or
wireless telecom stations. In these cases, petrol and diesel generators are often used to supply the
necessary electricity to the equipment and infrastructure. Generators, however, create air and
noise pollution; as well as having high operating costs. These include fuel, maintenance, and the

replacement and repairing of components.

In other parts of the world fuel cells are becoming an alternative source of electricity for remote
locations. Their lack of moving parts, which effectively lowers maintenance requirements, and far
fewer emissions have made fuel cells a possible viable alternative. For example, in October 2008
the Canadian company, Ballard, entered into an agreement with ACME Telepower and IdaTech.
Together, from 2009 to 2010, they produced and deployed 10 000 Ballard Electragen ME fuel cell
systems to provide power to wireless telecom bay-stations in India.

These fuel cell systems comprise of several linearly interdependent sub-systems, where one sub-
system feeds into the next. Each sub-system is responsible for conforming to a sub-system
interface requirement to allow the delivery of processing outcomes that again conform to the next
subsequent sub-system requirements. Consequently, the mentioned fuel cell systems consist of
three processing sub-systems, namely fuel processing system, power generation system, energy

storage/supply system.

For power generation, fuel cells use a process whereby chemical energy is directly converted into
electrical energy. This electrical energy can be made directly available to energise small electrical
networks, or can be stored in batteries until required by end users. Figure 1 is a simple flow
diagram displaying how a fuel cell system would operate using hydrogen as fuel. Figure 2 focuses
on the power generation in the fuel cell stack, showing how the electricity is produced from

hydrogen.

Fuel cells use a reduction-oxidation reaction to produce electricity. The oxidation reaction happens
at the anode terminal, which is considered the catalyst material. The hydrogen's electrons are
stripped and flow toward the cathode. The now positive hydrogen ions are allowed to pass through
the electrolyte to the cathode terminal, where the reduction reaction takes place. The hydrogen
and oxygen react with the electron, closing the circuit and allowing for the flow of electricity, with
water forming as a product. This process constitutes one fuel cell, a large number of these cells

are compressed together to form a fuel cell stack.
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Figure 1 - Simplified Flow Diagram for a Common Fuel Cell System
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Figure 2 - Single Fuel Cell (Matthey, 2017)

There are a number of different types of fuel cells each based on the fuel used as well as the
catalyst material, the electrolyte, and operating temperatures. The most common fuel cell is the
PEM (Polymer Electrolyte Membrane) fuel cell. This is represented in Figure 2 above. It is
compact, easy to use in a number of applications, and operates at a low temperature allowing it
fast start up times and little heat energy required. This is all possible due to it using pure hydrogen

to generate electricity.

Hydrogen is used due to its natural abundance; however, it is hot abundant in its elemental form. It

is found in many gaseous or liquid compounds such as water, methane, as well as in various

hydrocarbons. Once hydrogen has been produced it must be stored and transported to the remote

locations where the fuel cell systems will be operating. Due to its low density, it must be

compressed for any practical applications, making it difficult and potentially dangerous to store and
2



transport. Hydrogen combusts very violently and leaks are near-impossible to detect without proper

equipment or sensors.

These problems lead to the use of other fuels that are easier and safer to transport and store.
However, using fuels other than hydrogen would require alternative types of fuel cells. SOFC (Solid
Oxide Fuel Cell) and MCFC (Molten Carbonate Fuel Cell) systems can overcome the challenges of
using hydrogen as a fuel. They can internally reform most hydrocarbons to produce hydrogen,
allowing for the fuel processing system and power generation system to become a single sub-
system. Processing a hydrocarbon, however, produces carbon dioxide, but not as much as a
generator would. This allows for the use of methane (CH,), ethanol (C,H¢O), and propane (CzHs),
among others, which are easier to transport and store. However, SOFC and MCFC have high

operating temperatures requiring a large amount of heat energy and long start-up times.

Figure 3 displays a simplified diagram of the SOFC system.

Fuel Processing System
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Figure 3 - Flow Diagram for a SOFC System

The MCFC is very similar in function to the SOFC except for the fact that it uses carbon dioxide

with the fuel instead of the oxygen in the air.

A drawback to these hydrocarbon fuels is that they are gases, and although they are not as

violently reactive as hydrogen, transportation and storage can be problematic.

Another alternative fuel is methanol, which is a liquid at room temperature and has a low boiling
temperature. It can be transported and stored easily and safely, while requiring low amounts of

heat energy to be processed as a gas within the fuel processing system.



This process will require extra processing steps in the fuel processing system, namely evaporation,

reforming, and hydrogen separation. This can be observed in Figure 4 and is discussed below.
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Figure 4 - Flow Diagram for a Methanol Fuel Cell System

A common fuel processing method to produce hydrogen from methanol for a PEMFC is via a
methanol steam reformer with a copper-based catalyst. Gas-separation membrane technology is
implemented for the removal of carbon dioxide from the off-gas providing a hydrogen stream. The
catalyst and membrane are the main fuel processing system components that determine the

effectiveness of hydrogen production in the fuel processing system.

Attempts to use this technology in South Africa have not been as successful as in other parts of the
world. The Electragen ME fuel cell system was used for a community project and it was found that
it was not able to compete with a generator delivering the same amount of electricity. The
operational costs of components that were depleted and needed replacing, and the price of the

specific fuel used to power the fuel cell system, were very high.

The specific fuel, as required by the specification of the Ballard fuel cell system, is a methanol-
water mixture, called HydroPlus. It is classified as E1 (Element 1) which is hydrogen generator
reformer fuel. The composition of E1 fuel is methanol mixed with water in a molar ratio of 1:1.1
methanol to water. E1 specifies methanol adhering to IMPCA (International Methanol Producers
and Consumers Association) standards. IMPCA dictates a maximum of 0.5ppm of sulphur as well

as a possibility of trace amounts of chlorine and other impurities. While adhering to IMPCA

4



standards there are a humber of different qualities of methanol based on their purity, which are
produced depending on the application, specifically AR (Analytical Reagent), CP (Chemically
Pure), and Industrial grade.

Taking this into account, the prices of the different qualities of methanol can be compared. The
cost to create a certain volume of methanol-water mixture is displayed by Table 1.

Table 1 - Various Methanol Fuel Qualities R/L costs compared to Petrol and Diesel

Fuel Type Cost [RL™]
AR Methanol 15.16
CP Methanol 13.53
Industrial grade Methanol 12.48
93 Unleaded Petrol 15.96
50 ppm Diesel 14.94

By comparing methanol fuel quality prices to the current price of 93 Unleaded petrol and 50ppm
diesel, both inland, it can be observed that by using a lower quality methanol could in fact make a
fuel cell reformer system a viable replacement for a generator, taking into account less
maintenance and component replacement required by the fuel cell system as compared to the
generator. Despite this, the use of lower quality methanol could negatively impact functioning of the

system, increasing operating costs and decreasing the viability of the system.

It is not known what quality of methanol is used in the HydroPlus fuel. Likewise, it is also unknown
whether the quality of the fuel would have a significant impact on the composition of the methanol
steam reformer off-gas. If the off-gas contains high concentrations of poisons known to degrade
fuel cell systems, it would negatively affect the degradation rate and lifespan of the system's critical

components.

In order to make this technology more viable than generators in South Africa, it would have to be
better understood. This can be done by an investigation into whether the operational conditions of
the methanol steam-reformer and exhaust gas composition would significantly be impacted by the

use of various fuel qualities.




1.2 Problem Statement

The full impact of various methanol fuel qualities on the operation of the reformer and subsequently
the composition of the off-gases is neither commonly known nor addressed in literature.

1.3 Aim

This study aims to determine the impact of different quality methanol fuels in a fuel cell system on
reformer operation and off-gas composition. This would include investigating the performance of
the reformer by determining the methanol and water fuel percentage converted to hydrogen.
Furthermore, the off-gases will be sampled and analysed to determine the composition, including

the presence and approximate concentration of poisons.

The capacity of this study will extend to the following tasks with the intent of achieving the

previously mentioned aim.

1.4 Objectives

¢ Research on fuel cell systems, reformer, and catalyst technologies.

¢ Design and manufacture system to operate at typical reformer conditions.

e Setup of a functional fuel qualifying experimental facility using a catalyst commonly used in

fuel cell system reformers.

e Setup of a number of experiments using different qualities of methanol fuel and implement

data recording methods.

o Measure and record operating condition data from the system.

o Verify the fuel qualifying experimental facility and experiments by comparing design
outcomes and requirements with the experimental observations during system operation to
ensure the fuel qualifying experimental facility operates as expected and will be able to

produce reliable results.

e Analysis and validation of the fuel qualifying experimental observations and results
according to similar experiments done in this field and the posed problem statement to

determine if the problem statement has been addressed.



e Conclusions and recommendations will follow.

1.5 Document Overview

In the previous sections, the background of the fuel cell, as well as the fuel cell system’s various
subsystems, including the methanol steam reformer, has been discussed. It has been found that
the implementation of the fuel cell systems in South Africa has not been successful and that there
is a lack of knowledge in terms of the E1 fuel used to generate hydrogen and the effect a lower
quality methanol fuel would have on the reformer and subsequent exhaust gas composition. It has
been decided that an investigation will be done into the operation of a methanol steam reformer
with the intent of quantifying the effect that methanol quality would have on the operation of a

methanol steam reformer and its off-gas composition.

Chapter 2 includes various studies done in this field and their results and conclusions which lead to

the design of a fuel qualifying experimental facility.

Chapter 3 discusses and addresses the design outcomes and requirements for the fuel qualifying

experimental facility that will be used to address the problem statement.

Chapter 4 evaluates and verifies the proposed method of addressing the problem statement

according to the design outcomes and requirements stipulated by Chapter 3.

Chapter 5 presents the findings gathered from the fuel qualifying experimental facility and will be
discussed and validated according to the published research results discussed in Chapter 2 as well

as whether it has answered the problem statement fully.

Chapter 6 concludes the study and presents recommendations and future work to be undertaken.

Appendixes will follow.



CHAPTER 2 - LITERATURE REVIEW

In this chapter, the most important aspects of a methanol steam reformer will be investigated. The
focus will be on methanol fuel and its properties, reformer operation conditions, catalyst used along
with its composition and physical properties, and its reforming abilities as well as variables
affecting catalyst reactivity as described by literature. Furthermore, the subsequent subsystems
downstream of the reformer that would be affected by the reformer off-gases will be considered, as
well as the reformer off-gas composition from typical reformers from the perspective of other

published studies.

2.1 Hydrocarbon Fuel

A hydrocarbon is a hydrogen containing molecule with carbon bonds. There are a number of these
types of molecules, for example, methane (CH,), methanol (CH;OH), and ethanol (C,HsOH). There
is a lot more focus on methanol as an alternative energy source due to its transportability and low

toxicity to the environment.

Methanol, also known as methyl-alcohol, is a colourless, poisonous, highly flammable liquid that is
most often used in anti-freeze and as an additive in gasoline.

Methanol quality is dictated by the IMPCA standards, which indicates the following impurities as

shown by Table 2.

Table 2 - Methanol Quality Parameters Adapted from (IMPCA, 2015)

Impurity Maximum Amount [ppm]
Acetone 30.0
Ethanol 50.0
Chlorine 0.5
Sulphur 0.5
Iron 0.1




Inside these parameters, three different methanol qualities exist, namely Analytical Reagent (AR),

Chemically Pure (CP), and Industrial grade.

The most prominent method of producing methanol today is through a method developed in 1920,
whereby hydrogen and carbon dioxide react together to form methanol and water. Similarly,
hydrogen and carbon monoxide can be used to make pure methanol. By reversing these reactions,
methanol and water can disassociate to produce hydrogen and carbon dioxide (Marine Methanol,
2018).

In order to generate hydrogen from methanol, the carbon bonds must be broken, and a common
method to achieve this would be to use a reforming process.

2.2 Reforming

Reforming is a chemical process whereby chemicals undergo decomposition, otherwise known as

cracking, specifically to produce hydrogen and carbon dioxide from a hydrocarbon fuel.

There are three main types of reformers; Steam reformers, Auto-thermal reformers, and Partial
Oxidation reformers. Steam reforming uses steam along with a hydrocarbon to produce the highest
hydrogen concentration compared to the other two reforming types. Steam reforming is a highly
endothermic reaction, requiring large amounts of heat energy, however, steam reforming is the

most common reforming method.

Steam reforming uses high temperature steam to react with the hydrocarbon fuel. This type of
reforming is more common in fuel cell technology as it can turn most hydrocarbons like methane
(CH,), ethanol (C,H¢O), propane (CsHg), and even gasoline, into hydrogen, carbon monoxide, and
carbon dioxide. Carbon dioxide and carbon monoxide, which are the by-products of a reformer, are
often called the reformate (US Department of Energy, 2012).

CXHX + Hzo + Heat » H, + CO + C02

This initial reaction is an endothermic reaction and will require heat energy to react and produces

carbon dioxide, carbon monoxide, and hydrogen.

A water-gas shift reaction is initiated by the steam that has not reacted with the fuel, allowing the
carbon monoxide and steam to react causing more hydrogen and carbon dioxide to be produced.

This process increases the efficiency of the system.

CO + HQO 4 H2+ C02



In a final step called the pressure swing absorption, the carbon dioxide and impurities are removed
from the hydrogen gas stream. This process, however, can be expensive and complex (US

Department of Energy, 2012). Instead, in a typical fuel cell system, a membrane filter is used.

Each steam reformer is classified by the fuel being reformed, and this will, in turn, determine the
operating temperatures, pressures, and type of catalyst to be used to reform the specific fuel. The
advantage of using methanol for hydrogen production is that it is a liquid at ambient conditions
making it much easier to transport, as well as a low evaporation temperature allowing for less heat
energy to be required. It is also the simplest alcohol molecule creating a more predictable

decomposition reaction.

Methanol reforming operates at conditions between 200°C and 300°C, at 200kPa (Makertihartha &
Gunawan, 2009). These are significantly lower temperatures compared to the reforming of other
hydrocarbons, like methane, which operates between 700°C and 1000°C (US Department of
Energy, 2012). This will decrease the energy required to initiate the reforming reaction which

increases the efficiency of the system.

In order for the reformer to crack the hydrocarbon and steam into its elemental components, it
requires a catalyst. Methanol steam reforming most often uses a Cu/ZnO/Al,O; catalyst due to its
availability and affordability (Lee et al., 2004). Before discussing the details of the Cu/ZnO/Al,O3

catalyst, the principle and characteristics of catalysts must be understood.

2.3 Catalyst

A catalyst is defined as a substance that can initiate a reaction, or increase or decrease the rate of
a reaction. Its main characteristic is that it does not physically react within the reaction that it

initiates and it is collectable once the reaction has been completed.

Catalysts can be homogenous, the same phase as the reacting chemicals, or heterogeneous, a
different phase to the reacting chemicals (Rojas, 2013). Steam reforming catalyst is classified as

heterogeneous catalyst.
Catalysts have two main properties namely reactivity and selectivity.

Reactivity is an indication of the strength of bonds that the catalyst reacts with the target molecule.
Low reactivity will only react with weaker bonds. Selectivity is an indication of the areas that the
catalyst reacts with other than the target. More selective catalysts will only react with the target

material.
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Generally, the reactivity and selectivity are inversely correlated. The more reactive a catalyst is the
less selective it becomes and vice versa. This is especially true for difficult transformations like

hydrogen-carbon bonds (Fogler, 2005).

2.3.1 Catalyst Reaction

Fogler (2005) describes the catalytic reaction happening in several steps, namely:
1. Mass transfer towards the catalyst surface,

2. Diffusion into catalyst pores,

3. Adsorption of reactant A,

4. Reaction on the surface of the catalyst,

5. Desorption of product B,

6. Diffusion out from the catalyst pores,

7. Mass transfer away from the catalyst.

These reaction steps can be visualised as shown in Figure 5:

External
diffusio

Internal
diffusion

Catalytic surface

Figure 5 - Steps in a Catalytic Reaction (Fogler, 2005)
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The overall rate of reaction is equal to the slowest step. Steps 1, 2, 6, 7 are very fast compared to
the others. Therefore, the focus lies on the slower steps 3, 4, and 5 and are considered as the

characteristic reactions.

e Adsorption

There are two types of adsorption:

o Physical Adsorption: Molecules form on the active sites of the catalyst with weak
VanderWaals forces between the gas molecules and solid surface allowing for
adsorption and then desorption to take place once the reaction is completed.

o Chemisorption: Stronger valence forces held by chemical bonds which occur when
a gas molecule or impurity poisons an active site on the catalyst surface by not

allowing desorption to take place.

e Surface reaction: This step happens between adsorption and desorption. The reaction

takes place on the active site on the surface of the catalyst.

e Desorption: The molecules are then released from the active site.

The adsorption and desorption rates are different for each catalyst material. This will determine

how active a catalyst is depending on its active site material.

2.3.2 Catalyst Materials

For general purposes, nickel-based catalysts are the most common. They offer sufficient activity,
low cost, and high availability. Precious metal catalysts like Rhodium and Ruthenium have high
activity, but high cost and low availability.

Copper-based catalysts are the most commonly used in methanol steam reforming due to copper's
selectivity towards hydrogen and are considered the active site. Cu/ZnO/Al,Os is the most popular
methanol reforming catalyst due to its reasonable price and availability. There are various studies
focused on weight variations of the Cu, ZnO, and Al,O3, as well as using different oxides along with
the copper active site or changing the active site material entirely. Palladium is currently being
studied for a catalyst as Pd/ZnO/Al,O3; and has shown more stability than Cu/ZnO/Al,O3; when used
in a methanol steam reformer. (lulianelli et al., 2013). However, to make this study relevant to the

current methanol steam reforming industry, the focus will be on Cu/ZnO/Al,O3 catalyst.

12



2.3.3  Manufacturing Method

There are many variables concerning the manufacturing of a catalyst. The combination of
chemicals can change the activity and the stability of the catalyst. For example, Sa’ et al. (2010)
described that the addition of Al,O; inhibits sintering. Similarly Kurr et al. (2008) discusses how
ZnO reduces the sintering of copper as well as removes sulphide poisons.

The way in which the different elements are added can also have an effect. Co-precipitation is
most often used and considered as a “traditional method” (Luan et al,. 2012). It creates a double
layered hydrotalcite and gives the chemicals a very intimate bond (Kurr et al., 2008). This allows
for lower calcination temperatures and faster catalyst manufacture. A study done by Hammoud et
al. (2014) used other methods including impregnation and wet precipitate mixing. Reaction times

and pH levels can also affect the activity and stability of the catalyst (Rojas, 2013).

For the methanol steam reforming catalyst, high values of copper dispersion and metal surface
area, along with small particle sizes, are beneficial toward good methanol conversion. This can be

achieved by slow reaction times as well as a reaction pH of 10. (Rojas, 2013)

The methods described by Hammoud et al. (2014), Kim et al. (2016), Kurr et al. (2008), and
Prasetyaningsih et al. (2016) all follow the same general procedure of mixing aqueous nitrates of
copper, zinc, and aluminium, and precipitating with sodium carbonate at a pH value between 7 and
10 to produce copper-zinc-aluminium carbonates which can then be filtered, washed, and dried. In
order to oxidise the catalyst and remove the carbonates, it is calcined in an oven at 400 °C for 4
hours and activated by passing hydrogen gas, mixed with an inert gas like argon or nitrogen to
reduce hydrogen flammability, over it for 3 hours to remove the oxygen atoms from the copper.

2.3.4 Catalyst Composition and Physical Properties

The physical properties of a catalyst play a large role in performance. Therefore, a catalyst is
characterised by its composition, surface area, pore size and volume, as well as its crystallinity and

how all of these factors affect its reactivity and reforming ability.

A high surface area gives the reactants a large area to react with; large pore radii and volumes
allows for penetration into the catalyst also increasing the reaction area and ease with which

reactant molecules can enter and access active sites.

Kurr et al. (2008) used XRD analysis to investigate the effect that crystallinity has on the surface

area, pore volumes, and reforming abilities of the catalyst. This will, however, not be discussed in

this study as it is outside of the scope and is not largely focused on in most literature. The various
13



studies using commercial catalysts or catalysts with compositions similar to commercial catalysts
have been included in Table 3 to display their compositions as well as their surface areas and pore

volumes. These values are what should be expected from the catalyst used in this study.

Table 3 - CuO/ZnO/Al,O3 Catalyst Composition and Physical Properties Adapted from (Lee et al., 2004), (Kurr
et al., 2008), (Sa et al., 2010), (Sa” et al., 2011), (Prasetyaningsih et al., 2016), and (Kim et al., 2016)

Study
Physical (Lee et al., (Kurr et al., (Sa” et al., (Prasetyaningsih (Kim et al.,
Property 2004) 2008) 2011) et al., 2016) 2016)
g;nngg(eg_asl Commercial Commercial Co-Precipitation Co-Precipitation

CuO [wt%] 64.0 61.7 66.0 60.0 55.0

ZnO [wt%] 24.0 29.7 23.0 30.0 20.0

Al,O [wt%] 10.0 8.6 11.0 10.0 25.0
i'fgas[‘ﬂgﬁf 66.00 . 70.00 77.02 64.00
Ag;éﬁjgse[ﬁfnr]e 8.000 : . 15.015 13.500
Po{sn\]/%.‘f]me . - - 0.578 -

It can be observed that the various studies done have very similar catalyst compositions which will
make their data readily comparable to one another. This will also allow for the results of this study

to be validated more easily with literature, as well as being relevant to the field.

The compositions and the surface area of the commercial catalysts are very similar but have slight
variations between suppliers. These are, however, commercially made catalysts and these values
could change if produced by non-commercial means. The studies presented by Prasetyaningsih et
al. (2016) and Kim et al. (2016) used catalysts that are not commercially made but have similar

compositions and surface areas to commercial catalysts.
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The study presented by Kim et al. (2016) used variations in catalyst compositions to see the effect
that such variations would have on the physical properties of the catalyst. It was concluded that the
catalyst with the compaosition most similar to commercial catalyst had the best overall properties
which are displayed in Table 3. Similarly, the study presented by Prasetyaningsih et al. (2016),
prepared a number of catalysts with compositional variation to observe the effect on physical
properties and also concluded that the catalyst with the highest surface area and pore sizes was
the catalyst most similar to the commercial catalyst with its properties displayed in Table 3.
However, the application of the catalyst produced by Prasetyaningsih et al. (2016) is for methanol
synthesis by the reaction of carbon monoxide and hydrogen and therefore only its catalyst

properties and topology are discussed.

The Cu/zZnO/Al,O; catalyst can be considered a ceramic due to the various metal oxides in its

composition.

2.3.5 Methanol Reforming Temperatures, Flow Rates, and Fuel Mixtures

For steam reforming of methanol, the factors with the largest impact on reforming ability and its
ability to convert methanol to hydrogen, are the operating temperatures of the reformer, the

methanol-water molar ratio, as well as the flow rate to the reformer.

Using 0.3 g of catalyst with an average particle size of 0.5-1 nm diameter and a constant fuel flow
Weight Hourly Space Velocity (WHSV) rate of 8.69 h™ (2.61 gh™) with a methanol:water molar ratio
of 1:1.4, Gu et al. (2003) produces the following results on methanol conversion displayed in Table
4,

Table 4 - Methanol Conversion for Various Temperatures with Catalysts from Various Suppliers adapted from
(Gu et al., 2003)

Methanol Conversion [%]
Temperature[°C]
KATALCO 83-3 C18-7-01 C18 HA C18 HALM
180 39.66 40.35 32.52 34.27
210 68.40 72.84 77.79 55.34
230 93.61 98.14 97.34 95.91
275 100.00 100.00 100.00 100.00
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Table 4 displays the findings of at 180 °C the methanol conversion is between 40.35 % and 34.27
%. While the reformer is at 275 °C, the methanol conversion reaches 100 % for all catalysts used.
The methanol conversions at the various temperatures are very similar for all the various catalyst
suppliers indicating that the supplier and possible differences in catalyst composition do not affect
the overall effectivity of the catalyst.

The study presented by Makertihartha and Gunawan (2009) did similar experiments by varying the
operating temperature as well as varying the mass flow rate through the reformer. 1 g of catalyst
was used with a reformer size of 8 mm in diameter and methanol:water molar ratio of 1:1.2. It was
concluded that a lower flow rate increases methanol conversion and provides an increased
hydrogen yield. This would be due to longer contact times of the methanol and steam on the
catalyst allowing for more time for adsorption to take place, increasing the number of methanol
particles able to react with the catalyst. The ideal flow rate was a WHSV of 1h™. This can be

converted to 1 gh™ per g of catalyst.

These results are displayed in Figure 6.
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Figure 6 - Mass flow vs. Conversion (Makertihartha & Gunawan, 2009)

The study presented by Lee et al. (2004) considers the effect that the methanol/water fuel ratio
would have on the reformer methanol conversion. Utilising 1 g of catalyst inside a 6.35 mm
diameter reformer with a constant flow rate of 200 mimin™® and 1:1, 1:1.5, 1:2 methanol:water molar
ratios, the results were similar to that described by Gu et al. (2003), where an increased

temperature increases the methanol conversion from nearly 0 % at 140 °C to 100 % at 260 °C. It
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was also concluded that by varying the methanol to water ratio did not affect the methanol

conversion. These results are illustrated in Figure 7.
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Figure 7 - Effect of Methanol/Water Partial Pressure on Methanol conversion vs Temperature (Lee et al., 2004)

It was concluded that the molar ratios of methanol, water, and nitrogen have little to negligible
effect on the methanol conversion and at 260 °C the methanol conversion converges to 100 %.

The catalyst discussed by S& et al. (2010) produced a 79 % methanol conversion at 260 °C.
However, the details regarding flow rates, reformer size, and methanol-water molar ratios are

unavailable. Further research by Sé& et al. (2011) utilised a 7.75 mm diameter reformer inserting 0.2

g of catalyst and applying a 1:1.5 methanol:water ratio as fuel. The flow rate was of 3 — Y 015

methanol

which translates to a mass flow rate of 2.83 gh™ to 14.17 gh™. By varying the flow rates

0
Fmethanol

and temperatures the results are as displayed by Figure 8.
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Figure 8 - Methanol Conversion at Various Temperatures vs Flow Rate (Sa” et al., 2011)

Figure 8 indicates how the methanol conversion is the highest at 300 °C at the lowest flow rate on
the far right. This is similar to the results displayed by Makertihartha and Gunawan (2009)
concluding a decreased flow rate would increase reforming ability due to the increased reaction

times.

A study conducted by Kim et al. (2016) varied the catalyst elemental compaosition while varying the
temperature. It was concluded that for a methanol:water molar ratio of 1:1.1, and mass flow rate of
12 gh™, the commercial catalyst showed the best activity at 300 °C providing 79 % methanol

conversion. Figure 9 displays the results of the study.
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Figure 9 - Methanol Conversion vs Temperature (Kim et al., 2016)
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A study produced by Kurr et al. (2008) compared catalyst manufacturing methods while using
commercial catalyst as the standard. It was stated that with 0.05 g of the commercial catalyst
reforming 5136.5 gh™ fuel of 1:1 methanol:water molar ratio at 248 °C, the methanol conversion
was concluded to be 84.4 %.

Similar to S& et al. (2011) and Makertihartha and Gunawan (2009), the study presented by
Purnama (2003) displays a variation in temperature and flow rates. While reforming 0.2 g of
catalyst with volume flow rates between 0.05 mimin™ and 0.5 mimin™ and varying the temperatures
between 230 °C and 300 °C, Figure 10 displays the resulting methanol conversion from 10 % to
near 100 %.
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Figure 10 - Methanol Conversion from Temperature Variation vs Flow Rate (Purnama, 2003)

Unfortunately, in practice, catalysts cannot maintain constant methanol conversions indefinitely.
Deactivation is a process that catalysts will undergo as operation times increase due to sintering or

poisoning, especially if there are impurities in the methanol.

2.3.6 Deactivation

Although the catalyst is not consumed during the reaction, certain processes can inhibit or destroy
the catalyst. Deactivation can happen due to a number of different processes namely sintering,

carbon deposition, and poisoning.
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2.3.6.1 Sintering

Sintering would be the loss of catalytic activity due to the loss of surface area of the catalyst
caused by prolonged exposure to high gas-phase temperatures.

Sa et al. (2010) describes a dramatic drop in methanol conversion when operating a methanol
steam reformer at 350 “C. This was described as being due to the sintering of the catalyst as the
internal structure of the catalyst was damaged by high temperatures.

Something to consider is that reported operating temperatures could refer to reformer inlet and
outlet temperatures and not the temperatures inside various points in the reformer bed. The
observations of Shekhawat et al. (2011) by reforming diesel emphasises the need to measure
temperatures throughout the catalyst bed. The study describes how the temperature can vary at
different points inside the catalyst bed which can also change over time. Simply because the
temperature of the inlet and outlet gases are not above the sintering temperatures does not mean

that the centre of the reformer and the catalyst itself is at a safe temperature.

Figure 11 and Figure 12 displays the hydrogen yield increasing as the temperature increases
deeper into the reformer. If the temperature was uniform over the entire reformer the hydrogen
yield would be more constant and provide a more predictable hydrogen yield throughout the

reformer bed. Therefore, it is important to have temperature sensors throughout the catalyst bed.
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Figure 11 - Pt Based Catalyst in Diesel reformer Temperature Dispersion and Hydrogen Yield (Shekhawat et al.,
2011)
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Figure 12 - Diesel Reformer Temperature Dispersion Over Time (Shekhawat et al., 2011)

A visible indicator of sintering is cleavage of the catalyst. During sintering, the ceramic material
would become brittle and a fracture would propagate along its grain boundaries, producing

cleavage planes along with small sintered fractured particles. This mechanism is displayed in
Figure 13.

Atoms

Atomic Bonds

Cleavage

-

Figure 13 - Cleavage Mechanism Diagram Adapted from (UNSW Sydney School of Materials Science and
Engineering, 2013)

Under a SEM a brittle fracture would appear reasonably smooth on a large specimen as displayed
in Figure 14. It can also appear as smaller particles having broken off from the body of larger

particle or cracks that have not yet produced a fully developed cleavage plane.
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Figure 14 - Cleavage Plane SEM Micrograph (UNSW Sydney School of Materials Science and Engineering, 2013)

2.3.6.2 Carbon Deposition

Also known as coking or fouling, carbon deposition is common in processes using hydrocarbons.
This mechanism happens due to carbonaceous material being deposited on the surface of the

catalyst, essentially decreasing the active surface area. This mechanism can be seen in Figure 15.

Figure 15 - Carbon Deposition on Surface and Inside Caverns (Fogler, 2005)

Carbon deposition is strongly affected by the presence of sulphur and aromatic compounds.

Aromatics increases carbon deposition far more than expected from their concentration in the fuel.

Aromatics are cyclic, planar molecules with a ring of resonance bonds. They are far more stable

and less reactive than other geometric or connective arrangements with the same set of atoms.

Due to their low reactive properties, they serve as nucleation sites for the formation of polynuclear
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coke compounds. Therefore, high temperatures are required to break the aromatic bonds (Fogler,
2005).

2.3.6.3 Poisoning

Poisoning occurs when the poisoning molecules are permanently chemisorbed to active sites on
the catalyst, reducing the number of active sites for the main reactions. These poisoning molecules
can either be a reactant, a product, or an impurity in the stream (Fogler, 2005). This mechanism is
displayed in Figure 16.
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Figure 16 - Catalyst Poisoning Mechanism. Adapted from (Fogler, 2005)

Sulphur and its various compositions are dangerous to metallic compounds. They easily chemisorb
themselves to active sites and can corrode metals. The main problem with sulphur poisoning is
that its effects are cumulative. Even low levels of sulphur can deactivate a reforming catalyst over
time (Forzatti & Lietti, 1999).

Research articles focusing on methanol steam reforming do not discuss the quality of methanol
used and the effect that the impurities can have. Methane reforming often has sulphur based
impurities and would be the best way in which to describe the effects of sulphur poisoning on a
catalyst. A study presented by Forzatti and Lietti (1999) discussed the progression of sulphur
poisoning over time on the catalyst. Between 0.5 hours and 3.5 hours, the concentrations of
hydrogen yield and carbon monoxide decrease significantly along the reformer length as displayed
by Figure 17. Even sulphur concentrations as small as 20 ppb can significantly decrease catalytic

activity over a wide variety of catalyst materials. This effect is displayed in Figure 18.
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Figure 17 - Poisoning of Methane Reformer (Forzatti & Lietti, 1999)
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Figure 18 - H,S Poisoning of various catalysts (Forzatti & Lietti, 1999)

Similar experiments are done with 1000ppm to poison different material based catalysts faster.
This indicates that research is currently focused on reducing the effects of sulphur and quantifying

its effects instead of comparing its effects to the quality of fuel used.
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Sulphur is not the only poisonous impurity that can be found in hydrocarbon fuels used in

reforming. As discussed in Section 2.1, chlorine is also a corrosive impurity found in methanol.

For the steam reforming of methanol, copper-based catalysts are used due to high H, generation,
however, are very prone to chlorine and sulphur poisoning. Similarly, components further
downstream in the fuel cell system are also susceptible to chlorine, sulphur, and carbon monoxide
poisoning.

2.4 Membranes

Membranes are a semi-permeable material that allows the passage of certain molecules, either by
the restriction of pore size to the physical size of the molecule or by charging the membrane to

allow the flow of certain ions.

This is useful for the filtering and purifying of liquids and gases. In the case of a fuel cell system, a
membrane would separate the hydrogen product from the reformate as the mixture exits the

reformer.

Palladium membranes are the most viable option for hydrogen production due to their high
selectivity of hydrogen. Palladium membranes are also the most often used in the industry when it
comes to hydrogen recovery and purification (NCHT, 2010). However, palladium is extremely
sensitive to CO and HCI and is rapidly poisoned with only a few parts per billion of H,S (NCHT,
2010). All of those poisons can form part of the exhaust gases produced by a methanol steam
reformer due to carbon monoxide being a by-product of the reforming process, and the trace

amounts of sulphur and chlorine that be found in methanol as discussed in 2.1.

After the hydrogen has been purified by the membrane, it passes to a fuel cell that will utilise it to
produce electrical energy.

2.5 Fuel Cells

There are a number of different fuel cell types each with different operating conditions, catalyst
materials, and electrolytes, depending on the fuel being used to generate electricity. The most

common is the Polymer Electrolyte Membrane (PEM) which is discussed below.

The PEMFC uses a membrane as an electrolyte, and operates at low temperatures, under 80°C,
allowing for quick start-up. This is beneficial for the automotive industry that would require a non-

continuous power supply. However, the low temperature only allows it to use pure hydrogen as a
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fuel and cannot perform internal reforming, as well as only being able to use platinum as a catalyst.

Figure 19 displays the process of the PEMFC.

Fuel Cell

Hydrogen Oxygen
Flow Field Flow Field

Backing Layers

Figure 19 - PEMFC Flow Diagram (Hydrogenics, 2019)

The anode catalyst is where the oxidation reaction occurs where the hydrogen gives off an electron
which flows toward the cathode. The now positively charged hydrogen ions pass through the
electrolyte toward the cathode catalyst where the reduction process takes place. The hydrogen
and the oxygen react with the electron, closing the circuit, and forming water as a product
(Hydrogenics, 2019).

The reactions are:
Oxidation: 2H, — 4H" +4e°

Reduction: 4H" + O,+ 4e” — 2H,0
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Similar to the palladium membrane, the platinum catalyst used by a PEM fuel cell is very sensitive
to carbon monoxide. It can only tolerate 10 to 100 ppm of carbon monoxide before showing signs

of deactivation and will also be susceptible to H,S and HCI poisoning (Matthey, 2017).

2.6 Exhaust Gases

Due to membranes and fuel cell catalysts being sensitive to poisoning and deactivation, the off-
gases from the reformer must be well monitored, especially if an attempt is made to use lower

guality methanol as a fuel source.

The study presented by Purnama (2003) investigates the various off-gases of a methanol steam
reformer and concentrations of each gas. It was found that as reforming time increases the
concentrations of methanol and water decrease while the concentrations of H,, CO,, and CO
increase. The expected partial pressure for H,, CO,, and CO is 0.7 kPa, 0.23 kPa, and 0.02 kPa
respectively. This can be converted to a mole percentage of 73.68 % of H,, 24.22 % of CO,, and
2.1 % of CO. This is displayed by Figure 20.
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Figure 20 - Hydrogen, CO2, CO production (Purnama, 2003)

The study presented by Lee et al. (2004) discussed the off-gases in terms of the amount of carbon
monoxide produced dependent on the water concentration in the fuel. The CO mol% is at its lowest

at 0.3 mol% for 30 mol% of water as displayed in Figure 21.
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Experiments done by Kurr et al. (2008) display similar gas compositions to Purnama (2003) with
Kurr et al. (2008) presenting the off-gases for their reformer while using commercial catalyst, CZA-
1, as H, of 75.23 mol%, CO, of 24.67 mol%, and CO of 0.11 mol%.
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Figure 21 - Carbon Monoxide Production as a Function of Water Concentration (Lee et al., 2004)

As discussed in 2.3.5, as the reacting temperature increases, the amount of methanol conversion
increases, however, the water-gas shift reaction is an exothermic reaction and the higher the
temperature the more difficult it is for this reaction to take place and could slightly reverse it,

allowing for molecules of carbon monoxide to not take part in the water-gas shift reaction.

This phenomenon is discussed by the research presented by Sa et al. (2011). As the temperature
increased from 200 °C to 300 °C, the concentration of carbon monoxide increased from 0 mol% to
nearly 2.6 mol% as displayed by Figure 22.

A similar effect was displayed by Kim et al. (2016) where the carbon monoxide production

increased from 0 % at 190 °C to a maximum of 1.7 % at 300 °C. This is displayed in Figure 23.
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Figure 23 - CO vs Temperature (Kim et al., 2016)

It is important to note that over the range of different catalysts and studies, the methanol
conversion differs, however, the product composition remains reasonably constant. Both Purnama
(2003) and Kurr et al. (2008) have similar gas composition results due to the reactions adhering to

stoichiometry.

As briefly discussed in Section 2.2, the stoichiometric reaction equations, along with their mole

balances, are as follows:
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2CH;0H + H,0 S 5H, + CO, + CO (2.1)
2(32.04) + 18.02 S 5(2) + 44.01 + 28.01

CO + Hy,0 S H, + CO, (2.2)

28.01+ 18.02 S 2 + 44.01

This dictates a mol percentage of 75 % H,, 25 % CO, without any CO. However, due to variations
in fuel water content and higher temperatures affecting the water-gas shift reaction, CO will appear

in the off-gas.

Hydrogen, carbon dioxide, and carbon monoxide are readily analysed by a Gas Chromatograph
(GC), as long as it is calibrated for those specific gases. However, hydrogen sulphide is not as
easily detected and measured. The expected concentrations of H,S and HCI are too small for a
GC to quantify and could damage the GC in higher concentrations, therefore different methods of

detection must be attempted.

2.6.1 Measurement of Hydrogen Sulphide

Despite the known poisons to catalyst, membrane, and fuel cell materials, none of the above
sources mention the possible presence of poisons that could be found inside the methanol or the
water. Due to the sensitivity of membranes and metal compounds to hydrogen sulphide, the
presence of H,S must be considered. The detection and measurement of H,S concentrations can

be done by various methods.

The company, Liquid Gas Analysers is a common name in the gas industry. Their gas sensors can
measure in the single digit ppb to 500 ppm range (Anon, 2017). This equipment is, however, very
expensive. Draeger tubes are prevalent in a chemistry laboratory. A disposable small glass vial is

filled with reagents that change colour as the concentration of hydrogen sulphide increases.

The doctor test is also often used in a chemistry laboratory. Passing gas across filter paper wetted
with aqueous lead oxide, lead acetate, or lead nitrate solution and observing a colour change.
Lead oxide has a lower detection limit for concentrations from 0.5 ppm to 8 ppm turning the paper
dark brown or black according to the concentration of H,S (Moore & Spitler, 2003). However, this
reaction takes time, whereas a lead acetate indicator has much faster reaction times and has a

lower detection limit of 50-60 ppb making it much more sensitive (Bethea, 2012).
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2.6.2 Measurement of Hydrochloric Acid

Another poison which metal membranes and fuel cell catalysts are very sensitive to is hydrochloric
acid. This is something that could be formed due to chloride ions in the methanol or even water if
the water is not pure. Chloride products would not be readily found as a gas phase and when in
contact with moisture will rapidly form hydrochloric acid which is a liquid at room temperature.
Therefore, it will be required to test the liquid components of the reformer off-gases.

A possible detection and measurement method could be titration. Titration will use known
concentrations of a titrant and an indicator to observe a change in the colour of the indicator as the
titrant is slowly added to it. By reading the volume of titrant left over, the concentration of the titrand
can be determined from the volume used during the titraion. This is a very accurate method,

however, it is also a very time consuming process.

It is well known that any form of chloride products are acidic, therefore, a pH strip test can be done
to determine if there is enough HCI to create a change in the pH value. Although not very accurate,

it is a quick and easy procedure to implement and read.

2.7 Summary

In Chapter 2, the details of hydrocarbon fuels were discussed as well as the fact that methanol is
favoured above other hydrocarbons for the production of hydrogen due to its availability,
transportability, low toxicity, low evaporation temperatures, and low reforming temperatures.
Reformers were discussed in general and it was concluded that steam reformers, although
requiring reasonable heat energy, provide the best hydrogen production. The catalyst reaction
process was discussed and it was decided that the commercial Cu/ZnO/Al,O3 catalyst for methanol
steam reforming will be focused on during this study due to it being commonly used in the industry
and the majority of studies. The precise composition and physical properties of commercial
catalyst, and catalyst used by other studies, was investigated and found to be near 60 %Cu, 30
%2Zn0, and 10 %Al,05; with BET surface areas between 64 m?g™ and 90.8 m?g™, average pore

radii between 8 nm and 15.015 nm, and pore volume of 0.578 cm®g™.

Furthermore, the methanol conversion of the catalyst was discussed and it was concluded that the
higher the temperature of the reformer, the higher the methanol conversion will be to a maximum
of 300 °C due to potential sintering to the catalyst for temperatures above 300 °C. It was also
evident that as the flow rate decreases there is more time for adsorption to take place, increasing

methanol conversion, and concluded that a WHSV between 0.75h™* and 2h* is optimal.
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Deactivation of catalyst and the damage of metallic membrane filters along with PEM fuel cell
catalysts due to H,S and HCI poisoning was discussed along with methods to detect and measure
the concentrations that may be found in the off-gases. Lead acetate indicator paper will be used for
the detection and measurement of H,S and pH strips will be implemented to measure the acidity of
the off-gas condensate for the detection of HCI.

The quantities of hydrogen, carbon dioxide, and carbon monoxide provided by literature were
similar to stoichiometry of H, 75 mol%, CO, 25 mol%; and CO being anywhere between 0.3mol%
to 2.6 mol% depending on reacting temperatures and methanol-water molar ratio. These products
can readily be measured by a gas chromatograph. However, it was noticed that the studies did not
indicate the requirement of measuring H,S or HCI which may be present in the reforming product
from the impurities in the methanol. Furthermore, the catalyst used in literature was not analysed
after the experimentation was concluded and no information is available in terms of the change in

catalyst topology, possible poisoning, and carbon deposition.

For the purposes of this study, suspecting the presence of sulphur and chlorine ions in the
methanol-water mixture, the catalyst will be analysed for the presence of chemisorbed poisons to
supplement the results from the above mentioned methods for off-gas analysis of H,S and HCI.
Furthermore, the influence of the sulphur and chlorine poisons, related to the methanol fuel quality

will be considered.
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CHAPTER 3 - DESIGN AND IMPLEMENTATION

Chapter 3 will discuss the design of the fuel qualifying experimental facility used to address the
problem statement of this study. The experimental process will be a batch process, each batch
operating with a different methanol quality. The methanol and water will be mixed in a molar ratio
of 1:1.1, as prescribed by Hydro-Plus, and supplied to an evaporator to evaporate the methanol-
water mixture into the reformer. The reformer off-gases are to be cooled and condensate
separated from the product gases. Both the condensate and product gases are to be collected and

sampled, along with catalyst samples.

3.1 Design Outcomes and Requirements

From the information gathered in Chapter 2, the design outcomes for the fuel qualifying
experimental facility and subsequent design requirements to obtain the design outcomes for the
addressing of the problem statement are as follows:

1. The controlled delivery of methanol-water mixture to the methanol steam reformer.
1.1. The delivery of a methanol-water mixture at a controlled and constant flowrate.

1.2. The maintaining of constant methanol:water molar ratio of 1:1.1. The evaporator was
required to evaporate a flow rate of 193 gh™ of fuel while maintaining a temperature of 200
°C.

2. The controlled reaction kinetics of the methanol steam reformer.

2.1. The reformer contained 140 g of catalyst where the catalyst and reformer was required to
be brought up to a temperature of 300 °C and uniformly maintained at this temperature
during experimentation.

2.2. The produced catalyst was required to conform to the composition and physical properties
of the commercial catalyst described in literature.

3. The automated setting and control of the temperatures of the fuel delivery method and the
reformer.

3.1. Monitoring of thermal distribution of the fuel qualifying experimental setup.

3.2. The manner in which the experimental setup controls the temperatures was required to be
automated and temperature data continuously logged and saved in an accessible format.

4. The complete separation of the off-gas condensate from the gas products and sampling of both
reformer off-gas components.

33



4.1. Ambient temperatures of 25 °C would be sufficient to fully condense methanol and water to
a liquid phase.

4.2. The collection of condensate in such a manner as to be able to sample and analyse
without interrupting experimentation.

5. Sampling of catalyst after experimentation.
5.1. Ease of access to the catalyst.

For each design outcome, the long experimentation durations dictated materials that can
withstand, as well as resist the corrosive properties of a methanol and water mixture.
Consideration also had to be made for the production of hydrogen at high temperatures creating a
flammable environment and the presence of asphyxiation gases such as carbon dioxide and
carbon monoxide products as well as a purging gas. The Hazard Identification and Risk

Assessment for the fuel qualifying experimental facility can be found in Appendix B.

It was a design requirement to perform methanol reforming with 140 g of catalyst as it will be
substantially more than the amount of catalyst used in literature. This decision was made to allow
for higher methanol mass flows and provide a larger sample size for poisons to be identified more
easily, either in the off-gas of the reformer or poisons on the catalyst. The mass flow of methanol-
water mixture was fixed at 193 gh™.

3.2 System Layout Overview

The fuel qualifying experimental facility includes the following subsystems:
o Fuel Delivery and Processing subsystem
¢ Reformer subsystem
e Off-gas Processing and Sampling subsystem

A simple flow diagram can be used displaying the Fuel Delivery and Processing subsystem, the
Reformer subsystem, and the Off-gas Processing and Sampling subsystem. It also displays the

components requiring heat energy applied and removed as dictated by the design requirements.
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Figure 24 - Fuel Qualifying Experimental Facility Layout

In order to reduce the chance of separation of the methanol from the water vapour and ensure
minimal fluid heat loss, the reformer was positioned directly above the evaporator. For better
catalyst bed packing and gas flow, the reformer was positioned vertically. The condenser coil was
also positioned vertically to avoid condensate build-up. The condensate sampler bleed-off was
positioned directly below it to collect as much condensate as possible for result accuracy. The gas

flow from the condensate sampler to the gas sampler was located high above the condensate to

avoid fluids in the gas stream.

3.2.1 Piping and Instrumentation Diagram

Figure 25 displays the piping and instrumentation diagram (P&ID) of the system, a more detailed
version of Figure 24. It includes the inlet and required outlet operating temperatures and pressures,
as well as the interfacing components required namely valves (V1, V4, V5, V6, V7, and V8),
pressure controllers (V2 and V3), and relief valves (V9 and V10). Sampling points have been

indicated.
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Figure 25 - P&ID of Fuel Qualifying Experimental Facility Layout

The pressurised air-line received a connection point and a shutoff valve, V1, along with a moisture
trap, E1, to remove moisture from the air. The air compressor supplied air at a maximum of 700
kPa which was reduced to the required 250 kPa by reducer valve V2. V10 relief valve was installed
onto the tank and set to 300 kPa for safety.

The system was purged with nitrogen from Nitrogen Tank, E3. The nitrogen bottle was supplied
pressurised to 15 MPa and required the pressure controller, V3, to reduce the pressure to 300kPa.
Both the methanol-water tank, E2, and the nitrogen tank, E3, had valves, V5 and V6 respectively to

start and stop the supply of their respective contents.

Once the fuel supply valve V5 had been opened, the evaporator E4 was required to heat and
vapourise the methanol-water mixture from ambient temperature to vapourisation temperature and
was required to maintain a temperature of 200 °C to supply the reformer, E5, with superheated

vapourised methanol and steam in the correct molar ratio of 1:1.1.

The reformer, E5, was required to maintain a catalytic temperature of 300 °C allowing for good
reaction kinetics as discussed in Section 2.3.5. The top of the reformer was the third sampling

point where catalyst was removed after a certain time interval. At the end of each experiment life
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cycle, a catalyst sample could be removed from the centre of the reformer and used as Sample
Point 4.

The condenser, E6, was required to cool the outlet gases from an estimated outlet temperature of
300 °C to ambient temperature and separate the unreformed methanol and water from the product
gases. The condensate was collected in the condensate sampler, E7, and analysed as it was
considered part of the reformer off-gas. The outlet of the condensate sampler through valve V6
along line number 5 was Sample Point 1.

With the condensate having been separated from the gas product stream, the gases followed line
number 6 and were captured in the gas sampler E8. The pressure relief valve V9 at the outlet of
the system kept the system at 200 kPa allowing for the continuous flow from the fuel storage tank
E2 along line number 4 into the evaporator E4. The outlet of the pressure relief valve V9 was

Sample Point 2 to analyse the outlet product gases.

3.3 Detailed Design

The detailed design of each subsystem and its components are discussed below. This includes the
Fuel Delivery and Processing, Reformer, Temperature Control and Recording, and Off-gas

Processing and Sampling.

Ambient conditions are assumed to be 25 °C and 100 kPa.

3.3.1 Fuel Delivery and Processing Subsystem

The fuel delivery and processing consisted of the mass flow controlling of the methanol and water
mixture to the evaporator and the evaporation method to vapourise the methanol and water

mixture.

The stainless steel methanol-water storage tank required a connection to the air supply line
number 1 as well as a fitting to fill up the tank and a fitting to supply fluids to the evaporator along
line number 2. Quick fittings and nylon pipes were used to connect all of the components because
they are resistant to methanol corrosion as well as being readily available and easy to use for high

pressure applications.

As can be seen in Figure 25, a needle valve V5 was implemented between the tank and the

evaporator to control the mass flow rate of the fluid accurately. The air pressure and the position of
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the needle valve were adjusted simultaneously until the necessary flow rate for the methanol water

mixture was reached.

By controlling the safety relief valve seen in Figure 25 as V9 at the outlet of the gas sampler, the
pressure difference between the fluid pressure and pressure of the system was kept constant to
keep the mass flow constant.

A selection process was undertaken to determine the best method of evaporating a methanol-
water mixture. This process can be found in Appendix F. The evaporation method that was
selected is discussed below.

As displayed in Figure 26, an induction heater coil was implemented around a pipe to heat the
external wall by induction. The heat generated conducts towards the inner wall and conducts

further to a cone.

In order to spread out the flow, the pipe in the centre has four 1mm diameter holes through which
the methanol-water mixture flows and exits onto the heated large surface area and flash
evaporates. The outer pipe diameter was selected through an experimental process described in
Appendix G. It was concluded that thin walled stainless steel dairy tubing with a diameter of 44mm

and wall thickness of 1.5mm was ideal for the induction heater.

Figure 26 - Evaporator Design Cross-section
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Due to methanol and water’s corrosive properties, stainless steel was selected. Stainless steel
316L was selected due to its weldability and high resistance to electrical conductance which will

cause a rapid heat increase in an induction heater.

3.3.2 Reformer Subsystem

The reformer subsystem description includes the reformer dimensions and heat transfer model,

along with the heating method used. The catalyst manufacturing method is described thereafter.

The reformer diameter was selected to that which is the most similar to the diameter of the
evaporator. An outer diameter of 33.4 mm was selected with wall thickness of Schedule 10, 2.77

mm, for easier welding.

According to the specifications of catalyst by Sa et al. (2011), the Cu/ZnO/Al,O; catalyst has the
following properties:

Pcatalyst = 2400 kgm_3

void =1.63

Catalyst of 140 g therefore, had a volume of:

mcatalyst = VOlcatalyst X pcatalyst (3-2)

Voleararyse = (M) X (1 + void)

Pcatalyst

0.14

Voleataryse = (momz) (14 1.63)

Voleataryst = 0.00015342 m?

A NB32 Sc10 pipe (outer diameter of 33.4 mm and 2.77 mm thickness) was used.

L = VOlcatal);st (33)

m(3)
0.00015312

(0.02786)2
x —
2

L=025m

Therefore, the reformer was to be at least 250 mm long.
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316L stainless steel flanges were used for ease of assembly between the evaporator and reformer
as well as the top of the reformer for removal of catalyst. Flange interfaces were sealed with a high
temperature rubber, formed and vulcanised to be resistant up to and above 400 °C and is very
resistant to chemical corrosion. The sealing of threads was with HPTFE plumbers tape. It has an
operating temperature of 260 °C. At temperature areas higher than the operating temperatures,
more layers of HPTFE tape were applied so that small amounts of it burned away and that which
was left ensured the seal. For complete reformer catalytic bed temperature monitoring, nine
temperature sensors were installed. Three in the centre top, middle, and bottom; and the other six
are staggered around the inner surface of the reformer. Figure 27 displays the cross-sectional

representation of the reformer with the temperature sensors inside the thermo-wells.

Figure 27 - Reformer Layout and Cross-section

For continuity, the same material was selected for the reformer as for the evaporator. Stainless
steel 316L is corrosion and chemical resistant with excellent welding properties and negates the
effects of hydrogen weld embrittlement. It would, therefore, not interfere with the catalyst reactions.
Copper was used for the thermo-wells due to its high thermal conductivity allowing for higher heat

transfer between the gas and the thermocouple.
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3.3.2.1 Catalyst Manufacture

As discussed in 2.3.3, the focus of this study was on the commercial Cu/ZnO/Al,O; catalyst which
dictated the following composition:

e CuO =60%
e 7Zn0O =30%
° A|203 =10%

The manufacturing method used, was an amalgamation of the methods described by Hammoud et
al. (2014), Kim et al. (2016), Kurr et al. (2008), and Prasetyaningsih et al. (2016).

A precipitation method of the various nitrates was used to obtain the required carbonates. A co-
precipitation method was used to give the precipitates an intimate bond and laminar structure. In
order to ensure all the products were precipitated so that the weight ratios were correct, as well as
to create an active catalyst the pH was adjusted to 10 by the addition of NaOH. The product
carbonates were then crushed and calcined at 400 °C to produce the required oxides. Copper
oxide was reduced in a hydrogen flow rate of 10.95 Imin™ to convert CuO to Cu. The catalyst
manufacturing process and activation oven is described in more detail in Appendix C and Appendix
D respectively.

The reactions were as follows:

2Cu(NOs); + 2Na,CO3 + H,02 Cu,CO5(OH) )l + 2Nay(NO3), + CO,
Cu,CO3(OH), + Heat — 2CuO + CO, + H,0

Zn(NO;), + Na,CO;3 2 ZnCOs)l + 2(NaNOs)

ZnCO;3; + Heat — ZnO + CO,

2AI(NO3); + 3Na,COs + 3H,0 2 2AI(OH3) ! + 6NaNO; + 3CO,
2Al(OH); + Heat — Al,O3 + 3H,0

CuO + H; + Heat — Cu + H,O

Gloves, lab coat, and safety glasses were worn at all times to avoid chemical contact with the skin.

Find the MSDS of the various chemicals used in Appendix C.
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3.3.3 Temperature Control and Recording of Evaporator and Reformer

The electrical control of the reformer and evaporator was implemented using an Arduino Mega
programmable microcontroller and was coded to control the temperature of the evaporator by
opening a relay when it reached, or was above, 200 °C and to close the relay once it had fallen
below 195 °C. The relay to the resistance wire around the reformer opened every time any one of
the thermocouples displayed a value of 300 °C or above, and the relay closed once all the
thermocouples temperature values had fallen below 297 °C. The temperatures were read and
recorded directly into an Excel spread sheet for the verification of the system as well as to provide
temperature data during the validation process of the methanol conversion and gas analysis, if

required.

The coding of the Arduino can be found in Appendix I. The electrical P&ID diagram is displayed in

Figure 28.

The same method was used to record the condenser outlet temperatures.
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Figure 28 - P&ID Electrical Layout for Controlling and Recording of Reformer and Evaporator Heating Elements
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3.3.4  Off-gas Processing and Sampling Subsystem

The off-gas processing and sampling subsystem description includes the condenser design and
the off-gas sampling methods used.

The condenser was implemented as a vertical coil with convection cooling by a small fan and water
used in a pipe-in-pipe heat exchanger. Stainless steel instrument tubing was used with an outer
diameter of 6mm and an inner diameter of 2mm. This condenser was built and tested in Chapter 4.
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— ____—————-—-—__ -
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Figure 29 - Condenser Heat Transfer Model Diagram

A 500 ml polyethylene terephthalate (PET) cylinder was implemented to collect the methanol and
water condensate with a valve at the outlet to bleed off condensate samples. PET is resistant to
the effects of methanol and is able to maintain a pressure of 900 kPa. The condensate was
sampled with a 20 ml pipette and weighed which provided the density of the sample which was
used to determine the quantity of methanol in the sample. This quantity was compared to the ratio
of methanol supplied to the evaporator and subsequently the methanol conversion that had taken
place. Furthermore, the acidity of the condensate was measured every hour with the use of pH
strips providing an indication for the presence of HCI.

Stainless steel pipe with domes and fittings welded on each end was used as a gas sampler. The
domes prevent the possibility of gas particle build-up in corners as well as reducing stress
concentrations. The volume of the gas sampler was taken from similar devices used in the industry
and with an inner diameter of 36.66 mm and a length of 125 mm provides a volume of 131 ml
providing more than sufficient volumes due to the gas chromatograph requiring very small volumes
to analyse a gas sample. Valves were installed on each end into the fittings to remove the gas

sampler for analysis.
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Figure 30 - Gas Sampler Representation

The fuel qualifying experimental facility was placed under an extraction hood for ventilation of the
purging and product gases. The prescribed area in which the experimental facility would fit was
taken into account in this layout

Figure 31 displays the physical layout of each component in the fuel qualifying experimental setup
as well as the position of the valves, pressure gauges, and Sampling Points in association with the
P&ID in Figure 25. The four sampling points are displayed as SP1, SP2, SP3, and SP4.

Figure 31 - Solidworks Representation of Fuel Qualifying Experimental Facility
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3.4 Summary

In Chapter 3 the design outcomes and requirements of the method for addressing the problem
statement were stipulated. The system overview was provided along with a detailed design of the
fuel delivery and processing subsystem, the reformer subsystem, temperature control and
recording, and off-gas processing and sampling subsystem and sampling methods. Material
selection was discussed for each component. Using Solidworks CAD software, 3D assemblies
were drawn and the component setup and layout was determined in the area prescribed by the
extraction hood.
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CHAPTER 4 - EVALUTION OF FUEL QUALIFYING EXPERIMENTAL
FACILITY

In Chapter 4 the fuel qualifying experimental facility which was discussed and designed in Chapter
3 will be implemented and its effectiveness evaluated based on the design requirements stipulated.
Data from the completed fuel qualifying experimental facility will be analysed and verified to
determine if it operated as expected and if it is capable of providing reliable data required to
address the problem statement as stated in Section 1.2. The various design requirements and
evaluation methods of the fuel qualification experimental facility will be described. Each design
requirement explains the reason for the requirement, along with the overview of the evaluation
method. The results of the implementation and evaluation will be presented and discussed in the
sections below. Verification will be done by comparing each design requirement determined in
Chapter 3 to the experimental values gathered in Chapter 4. The design outcomes are achieved by
the verification and acceptance of the design requirements. Any discrepancies will be reviewed in
terms of its effects on the fuel qualification experimental facility’s ability to provide reliable empirical

data.

4.1 Evaluation Overview

The evaluation of the proposed design was done by the implementation of empirical procedures
described below in Table 5. This determined each component’s viability during the fuel qualification
experimental facility experimentation process done in Chapter 5.
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Table 5 - Design Evaluation Overview

Design Outcome Design Requirement | Evaluation Method Acg;ai?éftir;ce
10 minute flow 3.75 mimin™

Controlled Delivery of

Methanol-water mixture to

reformer

Flow rate consistency

measurement + 0.2 mimin™
Superheated

Evaporator Cold commissioning 200 °C+ 60 °C
Temperature

Evaporation method
provides consistent

ratio

Methanol:Water molar

Cold
Commissioning

1:11

Controlled Reaction
Kinetics

Consistent reformer

temperature & Uniform

300 °C & Consistent

reformer temperature Hot commissioning Sector
distribution Temperatures
Cu0:60 %
Catalyst composition EDS Zn0:30 %
Al,03:10 %

Catalyst BET Surface
Area and Pore

BET N, adsorption

Compared to

\ Literature
Properties
Clay/Ceramic
Catalyst Topology SEM Micrographs | texture with laminar
structure
. Hot commissioning Turns lime water
Catalyst Activity with CaCOs milky white
Off-gas liquid and gas Condenser outlet Cold and Hot o o
separation 2976 e e

temperature

commissioning

Sampling Ability

Sample condensate
without interruption

Cold commissioning

No system pressure
drop

Catalyst sampling

Hot commissioning

Experimental
method allows for
catalyst sampling
and replacement

Automated Control

Monitor-able and
Accessible

Cold commissioning

Display all
temperature data.
Store in Microsoft
accessible format

Automated turning
on/off of evaporator
and reformer heating

elements at set points

Cold commissioning

Relays successfully
open and close

continuously

a7



4.2 Flow Rate Consistency

The flow rate of the methanol-water mixture is important due to the effect it has on the methanol

conversion percentage as shown previously in literature. It is important to maintain a constant

mass flow rate throughout the experimentation procedure for the controlled fuel delivery to the

reformer.

The flow rate method described in Chapter 3 was evaluated by filling the storage tank displayed as

E2 in the P&ID Figure 25 with the required methanol:water molar ratio of 1:1.1 and ensuring the air

pressure to the tank was 50 kPa, which is the pre-set pressure difference between the fuel delivery

subsystem, and the evaporator E4. The needle valve V5 was opened to the predetermined position

with its outlet flowing into a small 50 ml measuring beaker with 0.2 ml accuracy for 10 minutes. The

volumes measured after each minute interval are displayed below.

Table 6 - Flow Rate Consistency Measurement

Time [minutes] Volume Measurement [ml] Vo.Iumetric Flow Rat.e flor
Time Interval [mImin™]

£ 0.0 i

1 3.6 3.6
2 7.4 3.8
3 11.2 38
“ 14.8 36
S 18.6 38
£ 22.4 38
7 26.2 38
£ 29.8 36
9 33.6 38
e 37.4 38
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Once the 10 minutes had passed, the total measured contents were 37.4ml with a reasonably

consistent volumetric flow rate of 3.8 mimin™ of methanol-water mixture.

This is near the design requirement flow rate of 3.75 mimin™* within the error of 0.2 mimin™ and due
to the consistency of the flow rate it can be stated that the flow rate control method conforms to the

design requirements.

4.3 Cold Commissioning

Cold Commissioning is the evaluation of the completed and assembled fuel qualifying experimental
facility while operating with methanol-water mixture without the presence of catalyst to ensure the

correct operation of all components without harming the catalyst.

Figure 32 - Fuel Qualifying Experimental Facility for Cold and Hot Commissioning

49



4.3.1 Superheated Evaporator Temperature

Once the evaporator had reached 200 °C, it was required to maintain this temperature indefinitely
while it was evaporating the methanol-water mixture. It is important to maintain this temperature to
provide a consistent methanol-water vapour temperature to the reformer above it. Figure 33

displays the temperatures of the evaporator for 47 minutes of the full hour duration of the cold
commissioning.
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Figure 33 - Line Graph Displaying Evaporator Temperature during Cold Commissioning Evaporation of
Methanol-Water Mixture

Figure 33 displays how the evaporator was able reach 200 °C, and once the flow had started,
maintained a temperature near 200 °C. During the cold commissioning procedure, the evaporator
temperatures varied between 163 °C and 212 °C. This concluded that the evaporator was
sufficient to evaporate and superheat the prescribed methanol-water flow rate providing

superheated methanol-water mixture to the reformer.

The evaporator heating element does not, however, provide a perfectly consistent temperature of

200 °C due to the evaporator's power being regulated by relay switching.
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4.3.2 Reformer Heat Transfer

The reformer was required to be able to reach the prescribed temperature of 300 °C to achieve

optimal reaction kinetics for reforming.

Temp Temp Temp Temp Temp Temp Temp Temp Temp
Temp Reac_ Reac_ Reac_ Reac_ Reac_ Reac_ Reac_ Reac_ Reac_ Temp_ Temp_
Computer Time Timer Evap Bot 11 1-2 1-3 Mid 21 22 23 Top Ave Cond

13:42:28 0.00 30 30 27 25 2445 2575 285 2575 2575 28" 26.694 25
13:42:29 200 2975 31 2775 245 235 25 285 2525 26 28.757 26.694 25
13:42:31 300 2975 3 2725 255 225 255 2875 25 26 257 26.611 25
13:42:32 400 295 31 27 25 235 2526 29 2475 2575 2857 26639 25
13:42:34 6.00 2975 3075 27 2525 2375 2525 285 25 26 28.757 26.694 25
13:42:35 7.00 30 315 27 25 2325 2525 285 25325 26 285726694 25
13:42:36 8.00 295 M 275 25 236 2475 29 2475 2575 28257 266N 25
13:42:38 1000 2925 31 2725 245 2325 2625 29 2475 2575 2875726611 25

14:05:05  1347.00 1013 28925 253 297.75 2695 299 294 272 245 26275727469 2825

14:05:06 1348.00 101 28975 2538 297.75 27025 2995 29425 2728 245 262 257 27503 28
14:05:07 1349.00 1015 289 2535 297.75 2695 2998 2945 2728 2453 2537 275 28
14:05:09 1351.00 101.8 289 254 29775 27025 2998 2945 2725 2453 25325727514 2825
14:05:10 1352.00 1015 28975 264 29775 27075 299.8 29525 2728 2455 25325727542 28.5
14:05:13 1355.00 1015 290 285 2985 269 300 295 2735 245 25375 27553 28
14:05:14 1356.00 1015 290 2548 299 269 3005 295 2733 2458 26425727572 2825

14:05:15 1357.00 1018 2905 2553 29925 269.25 3005 295 2738 2458 25425727594 28
14:05:17 1359.00 102 29025 2548 29925 2695 3003 29525 2735 2463 25457275094 2825
14:05:18 1360.00 102.3 290.25 2553 300 269 3008 2955 2738 2458 2545727608 2875

Figure 34 - Fuel Qualifying Experimental Facility Start-up Temperature Distribution during Cold Commissioning

As displayed in Figure 34, the centre most probe in the reformer reached a temperature of 300 °C.
However, presently, the reformer does not contain catalyst. Before a final conclusion was made
about the reformer temperature distribution, hot commissioning with catalyst inside the reformer

had to occuir.

4.3.3 Condenser Outlet Temperature

For the design outcome of off-gas condensate and gas separation, it was required of the

condenser to cool the off-gas to a temperature below the condensate temperature of water and

methanol at 200 kPa. An ambient temperature was required to ensure complete condensation and

separation between the liquid phase off-gas and the gaseous products for separate condensate

and gas analysis. If there was not complete separation, condensate would be found in the pipeline
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number 6 leading to the gas sampler E8 and the measuring of the condensate volume in the

condensate sampler E7 would be inaccurate.

Temp Temp Temp Temp Temp Temp Temp Temp Temp
Temp Reac_ Reac_ Reac_ Reac_ Reac_ Reac_ Reac_ Reac_ Reac_ Temp_ Temp_
Computer Time  Timer Evap Bot 11 12 1-3 Mid 21 22 23 Top Ave Cond

08:26:08 5257 1915 2503 27275 2053 266.8 2998 2435 248 2388 2523 253.03
08:26:09 5289 1913 251 2725 205 267 300 244 248 2393 252 25319
08:26:11 5260 1858 251 27275 223 267.3 3003 24375 248 2403 24398 253.92
08:26:12 5262 185 251 27325 213 2675 2995 244 2478 2408 2435 25403
08:26:13 5263 185 251 273 M28 267.3 3003 244 248 2405 2498 254.06
08:26:15 5265 1843 2508 27325 2133 268 3005 2445 2455 2408 250 25439
08:26:16 5266 185 2508 2735 2135 268 3005 244 2488 241 250 254 .44
08:26:18 5267 1843 2515 27325 2135 268 301 24475 2485 241 2498 25458
08:26:19 5269 1843 2515 2735 2135 268 3008 2445 2485 2413 2505 25467
08:26:21 5270 183 2515 27375 2138 268.3 3008 245 249 2408 250 25475
08:26:22 5272 1823 2515 27375 2138 2683 30 245 249 2413 25805 25489
08:26:23 5273 181.5 2518 27375 214 268.5 301.5 24525 2493 2408 2508 255.06
08:26:25 5274 181 2513 2745 214 268.3 300.3 24475 2498 2415 2508 255
08:26:26 5276  180.3 2523 27425 2138 268.5 3013 245 24895 2415 2508 25519
08:26:28 5277 180.8 2523 2745 2143 2685 302 245325 24895 2415 251 25542
08:26:29 5279 181 2523 2745 2133 268.6 301.8 24575 250 2415 2503 255.33
08:26:30 5280 180.3 2525 274 214 268.5 302.5 24525 250 242 2508 2555
08:26:32 5281 180.8 252.8 27475 2135 269 3025 245325 250 242 251 255.64

08:26:33 5283 1805 2525 275 2138 2693 3023 246 250 242 2513 25578
0g:26:35 5284 180 2525 27525 2138 269.3 3023 24625 250.3 242.3 251 25586

Figure 35 - Fuel Qualifying Experimental Facility Temperature Distribution during Cold Commissioning

As displayed in Figure 35, the temperature recorded by the thermocouple in the outlet of the
condenser displayed as E6 in Figure 25 was a constant temperature of 32 °C during the last
minutes of the cold commissioning. Although this was 7 °C higher than the design requirement, it
was within the allowable error of +10 °C well below the condensation temperature of methanol and
water at 200 kPa and was most likely due to the heat from the reformer increasing the ambient
temperatures. This concluded that the condenser was sufficient to remove all condensate

constituents from the gas stream.

4.3.4  Ability to Sample Condensate without Interruption of Experimental Process

Due to the long experiment durations, it is crucial to be able to sample and analyse the condensate
to determine the methanol conversion of the reformer and catalyst without disrupting the

experimental procedure.

During the cold commissioning experimentation, the condensate was sampled at Sample Point 1

without interrupting the experiment and did not significantly reduce the pressure inside the system.
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Therefore, it can be concluded that there is conformance of this design requirement for the fuel

qualifying experimental facility.

4.3.5 Evaluation of Evaporation Method for Methanol-Water Mixture

For the design outcome of controlled fuel delivery to the reformer, it is important for the
methanol:water molar ratio to remain constant during experimentation to ensure constant
conditions within the reformer and ensure the validity of the results obtained during the fuel

qualification experimentation.

Methanol and water was mixed to the prescribed molar ratio, evaporated at the prescribed flow
rate, heated by the reformer and finally condensed by the condenser where the methanol-water
mixture was sampled at Sample Point 1 every 15 minutes for a total of 1 hour. 20 ml of the sample
was measured by a pipette and weighed by a scale accurate to 4 decimal places which provided

the density required to determine the weight percentage methanol which could be translated to the

molar ratio. The results of the cold commissioning evaluation are presented in Table 7.

Table 7 - Analysis of Cold Commissioning Condensate of Evaporated Methanol-Water Mixture

Time Mass of
Interval Volume 20 ml Density | Methanol | Methanol:Water | Methanol:Water
: [mI] Sample [gml™] [%0] Mass Ratio Molar Ratio
[minutes]
[9]
Feed 17.170 0.8585 61.500 1:0.626 1:1.100
15 56.0 17.172 0.8586 61.534 1:0.625 1:1.113
30 55.5 17.157 0.8579 61.560 1.0.624 1:1.111
45 57.0 17.166 0.8583 61.531 1:0.625 1:1.113
60 56.5 17.170 0.8585 61.526 1:0.625 1:1.113
Average 56.25 17.166 0.8583 61.537 1:0.625 1:1.113

During the cold commissioning evaluation, it was found that the condensed methanol-water fuel

mixture had remained in its prescribed 1:1.1 molar ratio with a 1.17% relative error.
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From the results displayed in Table 7, it was concluded that the evaporator was evaporating the
methanol-water mixture and delivering it to the reformer and catalyst at the required flow rate and

in its correct methanol:water molar ratio of 1:1.1.

43.6 Automated Control

Due to the long operating times and the emphasis placed on the reaction kinetics of the reformer
and catalyst, the temperature was required to be monitored throughout the fuel qualification
experimentation as well as be recorded in an accessible format that can easily be displayed and
adapted such as an Excel spread sheet.

Figure 34 and Figure 35 above, are sections of the real-time temperature data stored and

displayed in an Excel spread sheet in an accessible and understandable format.

Due to the evaporator and reformer heating elements providing a thermal power above the design
requirements, the temperatures were required to be regulated and controlled. An Arduino Mega
with thermocouples and relays was implemented and programmed for the automatic control. By
observing the behaviour of the relays and the temperature data provided by the thermocouples, the

ability to control the fuel qualifying experimental facility temperatures was determined.

As can be observed by Figure 34 and Figure 35, the Arduino Mega correctly recorded the
operating temperatures of the evaporator and all the temperatures of the reformer and
automatically closed and opened the relays at the correct set-points of 195°C and 200°C, and
297°C and 300°C to maintain the required temperatures of the evaporator and reformer
respectively. Therefore, it can be concluded that the control code written is correct and there is
conformance of automated control of the evaporator and reformer at set points for the fuel

qualifying experimental facility.

4.4 Evaluation of Catalyst

For the design outcome of controlled reaction kinetics, the catalyst composition and BET surface
area was required for the characterisation of the catalyst used during the fuel qualifying
experimentation. The general composition of fresh catalyst is required for comparison to the
samples taken from Sample Point 3 and Sample Point 4 displayed in Figure 24 and Figure 31
during the fuel qualifying experimentation and for verification by comparing to the expected

composition and BET surface area of catalyst used in literature.
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441 Catalyst Composition

The catalyst composition was approached by performing an EDS (energy dispersive X-ray
spectroscopy) on a FEI Quanta 250 FEG SEM electron microscope in a high vacuum and 15kV.

The SEM emits a focused beam of electrons or x-rays onto a sample exciting the electrons of the
sample which ejects electrons as energy in the form of an x-ray. The number and energy of the x-
rays is measured by an energy dispersive x-ray detector which can then determine an
approximation of the elemental composition of the sample as a semi-qualitative analysis. (Materials
Evaluation and Engineering, inc., 2019) . Generally EDS has a detection limit between 0.1% and
2% depending on the element and combined errors limit precision to +2%. However, lighter
elements are difficult to measure with any precision (MyScope, 2014).

The sample was treated with a carbon coating to ensure proper conduction through the sample,

and therefore carbon was eliminated from the spectrum.

An overall EDS analysis was done on an un-activated and activated catalyst sample to determine
the overall catalyst compaosition. The results were observed as having a sodium content of 22.27%
which was not expected in the sample. The remaining sodium ions from the sodium carbonate that
caused the precipitating reaction had become part of the catalyst during the precipitation reaction
and were not rinsed out completely. The results from this analysis are displayed in Table 8.

Table 8 - Un-activated and Activated Catalyst Composition

Sample Cu [wt%] | Zn [wt%] | Al [wt%] | O [wt%)] Na [wt%] Total [wt%)]
Un-Activated 21.88 16.44 3.08 36.32 22.27 100.00
Activated 16.18 15.60 3.76 35.46 29.01 100.00

In order to verify the composition of the manufactured catalyst, the Cu, Zn, Al weight percentages
in Table 8 were used to provide a general indication of the amounts of CuO, ZnO, and Al,Os.
Cu - Cu0

63.55 gmol™! — 79.55 gmol ™!

63.55

masscyo = 21.88g * =2740g

Zn - Zn0
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65.38 gmol™! — 81.38 gmol ™!

65.38

masSzuo = 16.44g * =2046g

Al - Al,0,

26.98 gmol™! — 101.96 gmol™!

massy,o, = 3.08g * =1164g

100

0 =
massy = o 0 + 2046 + 11.64

The sodium weight percentage was not considered and the EDS results normalised for CuO, ZnO,
and Al,O3; and presented in relation to one another as displayed in Table 9. This was done so that
the catalyst composition can be verified by comparing it to the design requirement weight

percentage expected.

Table 9 - Selective Composition of Un-activated Catalyst

Component DesigrEMRaeSqSl(J)/ior]ement Practical [Mass%] Relative Error [%)]
CuO 60.00 46.05 -23.25
Zn0O 30.00 34.39 14.63
Al,O3 10.00 19.56 95.60

The results of the EDS analysis of the unactivated catalyst represented by Table 9, indicates that
the intended CuO, ZnO, and Al,O3; mass ratios were not achieved. The elemental distribution of the
catalyst may have been affected by the unexpected sodium content and an EDS is an approximate
analysis for the determination of the catalyst composition with an error between 5 % and 20 %,
therefore, a small sample being analysed does not necessarily present the composition of the
catalyst as a whole. The specific copper dispersion values were not taken into consideration in this

study.

From the data thus presented, it can be concluded that the catalyst composition is not as
prescribed by the design criteria, however, due to the fact that the same catalyst is used for all

experiments it can be considered sufficient for the purpose of comparison to the mentioned
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literature. Furthermore, since the scope of this study is limited to the determination of the impact of
various methanol fuel qualities and its effects on the off-gas composition, the continuous use of the

prepared and characterized catalyst can be considered acceptable.

The catalyst composition varying from that used in literature was taken into account during the

validation of methanol conversion and off-gas composition.

The BET surface area, as well as pore size and volume of the catalyst were required for the
characterisation of the catalyst used during the fuel qualifying experimentation for the design

outcome of controlled reaction kinetics.

4.4.2 Catalyst BET Surface Area and Pore Properties

A sample of un-activated catalyst, activated catalyst, and a catalyst pellet, which was present in the
reformer during the fuel qualifying experimentation, were each subjected to Brunauer—-Emmett—
Teller (BET) analysis to determine the physical adsorption of gas molecules on a solid surface by
revealing pore morphology within the catalyst. Intrusion gases are used that do not chemically
react with the material surfaces to quantify surface area. Nitrogen and carbon dioxide is most
commonly used as intrusion gases to determine the BET characteristics of catalyst. This includes
surface area, pore volumes, as well as the average pore sizes by carbon dioxide and nitrogen

adsorption. This gives an indication of the reaction area available for methanol steam reforming.

The entire BET analysis report produced was summarised and the most relevant data displayed in
Table 10.

Table 10 - BET Analysis of Catalyst via N, adsorption

Sample BET Surface Area[m?g™] | Pore Volume [cm3g™] Pore Size [nm]
Un-Activated 6.926 0.00188 1.08569
Activated 8.792 0.00138 0.62867
Pellet 15.848 0.00120 0.30158

From Table 10, it can be observed that during activation the BET surface area increases from
6.926 m’g™ to 8.792 m?g™ due to the removal of the oxygen atom. However, when increasing the

surface area, the pore volume and pore sizes decrease by 26.48 % and 42.09 % respectively. This
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would make it more difficult for methanol and steam molecules to enter into the pores of the
catalyst and reduces its activity. Furthermore, if poisoning or carbon deposition were to occur, it
would prohibit absorption into the pellet and thereby facilitate deactivation of the catalyst at an

increased rate.

Table 10 indicates a further increase in BET surface area for the pellets that were used in the
reformer during the fuel qualifying experimentation to 15.848 m°g™ and decreases in pore volume
and pore size by a further 13.53 % and 52.03 % respectively due to the pelletization process.

The catalyst analysed in the study by Kim et al. (2016) has the lowest BET surface area of 66 m°g’
! which is 4.038 times greater than the pelletized catalyst. The pore size and pore volumes of the

pelletized catalyst are also smaller than the catalysts used by literature.

The smaller surface areas and reduced pore volumes and pore sizes can be attributed to the
unexpected sodium oxides that have formed part of the catalyst composition and the remaining

carbonates as discussed in Section 4.4.

It was concluded that the catalyst physical properties are not as prescribed by the design
requirements. However, due to the fact that the same catalyst is used for all experiments it can be
considered a constant error and not random. The scope of this study, being the variation of fuel
guality and its effect on the off-gas composition, can still be achieved. The catalyst physical
properties varying from that used in literature was mentioned during the validation of methanol
conversion percentages with those displayed by Lee et al. (2004), Gu et al. (2003), and Sa et al.
(2010) in Section 5.1.4; and in Section 5.2.4 when validating the off-gas composition with those
displayed by Kim et al. (2016), Kurr et al. (2008), Purnama (2008), and Sa et al. (2011).

4.4.3 Catalyst Topology

The catalyst surface topology was required for the characterisation of the catalyst used during the
fuel qualifying experimentation and for comparison to the samples taken from Sample Point 3 and

Sample Point 4 displayed in Figure 25 and Figure 31 during the fuel qualifying experimentation.

The surfaces of catalyst particles were photographed by a FEG SEM, FEI Quanta 250 electron

microscope. The micrographs are displayed by Figure 36 and discussed below.
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Figure 36 - Activated Catalyst Topology Micrograph by SEM a) 50 micrometres b) 10 micrometres

The micrographs of the activated catalyst show ceramic or clay-like particles that are porous and
have intimate bonding between the different catalyst materials as displayed by Figure 36b) Area 2.
There are pores inside the catalyst particles that increase the active surface area for better
reforming ability. The caverns displayed in in Figure 36b) Area 1 were produced by the loss of the
carbonates during the calcination process leaving behind gaps where they were present.

Figure 36b) displays a magnification on the particle and at Area 2 it can be seen how the catalyst
forms layers as the co-precipitation reaction took place creating an intimately bonded laminar
structure of copper, zinc oxide, and aluminium oxide, with the copper particles having formed on

the surface serving as the active sites for the catalyst.

The observations made from Figure 36 are similar to those of the design requirements from
Section 2.3.4, making the structure of the manufactured catalyst as anticipated in Chapter 2.
Therefore, the structure and general topology of the catalyst can be considered conforming to the

design requirements.

4.5 Hot Commissioning

Hot Commissioning is the evaluation of the completed and assembled fuel qualifying experimental
facility while operating with methanol-water mixture in the presence of catalyst to ensure the
correct operation of all components as well as the activity catalyst. Methanol and water was mixed

in the prescribed molar ratio, evaporated at the prescribed flow rate, heated by the reformer and
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finally condensed by the condenser where the outlet was placed through a solution of CaCOs; for
an hour. In the presence of CO,, the CaCOj; solution will turn milky white as a precipitate forms.
During hot commissioning the thermal transfer rate of the reformer element, reformer temperature,
and reformer temperature distribution will be discussed, along with the condenser outlet
temperature, activity of the catalyst, and ease of catalyst pellet sampling.

45.1 Consistent Reformer Temperature and Uniform Temperature Distribution

Once the flow had commenced, the reformer temperatures were required to remain constant over
the duration of the hot commissioning experiment. The temperature distribution was also important

due to the effect temperature has on the reforming ability of the catalyst.

For the one-hour duration of the hot commissioning, the average temperatures in 10 minute

intervals are displayed in Figure 37.

Temp |Temp| Temp | Temp | Temp [ Temp | Temp | Temp | Temp
Reac |Reac |Reac |[Reac |Reac |Reac |Reac |Reac |Reac |[Temp_ |Temp_ Reac Reac
Time [min] Bot | 1-1 1-2 1-3 Mid | 21 2-2 2-3 | Top |Ave Cond Min  Max

107 253 5 22113 234 6 23582 226 14[ 228 16[ 248.33[ 33.7436| | 2211 2901
20" 244 3 261.4[ 193.45 222(241.75[ 216 .97[ 235 66[ 238.34[ 30.7769| | 1935 2837
307 2576 207.92 . 233.8( 25763 228 7( 249 75 250.73[ 36.0363| | 207.9 2041
40"251.17[269.98( 203.75[ 243. 230,24 252 42[ 224 96[ 228.32[ 243.83[ 31.76| | 2038 2905
507 261 3 239.8(247.73(233.09( 242 76 250.88[ 32.6177| | 2237 2946
60 250.7 242 3247 68[ 238.08[ 246 78| 252 16[ 33.4467| | 2151 2931

Min 244 3| 261.4| 193.45) 243. 222| 235.82| 216.97| 228.16| 238.34| 30.7769
Max 257.6 242 3| 257.53| 238.08| 249.75| 252.16| 36.0363

Figure 37 - Reformer Temperature Distribution during Hot Commissioning

Figure 37 displays how the reformer was able to maintain the required 300°C at the centre of the
reformer during the provided flow rate from the evaporator, however, the temperature distribution
varies with a range from 193.45 °C in Sector 1-2 to 294.58 °C in the Mid Sector.

However, it can also be seen that the individual sector temperatures remain reasonably constant
with temperature differences between 10.86 °C and 30.27 °C. The average temperature value of
269.45 °C in Sector 1-3 is due to an outlying temperature value due to a thermocouple malfunction

providing temperatures higher than reality.
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These variations in temperature distribution are due to the uneven wrapping of the kanthal wire
around the reformer pipe. The sockets used for the thermo-wells posed as obstacles for consistent
kanthal wire wrapping causing uneven heat distribution. The heat lost due to insufficient insulation
around the reformer and the top and bottom flanges also affected the heat distribution.

From Section 2.3.5, it was observed that temperature has an impact on methanol reforming,
therefore, at certain sectors in the reformer there will be a lower percentage of methanol reformed
than at other sectors of higher temperatures. Therefore, it can be speculated that by taking an
average of all of the temperature values, an overall reformer operating temperature can be

determined and referred to during the fuel qualifying experimentation in Chapter 5.

Although the observed temperature distribution is uneven, the individual sector temperatures
remain reasonably constant and will not affect the validity of the results during fuel qualifying
experimentation when implementing an overall average temperature for the reformer. Therefore,
the reformer conforms to the design criteria of consistent sector temperatures for the design

outcome of controlled reaction kinetics.

45.2 Catalyst Activity

For the continuation of the study, the catalyst was required to react with the methanol and steam

mixture to produce hydrogen. As discussed in Section 2.6 the off-gases include carbon dioxide.

A simple test for carbon dioxide is with aqueous calcium carbonate, also known as lime water
which will turn milky white when exposed to carbon dioxide. If reforming takes place, carbon
dioxide will form part of the off-gases flowing through the calcium carbonate.

The outlet of the reformer was placed to flow through a beaker of aqueous CaCOs. As displayed by
Figure 38, the lime water turned milky white, indicating presence of CO, in the reformer outlet.
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Figure 38 - Aqueous CaCOs After and Before Effect of Reformer Off-gases

This concludes that the catalyst is active and produces carbon dioxide, and subsequently
hydrogen, from the methanol and steam mixture.

45.3 Catalyst Sampling

At 10 hour intervals during the fuel qualifying experimentation, catalyst samples were required to
be taken and analysed.

Due to the flange interfaces included in the design in Chapter 3, the catalyst at the top of the
reformer at Sample Point 3 is easily sampled by removing a pellet and replacing it with another to
ensure constant catalyst weight inside the reformer. The catalyst in the centre of the reformer was
sampled at Sample Point 4 at the end of the experiment. Therefore, the design requirement has

been met and the required result of this experiment is achieved.

4.6 Fuel Qualifying Experimental Methodology

For the fuel qualifying experimental procedure producing the results in Chapter 5, the system was
purged with nitrogen and the reformer was heated until one of the thermo-couples reached 300 °C,
the evaporator was then heated to 200 °C. Once the flow of methanol-water mixture had
commenced, at hourly intervals the volume of the reformer off-gas condensate was measured at
Sample Point 1 and a 20 ml sample of the condensate was taken by a pipette and weighed by a
scale accurate to 4 decimal places to determine the density which would allow the amount of
methanol in the sample to be calculated. A pH test paper was also inserted into every condensate
sample to measure the acidity. After 10 hours had passed, the flow was ceased and the gas
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sampler isolated. The gas sampler served as Sample Point 2 and was analysed using a gas
chromatograph calibrated for measuring hydrogen, carbon dioxide, carbon monoxide, and
nitrogen. The wetted lead acetate strips for H,S detection were photographed and labelled. Two
catalyst pellets were removed from the top of the reformer at Sample Point 3 and replaced. They
were analysed for poisons, sintering, and carbon deposition. After having repeated this process 3
times or until the methanol conversion indicated a value below 13 %, the experiment was
concluded and a catalyst pellet was removed from the centre of the reformer at Sample Point 4
and its cross-section analysed by EDS.

4.7 Summary

In Chapter 4 the proposed method of addressing the problem statement was evaluated according
to the design outcomes and subsequent design requirements stipulated and designed for in
Chapter 3.

It was concluded that the controlled delivery of methanol-water mixture to the reformer was
achieved by the continuous flow rate, the constant evaporator temperature, and the sufficient
thermal energy provided by the evaporator to evaporate and superheat the methanol-water mixture

while maintaining the required methanol-water molar ratio.

Controlled reaction kinetics was achieved by the reformer, due to its ability to reach and maintain
the required temperature during the flow of methanol-water vapours. Although the temperature
distribution was not ideal, the individual reformer sector temperatures remained constant and
would not affect the reaction kinetics of the reformer. Temperature averages were taken into

account and an overall reformer temperature was used.

The catalyst topology was found to be similar to that described in literature, however the
composition differed from the design requirements and the BET surface areas and pore sizes were
smaller than anticipated. Despite this, by performing the experiments with the same catalyst
throughout the fuel qualification, the design outcome of controlled reaction kinetics was deemed

achievable.

It was concluded that the condenser was able to condense and separate the liquids out of the gas
stream at the ambient temperature, however, the ambient temperatures were not constant during
experimentation and increased the condensate temperatures. These temperatures were still well
below the vapourisation temperatures of methanol and water at 200 kPa, therefore, the design

outcome of off-gas liquid and gas separation was achieved.
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The design outcome of sampling ability was achieved by allowing in-situ condensate sampling
without interruption of the experiment. Ease of catalyst sampling from the top of the reformer

further satisfied this outcome.

The design outcome of automated control was achieved by utilising an Arduino mega
programmable microcontroller and coding it to receive temperature data and generate a real-time
Excel spread sheet which is a Microsoft accessible format. The temperature data was used to
control relays which switched the reformer and evaporator’s heating elements on and off at certain

set-points to control the temperatures.
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CHAPTER 5 - METHANOL FUEL ANALYSIS, AND FUEL QUALIFYING
EXPERIMENTATION RESULTS AND DISCUSSION

From the problem statement and scope of work in Chapter 1 the focus of this study is the methanol
guality and its effects on the reformer off-gas composition. The three methanol qualities considered
by this study are Analytical Reagent (AR) Chemically Pure (CP) and Industrial grade. The data
sheets of each quality are presented in Appendix E.

The majority of the studies discussed in Chapter 2 measured and presented the unreformed
methanol as an indication of reformer effectiveness and is considered part of the reformer off-
gases. The experimental condensate will be measured, and discussed and validated according to
literature. It was noted that the concentration of HCI in the off-gases was not considered in

literature, therefore, for this study, the acidity of the condensate will be analysed.

The molar percentages of the product gases, hydrogen, carbon dioxide, and carbon monoxide,
presented by literature in Chapter 2 will be used to validate the experimental gas product
compositions measured using a gas chromatograph every 10 hours and when the experiment
ends. However, literature does not consider the content of H,S in the reformer off-gas and in this

study it has been addressed by the use of lead acetate indicator strips.

The catalyst composition will be analysed at 10 hour intervals for the presence of chlorine and
sulphur ions to supplement the results from the pH and lead acetate indicator strips. The catalyst

will also be analysed for carbon deposition.

5.1 Analysis of Reformer Off-gas Condensate

At a constant time interval of 1 hour, the volume of the reformer off-gas condensate was measured
from Sample Point 1 and a 20 ml sample was weighed. Table 12, Table 13, and Table 14 display
the various volumes of off-gas condensate along with the sample masses. This information was

used to determine the densities and subsequent methanol conversions.

Table 11 displays the structure and equations used to produce Table 12, Table 13, and Table 14:

Density of Condensate - Deondensate = W (5.1)

Meondensate 1S the mass of the 20ml sample of the condensate for that hour interval in grams.

Pmethanol
MELAANOL — 5 ) ethanol

Methanol Mass % - Mumethanot % = —condensate +100 (5.2)

1-Pmethanol
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_ Mmethanol%
Methanol Mass [g] - Mmethanol = Vol * Pcondensate * % (5-3)
Methanol Conversion[%)]- MethConv= (1 — Dmethanol ) *100 (5.4)
(Mcondensate expected™ 100 L )

Meondensate expected = 193 @ due to the flow rate.

Mumethanol expectea 70 = 61.5 % due to the required mixing ratio.

Table 11 - Methanol Conversion Tables Layout

Time Condensate | Mass of 20ml | Density | Methanol | Methanol Methanol
-1 Conversion
[hours] | Volume [ml] Sample [g] [gml™] [%0] [0] (%]
1 Vol Mcond (5.1) (5.2) (5.3) (5.4)

Figure 40, Figure 43, and Figure 46 are produced by determining the percentage change between

each hourly methanol conversion value.

Percentage Change - Change%-= 221« 100 (5.5)

Xi-1

x; is the current interval methanol conversion value (i > 1)

x;—1 is the methanol conversion value one hour interval behind the current methanol conversion

value.

' Only one iteration of experiments was produced for each methanol quality. Time and cost constraints
limited this study to the production of enough catalyst for one iteration of experiments for each methanol
quality. Large amounts of time are required to produce such large quantities of catalyst. As discussed in
Chapter 3, in comparison to literature, this study’s reformer diameter is far larger with 140 times more
catalyst to introduce higher fuel flow rates to increase the amount of poisons being exposed to the
catalyst to make detection easier. The entire process can be viewed in Appendix C and as can be seen
in the results, experimental times reach from 16 to 30 hours. The scope of this study, as presented by
the title, is the methanol fuel quality and its effects on the fuel cell reformer off-gas composition which
has been presented and addressed by the varying of methanol quality for each experiment and
observing the effect the methanol quality has on the change in methanol conversion and catalyst
lifespan as well as the gas product composition.
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5.1.1 Results from Reformer Off-gas Condensate Analysis while Reforming AR Methanol

By the method described above with fresh catalyst and reforming AR methanol, Table 12 can be

produced.
Table 12 - Reformer Off-gas Condensate Analysis while Reforming AR Methanol
Time Condensate | Mass of 20ml | Density | Methanol | Methanol Methan_ol
[hours] Volume [ml] Sample [g] [gml™] [%0] [g] Con\[/(;)r]smn
1 33.0 18.4485 0.9224 31.34 9.54 91.96
2 46.0 18.0374 0.9019 40.55 16.82 85.82
3 50.0 17.9340 0.8967 42.93 19.25 83.78
4 53.0 17.8995 0.8950 43.73 20.74 82.52
5 52.0 17.8511 0.8926 44.86 20.82 82.45
6 61.0 17.8063 0.8903 45,91 24.94 78.98
7 75.0 17.7751 0.8888 46.65 31.09 73.79
8 107.6 17.7277 0.8864 47.77 45.56 61.60
9 90.0 17.4490 0.8725 54.48 42.78 63.94
10 95.0 17.7358 0.8868 47.58 40.08 66.22
11 98.0 17.9099 0.8955 43.49 38.17 67.83
12 100.0 17.7482 0.8874 47.28 41.96 64.63
13 93.0 17.6986 0.8849 48.46 39.88 66.39
14 81.0 17.7406 0.8870 47.46 34.10 71.26
15 93.5 18.0600 0.9030 40.03 33.80 71.51
16 72.5 17.6993 0.8850 48.44 31.08 73.80
17 84.0 17.6937 0.8847 48.58 36.10 69.57
18 70.5 17.6680 0.8834 49.19 30.64 74.18
19 93.0 17.7000 0.8850 48.43 39.86 66.41
20 120.0 17.6799 0.8840 48.91 51.88 56.27
21 132.0 17.7990 0.8900 46.08 54.14 54.37
22 141.0 17.7440 0.8872 47.38 59.27 50.04
23 141.0 17.6966 0.8848 48.51 60.52 48.99
24 150.0 17.6708 0.8835 49.12 65.10 45.13
25 153.0 17.6825 0.8841 48.84 66.07 44.31
26 165.0 17.6793 0.88400 48.92 71.35 39.86
27 173.0 17.6448 0.8822 49.74 75.92 36.01
28 188.5 17.6457 0.8823 49.72 82.69 30.30
29 210.0 17.6443 0.8822 49.76 92.18 22.30
30 225.0 17.6352 0.8818 49.97 99.15 16.43
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From the last column of Table 12 above, Figure 39 can be drawn to display the methanol

conversion over the 30 hours of the experiment.

Methanol Conversion while Reforming AR Methanol
100.00
90.00 N

80.00 .
70.00 ™\ N

60.00
50.00 o=
40.00 =
30.00 AN
20.00
10.00

0.00

Methanol Conversion [%]
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Time [Hours]

Figure 39 - Line Graph of Methanol Conversion over Time while Reforming AR Methanol

Using the information from Table 12 and Figure 39, it can be seen that in the first hour the
reforming catalyst has a conversion of about 91.96 % which decreases over the first 8 hours to
61.60 %.

Between 8 hours and 11 hours there is an increase to 67.83 % and from 14 hours to 18 hours the
conversion remains between 71.26 % and 74.18 %. However, soon after 18 hours the methanol
conversion undergoes a linear decreasing trend from 74.18 % to 16.43 % which ends the

experiment at 30 hours.

From the above information in Table 12 and Figure 39, a change in hourly methanol conversion
can be determined to display the overall change in conversion as described earlier by Equation 5.5
by comparing the current methanol conversion value to the value one hour interval prior which
produces Figure 40. This provides a better portrayal of the percentage change fluctuations and

general trend.
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Percentage Change of Methanol Conversion while Reforming AR
Methanol
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Figure 40 - Column graph of the Hourly Percentage Change in Methanol Conversion While Reforming AR
Methanol

A negative percentage change value indicates a decrease in the hourly methanol conversion.

From Figure 40 it can be seen that the majority of percentage changes are negative, indicative of
an overall methanol conversion decreasing trend. Between 2 and 10 hours the percentage
changes are between 3.80 % and -16.52 %. From 9 hours to 19 hours the percentage changes
vary between 7.34 % and -10.49 % indicating higher fluctuations and an overall increasing

conversion trend.

When considering the time period between 25 hours and 30 hours the overall percentage change
is exponentially negative from -1.81 % to -26.38 %. From Figure 40 it can be seen that the trend

line has a larger negative gradient which eventually causes a methanol conversion of 16.43 %.

The pH values of the condensate were determined by using pH strips and by using the colour
scale on the box as displayed in Figure 41, an accurate pH value can be determined. The hours

from 1 to 26 displayed a constant neutral pH value of 7 and are not displayed below.
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Figure 41 - pH Values of Methanol-Water Condensate after a) 27 hours, b) 28 hours, c¢) 29 hours, and d) 30 hours
of Reforming AR Methanol

After 27 hours of reforming AR methanol the pH strips started to display a change in pH value and
showed a slightly acidic value of between 6 and 7. Figure 41c) and Figure 41d) displayed a
browner colour in the second block indicating acidity.



5.1.2 Results from Reformer Off-gas Condensate Analysis while Reforming CP Methanol

The same procedure is undertaken for the Chemically Pure methanol with fresh catalyst. Table 13
is produced from the volume and mass of each hourly sample taken from the reformer off-gas

condensate.
Table 13 - Reformer Off-gas Condensate Analysis while Reforming CP Methanol
Time Condensate | Mass of 20ml | Density | Methanol | Methanol Methan_ol
[hours] | Volume [ml] | Sample[g] | [gml™] [9%] [] CO“‘[’;)r]S'O“
1 73.0 18.0136 0.9007 41.10 27.02 77.23
2 80.0 17.8612 0.8931 44.63 31.88 73.13
3 97.0 17.7456 0.8873 47.35 40.75 65.66
4 121.0 17.7561 0.8878 47.10 50.59 57.36
5 140.0 17.7148 0.8857 48.08 59.62 49.75
6 170.0 17.6940 0.8847 48.57 73.05 38.43
7 148.0 17.7046 0.8852 48.32 63.30 46.64
8 162.5 17.5800 0.8790 51.30 73.28 38.24
9 162.0 17.5960 0.8798 50.92 72.57 38.83
10 174.0 17.5580 0.8779 51.83 79.18 33.26
11 161.0 17.7490 0.8875 47.26 67.53 43.08
12 154.0 17.7372 0.8869 47.54 64.93 45.27
13 175.0 17.7280 0.8864 47.76 74.09 37.55
14 183.0 17.7079 0.8854 48.24 78.16 34.12
15 187.0 17.6955 0.8848 48.53 80.30 32.32
16 210.0 17.6617 0.8831 49.34 91.50 22.88
17 226.0 17.6379 0.8819 49.91 99.48 16.16
18 240.0 17.6100 0.8805 50.58 106.88 9.91

Figure 42 was drawn from the last column in Table 13 to display the methanol conversion over the

18 hour time period.

71




Methanol Conversion while Reforming CP Methanol
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Figure 42 - Line Graph of Methanol Conversion Over Time while Reforming CP Methanol

Considering Figure 42, it can be seen that the methanol conversion starts at 77.23 % which is

lower than the starting conversion of the catalyst while reforming the AR methanol at 91.96 %.

Between 1 hour and 6 hours the methanol conversion decreases linearly from 77.23 % to 38.43 %.
Between 6 and 12 hours the methanol conversion varies between 46.64 % and 33.26 %. At 12
hours the conversion is higher at 45.27 % and after 12 hours the methanol conversion decreases

to 9.91 % at 18 hours where the experiment ends.

From the above information in Table 13 and Figure 42 a change in hourly methanol conversion can
be determined to see the change in methanol conversion. Figure 43 displays this percentage
change and its overall trend.
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Figure 43 - Column graph of the Hourly Percentage Change in Methanol Conversion While Reforming CP
Methanol

As displayed in Figure 43 from 2 hours to 6 hours the percentage change in methanol conversion
has a negative gradient from -5.31 % to -22.76 %. Between 7 hours and 12 hours the methanol
conversion fluctuates and produces a percentage change between -18.02 % and 29.51 %.

Between 13 hours and 18 hours the percentage change remains negative with values ranging
between -5.29 % and -38.65 %. During this time the methanol conversion decreases to 9.9 % and
the experiment was stopped at 18 hours due to the reaching of a methanol conversion value below
13 %.

The pH values of the condensate were determined by using pH strips, using the colour scale on
the box as displayed in Figure 44, a reasonably accurate pH value can be determined. The hours

from 1 to 14 displayed a constant neutral pH value of 7 and are not displayed below.
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Figure 44 - pH Values of Methanol-Water Condensate After a) 15 hours, b) 16 hours, c) 17 hours, and d) 18 hours
of Reforming CP Methanol

During the last 4 hours of the experiment the pH values started to change as displayed in Figure
443a), b), c), and d) where the light brown colour indicates a pH value between 6 and 7. Each hourly

increment displays the pH strip turning lighter brown indicating a value closer to the pH of 6.
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5.1.3 Results from Reformer Off-gas Condensate Analysis while Reforming Industrial

grade Methanol

Similar to the previous two experiments, fresh catalyst was used along with Industrial grade
methanol where the volume and mass of the reformer off-gas condensate was measured and

recorded as displayed in Table 14.

Table 14 - Reformer Off-gas Condensate Analysis while Reforming Industrial grade Methanol

Time Condensate Mass of 20ml | Density | Methanol | Methanol Methan.ol
thours] Volume sample [g] [gmi] (%] (q] Conversion
[ml] [%]
1 109.0 18.0136 0.9007 41.10 40.35 58.69
2 108.0 17.8612 0.8931 44.63 43.04 55.93
3 125.0 17.7456 0.8873 47.35 52.51 46.23
4 142.0 17.7561 0.8878 47.10 59.37 39.21
5 128.0 17.7148 0.8857 48.08 54.51 44.19
6 136.0 17.6940 0.8847 48.57 58.44 40.16
7 151.0 17.7046 0.8852 48.32 64.59 33.87
8 128.0 17.5800 0.8790 51.30 57.72 40.90
9 134.0 17.5960 0.8798 50.92 60.03 38.54
10 118.0 17.5580 0.8779 51.83 53.69 45.02
11 133.0 17.7527 0.8876 47.18 55.70 42.97
12 151.0 17.7432 0.8872 47.40 63.50 34.98
13 168.0 17.7306 0.8865 47.70 71.04 27.26
14 167.0 17.6768 0.8838 48.98 72.29 25.98
15 176.0 17.6719 0.8836 49.10 76.35 21.82
16 195.0 17.6345 0.8817 49.99 85.95 11.99

Table 14 above, is used to produce Figure 45, to display the methanol conversion of the catalyst in

a line graph format.
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Methanol Conversion while Reforming Industrial grade Methanol
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Figure 45 - Line Graph of Methanol Conversion over Time while Reforming Industrial grade Methanol

Figure 45 displays how the catalyst starts reforming the Industrial grade methanol at a maximum
value of 58.69 %.

From 1 hour to 4 hours there is a negative gradient in methanol conversion from 58.69 % to 39.21
%. From the 4th hour to the 10th hour, the methanol conversion fluctuates between 33.87 % and
45.02 %, producing an overall increase in methanol conversion. Between 11 hours and 16 hours

the conversion decreases linearly until it reaches 12 % where the experiment is stopped.

Table 14 and Figure 45 are used to determine the percentage change of the methanol conversion
over the 16 hours as displayed in Figure 46.
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Percentage Change of Methanol Conversion while Reforming Industrial
grade Methanol
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Figure 46 - Column graph of the Hourly Percentage Change in Methanol Conversion While Reforming Industrial
grade Methanol

Between 2 hours and 4 hours there is a general negative percentage change in methanol
conversion ranging from -4.71 % to -17.33 %. From 4 hours to 11 hours there are fluctuations,
similarly seen in Figure 40 and Figure 43, ranging from -15.67 % to 20.76 % From 12 hours the
gradient of the percentage change decreases until 16 hours. During this time the percentage

decrease ranges from -4.70 % at 14 hours to -45.05 % at 16 hours.

The pH values of the condensate were determined by using pH strips, using the colour scale on
the box displayed in Figure 47, a reasonably accurate pH value can be determined. The hours

from 1 to 14 displayed a constant neutral pH value of 7 and are not displayed below.

Figure 47 - pH Values of Methanol-Water Condensate After a) 15 hours and b) 16 hours of Reforming Industrial
grade Methanol
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Figure 47 displays the pH values of the methanol water condensate during the last two hours of the
reforming of Industrial grade methanol during which the methanol conversion decreased to 13 %
and the acidity of the condensate increased. Figure 47a) displays a value below 7 whereas the
distinct browner colour of Figure 47b) indicates a pH value closer to 6.

5.1.4 Discussion of Results of Reformer Off-gas Condensate while Reforming AR, CP,

and Industrial grade Methanol

After the methanol conversion of each methanol fuel quality, as well as their respective methanol
conversion percentage changes has been presented in Section 5.1.1, 5.1.2, and 5.1.3, the results
can be combined and compared more effectively by superimposing Figure 39, Figure 42, and

Figure 45 onto one set of axes.

Methanol Conversion while Reforming AR, CP, and Industrial grade
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Figure 48 - Line graph for the Methanol Conversion over Time While Reforming AR, CP, and Industrial grade
Methanol

Considering Figure 48 the following observations can be made:

¢ The time in which it takes the various quality methanol-water mixtures to deactivate the catalyst
to a degree where the reforming ability of the reformer reaches 13% methanol conversion varies

between methanol qualities.
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¢ The maximum methanol conversion between 0 and 1 hours also varies depending on methanol

qualities as well as the overall methanol conversion throughout the catalyst’s lifetime.

e While reforming the 3 methanol qualities, a pattern was observed during which the methanol
conversion decreases linearly, fluctuates between a certain range, and then finally decreases
linearly towards the 13 % experimental end-point

The maximum methanol conversion appears to be related to the catalyst’s ability to reform that
specific methanol quality in the first hour while the catalyst is fresh. The lower the quality of the fuel
the more difficult it is and the longer it takes to break the bonds between the carbon and hydrogen
that make up the methanol molecule consequently decreasing methanol conversion rates during

the first hour of reforming while the catalyst is fresh.

Table 15 - Observational Data for the Catalyst while reforming AR, CP, and Industrial grade Methanol

AR CP Industrial
Maximum Methanol
_ 91.96 77.22 58.69
Conversion [%]
Average Methanol
. 62.36 42.21 37.98
Conversion [%)]
Time to reach 13%
; 30 18 16
Conversion [hours]

From Table 15, it can be observed that in terms of the maximum methanol conversion there is a
16.03 % difference between AR and CP, and a 36.18 % difference between AR and the Industrial

grade.

However, as sintering and poisoning takes place the overall methanol conversion decreases over
time and the average methanol conversion over the life span of the catalyst can be taken into
account as displayed in Table 15. There is a 32.12 % difference in average methanol conversion
between the AR and CP methanol and a 39.10 % difference between the AR and Industrial grade
methanol. This is a better indicator than the maximum methanol conversion as it considers the
entire life span of the catalyst. The catalytic reforming of CP methanol is therefore, 32.12 % lower
than that presented by reforming AR methanol; and 39.10 % lower catalytic reforming for the
Industrial grade. Industrial grade methanol is therefore the least effective for hydrogen production

throughout the catalyst life cycle.
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By analysing Figure 39 through Figure 48 a pattern can be seen, where the catalyst undergoes a

decrease in methanol conversion for a short time followed by a period where the trend in methanol

conversion remains constant and finally reaches a point where the methanol conversion decreases

rapidly once again. The duration of the first period is determined by the first instance where the

percentage change turns from a negative to a positive. This period is displayed in Figure 49.

Percentage Change of Methanol Conversion for Period 1 for Various

Methanol Qualities
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Figure 49 - Column Graph Representing Methanol Conversion Percentage Change for Period 1 while Reforming

various Methanol Qualities

Table 16 - Period 1 for the AR, CP, and Industrial grade Methanol Conversion Percentage Change

Period 1 AR CP Industrial
Start 0 0 0
Duration 8 6 4
Average Percentage i : 5
Change [%] 5.40 12.80 12.41

By comparing methanol conversion percentage changes between reforming AR, CP, and Industrial

grade methanol, the lowest decrease in methanol conversion was observed while reforming AR

methanol. Reforming CP and Industrial grade methanol produced similar methanol conversion
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decreases during the first period. This period provides a predictable linear decrease in methanol

conversion while reforming all methanol qualities.

This methanol conversion decrease observed during the first period is attributed to a sintering
process of the catalyst. This sintering process is further displayed and discussed later in the
document when evaluating the catalyst’s topology in Section 5.3. It will be noted that the catalyst
porosity becomes less, with roughening and coarser surface texture observed, and cleavage
detected, during the first 10 hours of operation.

Period 2 begins where the first positive methanol conversion percentage change value is displayed
and ends before the methanol percentage change decreases sharply.

Percentage Change of Methanol Conversion for Period 2 for Various
Methanol Qualities
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Figure 50 - Column Graph Representing Methanol Conversion Percentage Change for Period 2 while Reforming
various Methanol Qualities
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Table 17 - Period 2 for the AR, CP, and Industrial grade Methanol Conversion Percentage Change

Period 2 AR CP Industrial
Start 8 6 4
Duration 10 6 6

Average Percentage

Change [%] 1.96 4.19 3.29

During period 2 it can be observed from Figure 50 and Table 17 that the percentage change has
an overall increasing trend. Higher fluctuations are observed with less predictable methanol
conversion over an hour to hour period. This does, however, produce a more constant methanol
conversion trend. During Period 2, AR displays the lowest average percentage change values,
which is indicative of a more predictable and stable methanol conversion. The strongest increasing

trend is observed while reforming CP and Industrial grade.

For most of the methanol qualities, the longest duration is observed during Period 3 and shows the

highest percentage decrease in methanol conversion.

Percentage Change of Methanol Conversion for Period 3 for Various
Methanol Qualities
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Figure 51 - Column Graph Representing Methanol Conversion Percentage Change for Period 3 while Reforming
various Methanol Qualities
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Table 18 - Period 3 for the AR, CP, and Industrial grade Methanol Conversion Percentage Change

Period 3 AR CP Industrial
Start 18 12 10
Duration 12 6 6

Average Percentage

Change [%] -11.4 -21.5 -18.5

In the final period CP methanol causes the highest average percentage decrease in methanol
conversion. Both CP and Industrial grade methanol present percentage decreases larger than AR
methanol and in a shorter reforming duration indicating an accelerated decrease in the catalyst
lifespan.

It was observed that the duration of each period is proportional to the life span of the catalyst.
While reforming AR methanol, the catalyst’s life span was the highest and had the longest duration
of each period; and inversely, the catalyst that reformed Industrial grade methanol had the shortest

life span and the shortest period duration.

From the pH measurements of the reformer off-gas condensate presented during period 3, it can
be concluded that although there is no significant difference between the acidity of the
condensates, the duration with which the acidity increases varies between each methanol quality
used. The timing of the change in pH coincides with the methanol conversion percentage
decreasing and nearing 13 %. As discussed later, in Section 5.3, the chlorine concentration found
in the catalyst increases during the last hours of the fuel qualifying experimentation for each
methanol quality, and the chlorine ions that cannot be adsorbed by the catalyst were found in the
methanol and water condensate increasing the acidity. By reforming a lower quality methanol, HCI
will present itself in the condensate far quicker, degrading the membrane and substantially
reducing its lifespan. When the membrane filter has been degraded its filtering ability will be
compromised and the HCI would start affecting the fuel cell.

Due to the unreformed methanol and water condensate forming part of the reformer off-gas, its
analysis and discussion along with the detection of HCI, contributes to the addressing of the
problem statement of qualifying the effect that a variation in methanol quality would have on the

reformer off-gas composition.

For the validation of the methanol conversion for the three different methanol fuel qualities, the
methanol conversion values for literature used will be taken for temperatures at 250 °C and mass

flow rates as near as possible for accurate comparison. For each methanol quality reformed, the
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average methanol conversion of the stable duration period 2, after the sintering process, was used
for validation. Relative error was used to measure the extent of the difference between the

experimental results presented by this study to that of published literature.

Relative Error - RelErr= Zexpected”Tpractical , 1y (5.6)

Xexpected

Table 19 - Validation of Methanol Conversion for Reforming of AR, CP, and Industrial grade Methanol Compared
to Published Research Data

Methanol Experimental Methanol Conversion Relative Error

Study Conversion of [%] [Min%/
Study [%] AR CP Industrial max %]
-28.53/

(Gu et al., 2003) 96.45 68.93 40.89 40.45 -58.06
25.33/

(Purnama, 2003) 55.00 68.93 40.89 40.45 -26.45
(Makertihartha & -11.63/
Gunawan, 2009) 78.00 68.93 40.89 40.45 .48.14
-28.94/

(Lee et al., 2004) 97.00 68.93 40.89 40.45 58.30
3.721/

(S4 et al., 2010) 39.00 68.93 40.89 40.45 79.74
-11.63/

(Sa” et al., 2011) 78.00 68.93 40.89 40.45 4814
-18.33/

(Kurr et al., 2008) 84.40 68.93 40.89 40.45 5207
12.36/

(Kim et al., 2016) 36.00 68.93 40.89 40.45 91.47

From Table 19 it can be observed that throughout the range of published research results, the
methanol conversions vary from one another despite reforming with similar commercial catalyst

and having displayed methanol conversion at an operating temperature of 250 °C

The relative errors were lowest when compared to Lee et al. (2004) and Gu et al. (2003) with a
methanol conversion of 97% and 96.45% respectively. The published research with WHSV nearest
to that used by this study of 1.4h™, was Makertihartha and Gunawan (2009) which presented
relative errors between -11.63 % and -48.14 % for the methanol conversion of 78 %. Sa” et al.
(2010) and Kim et al. (2016) displayed the lowest methanol conversion of 39 % and 36 %
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respectively, which presented relative errors between 3.72 % and 79.74% when compared to Sa’
et al. (2010), and between 12.36 % and 91.47 % compared to Kim et al. (2016).

The methanol conversions of the fuel qualifying experimental facility generally displayed lower than
that presented by the published research results are attributed to the smaller pore sizes and
reduced surface area of the manufactured catalyst.

It was observed that the methanol conversion by the reforming of the CP and Industrial grade
methanol presented the largest relative errors when compared to that of the published research
results. This is indicative of an unpredictable and lowered methanol conversion while reforming

with these lower methanol qualities.

Variations between published research results are due to differences in reformer diameters, flow
rates, and methanol-water molar ratios making accurate validation difficult. However, literature
substantiates methanol conversion as the correct criteria to consider when evaluating catalyst and
reformer performance. When considering the variation between the sources due to their flow rates
as well as the positive and negative range of relative errors between the published research
methanol conversion result values and experimental methanol conversion result values, the
presented methanol conversion values from the experimentation can be considered an acceptable
and an accurate depiction of the operation of a methanol steam reformer for all methanol qualities
and is relevant to the field. Methanol condensate forms part of the reformer off-gas composition
and is crucial to contributing to the addressing of the problem statement due to it determining fuel

quality’s effect on hydrogen production and the downstream subsystems.

5.2 Analysis of Reformer Product Off-gas

From Section 2.6 it was concluded that the reformer product off-gases are a mixture of hydrogen,
carbon dioxide, and carbon monoxide. All of these gases are readily detected and quantified by a
gas chromatograph. Methods to determine the presence and concentrations of hydrogen sulphide
were implemented, as discussed in Section 2.6.1. The results and discussions of the reformer off-
gases while reforming the various methanol fuel qualities analysed using the gas chromatograph

and the wet lead acetate paper strips are presented in the sections below.

At 10 hour intervals and at the conclusion of the fuel qualifying experiments, the reformer off-gas
samples taken from Sample Point 2 were analysed using a gas chromatograph, which displays the
peaks and molar quantities of each gas it is calibrated to analyse. The figures produced by the gas
chromatograph below display the peaks of Hydrogen, Nitrogen, Carbon Monoxide, and Carbon

Dioxide respectively from left to right. The heights of the peaks and area under the curves
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represent the mol% of the gases in relation to one another. Part b) of each Figure is an
enlargement of Part a) for the purposes of focusing on the peak of carbon monoxide as well as the
curve of carbon dioxide. The unusual presentation on the carbon dioxide curve is caused by a
slight amount of moisture in the gas sample. The carbon dioxide graph sits above the moisture line
causing the bottom left and right hand sections to have an offset from the origin line, therefore, the

carbon dioxide curve was manually integrated.

5.2.1 Results from Reformer Product Off-gas Analysis while Reforming AR Methanol

The results provided from the analysis of the reformer product off-gases with fresh catalyst, while
reforming AR methanol fuel mixture over three 10 hour time intervals are displayed below. The
peaks and curves produced by the gas chromatograph are displayed in Figure 52, Figure 53, and
Figure 54.
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Figure 52 - Gas Chromatography Peaks of Reformer Off-Gas Sample while Reforming AR Methanol for 10 hours
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Figure 53 - Gas Chromatography Peaks of Reformer Off-Gas Sample while Reforming AR Methanol for 20 hours
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Figure 54 - Gas Chromatography Peaks of Reformer Off-Gas Sample while Reforming AR Methanol for 30 hours

Lead acetate strips were used to detect the presence of H,S in the off-gas stream during the 30

hour experiment duration. The lead acetate strips are displayed in Figure 55.
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Figure 55 - Lead Acetate Paper for H,S Detection and Measurement of Reformer Off-Gas while Reforming AR
Methanol for 10, 20, and 30 hours

The lead acetate strips displayed in Figure 55 do not show any indication of hydrogen sulphide
being present in the gas that has passed over it at any point during the three 10 hour intervals. If
any H,S were present a shade of black or brown precipitate would have formed depending on the

concentration.

Table 20 is the combination of the mol% values from the three reformer off-gas samples taken
during the 10 hour, 20 hour, and 30 hour intervals while reforming the AR methanol and water fuel
mixture.
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Table 20 - Gas Chromatography Results of Reformer Off-Gas Sample while Reforming AR Methanol for 10, 20,

and 30 hours

Time [hours] 10 20 30
H, [mol%] 60.167 64.393 61.195
CO;[mol%] 21.015 17.590 19.560
CO [mol%] 0.460 0.276 0.273
Other [mol%] N,: 18.358 N,: 17.742 N,: 18.973
Total [mol%] 100.000 100.000 100.000
H2S [ppm] 0 0 0

For the purposes of this study, the gas analysis results spectrum can be normalised for H,, CO,,
and CO to present Figure 56 to further graphically display the gas composition.

Reformer Product Off-gas Composition while Reforming AR Methanol
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Figure 56 - Column Graph Representing Reformer Product Off-gas Composition while Reforming AR Methanol

Considering Figure 56, it was observed that hydrogen concentration increased by 6.21 % between
the 10 hour and 20 hour interval along with a 16.94 % decrease in carbon dioxide concentration.
Between the 20 hour and 30 hour intervals the hydrogen decreased by 3.50 % and the carbon

dioxide increased by 12.91 %. The largest observable difference in gas composition is the carbon
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monoxide decreasing by 40.32 % between the 10 hour and the 20 hour intervals. Thereafter the

carbon monoxide mol% remains constant.

5.2.2 Results from Reformer Product Off-gas Analysis while Reforming CP Methanol

The results provided from the analysis of the reformer product off-gases with fresh catalyst while
reforming CP methanol fuel mixture over a 10 hour time interval and after the end of the
experiment at 18 hours are displayed below. The peaks and curves produced by the gas
chromatograph are displayed in Figure 57, and Figure 58.
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Figure 57 - Gas Chromatography Peaks of Reformer Off-Gas sample while Reforming CP Methanol for 10 hours
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Figure 58 - Gas Chromatography Peaks of Reformer Off-Gas sample while Reforming CP Methanol for 18 hours

The gas chromatograph had undergone a calibration process the day before the analysis and
some settings on the graphing were not yet correctly set in. This does not change the accuracy of

the peaks or the results, it simply causes the aesthetics of the graph to differ slightly.

Figure 59 displays the lead acetate strips for the detection and measurement of hydrogen sulphide

in the reformer off-gases over the 18 hours of reforming the CP methanol fuel mixture.
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Figure 59 - Lead Acetate Paper for H2S Detection and Measurement of Off-Gas while Reforming CP Methanol for
10 and 18 hours

The lead acetate strips in Figure 59 do not have any distinct colour differences indicating that there
was no hydrogen sulphide present in the gas that had passed over it at any point during the 18

hour experiment.

Table 21 is the combination of the mol% values from the two reformer off-gas samples taken

during the 10 hour and 18 hour intervals while reforming the CP methanol and water fuel mixture.

Table 21 - Gas Chromatography Results of Reformer Off-Gas Sample while Reforming CP Methanol for 10 and

18 hours
Time [hours] 10 18
H,[mol%] 63.878 58.632
CO,[mol%] 15.038 17.157
CO [mol%] 0.595 0.227
Other [mol%)] N,: 20.488 N,: 23.983
Total [mol%] 100.000 100.000
H.S [ppm] 0 0
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As done in Section 5.2.1, the gas analysis results spectrum was normalised for H,, CO,, and CO to

present Figure 60 to further graphically display the gas composition.

Reformer Product Off-gas Composition while Reforming CP Methanol
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80.339
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10
0.748  0.299
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Figure 60 - Column Graph Representing Reformer Product Off-gas Composition while Reforming CP Methanol

Considering Figure 60, it is observed that the gas composition does not change significantly
throughout the reforming of CP methanol. The hydrogen concentration decreased by 3.99 %
between the 10 hour and 20 hour interval along with the carbon dioxide concentration increasing
by 19.35 %. The largest observable difference in gas composition is the carbon monoxide

decreasing by 60.03 % between the 10 hour interval and the 20 hour interval.

5.2.3 Results from Reformer Product Off-gas Analysis while Reforming Industrial grade
Methanol

This section displays the results provided from the analysis of the reformer product off-gases with
fresh catalyst while reforming Industrial grade methanol fuel mixture over a 10 hour time interval
and after the end of the experiment at 16 hours. The peaks and curves produced by the gas
chromatograph are displayed in Figure 61, and Figure 62.
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Figure 61 - Gas Chromatography Peaks of Reformer Off-Gas Sample while Reforming Industrial grade Methanol
for 10 hours
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Figure 62 - Gas Chromatography Peaks of Reformer Off-Gas Sample while Reforming Industrial grade Methanol
for 16 hours
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Figure 63 - Lead Acetate Paper for H2S Detection and Measurement of Off-Gas while Reforming Industrial grade
Methanol for 10 and 16 hours

The lead acetate indicator strips displayed in Figure 63 do not show any distinct indication of

hydrogen sulphide being passed over it during the 16 hours of reforming Industrial grade methanol.

Table 22 is the combination of the mol% values from the two reformer off-gas samples taken
during the 10 hour and 16 hour intervals while reforming the Industrial grade methanol and water

fuel mixture.
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Table 22 - Gas Chromatography Results of Reformer Off- Gas Sample while Reforming Industrial grade Methanol
for 10 and 16 hours

Time [hours] 10 16
H, [mol%] 67.580 58.894
CO,[mol%)] 13.490 21.687
CO [mol%] 0.512 0.277
Other [mol%] N,: 18.418 N,: 19.142
Total [mol%] 100.000 100.000
H.S [ppm] 0 0

For the purposes of this study, the gas analysis results spectrum can be normalised for H,, CO,,
and CO to present Figure 64 to further graphically display the gas composition.

Reformer Product Off-gas Composition while Reforming Industrial grade
Methanol
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Figure 64 - Column Graph Representing Reformer Product Off-gas Composition while Reforming Industrial
grade Methanol

Considering Figure 64, the hydrogen concentration decreased by 12.07 % between the 10 hour
and 20 hour interval along with the carbon dioxide concentration increasing by 62.15 % which was
the largest observable difference. The carbon monoxide concentration decreased by 45.38 %
between the 10 hour interval and the 20 hour interval.
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5.2.4 Discussion of Results from Reformer Product Off-gas while Reforming AR, CP, and

Industrial grade Methanol

The analysis of each gas sample at the various intervals while reforming various methanol
qualities, shows that the highest concentration by mol% of gas product formed is Hydrogen,
followed by Carbon Dioxide, Nitrogen, and Carbon Monoxide respectively. It would have been ideal
if there was no nitrogen in the gas sample due to it not being a product of the methanol steam
reforming process, but the purging of the reformer and the gas sampler allows for the possibility of
nitrogen being part of the gas sample.

When considering the curves and peaks produced by the gas chromatograph for the off-gas
produced by each methanol quality, it was observed the peaks and curves do not vary significantly

and no unidentifiable gases that did not form part of the expected gas composition were observed.

Figure 53, Figure 61, and Figure 62 display a label for methane (CH,), which indicates the gas
chromatograph was calibrated for measuring methane, however, due to the lack of a peak it can be
concluded that there was none to be analysed or the concentration was below instrument detection
limit. For the reforming of all methanol qualities, the gas chromatograph did not detect any foreign

gases that were unexpected.

For the comparison of reformer product off-gas composition while reforming the three methanol
gualities, Figure 65 and Figure 66 are displayed by superimposing Figure 56, Figure 60, and

Figure 64 onto one set of axis.
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Figure 65 - Column Graph Representing Reformer Product Off-gas Composition while Reforming AR, CP, and
Industrial grade Methanol during first 10 hour Interval
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Figure 66 - Column Graph Representing Reformer Product Off-gas Composition while Reforming AR, CP, and
Industrial grade Methanol during second time Interval
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From Figure 65, it was observed that during the first 10 hour time interval the sample of reformer
product off-gas composition produced by reforming Industrial grade contained the highest mol% of
hydrogen followed by CP methanol and AR methanol. It was observed that the hydrogen and
carbon dioxide mol% values are inversely proportional. From Figure 66 it was observed that during
the second time interval the reforming of AR methanol produced the highest mol% of hydrogen
followed by CP and Industrial grade methanol. Similar to Figure 65 the hydrogen and carbon
dioxide mol% are inversely proportional.

Although during the first 10 hours the Industrial grade methanol produces a higher concentration of
hydrogen, the overall methanol conversion remains below that of AR and CP methanol and
coupled with a lower catalyst lifespan, reforming with Industrial grade methanol would, in total,

produce lower hydrogen volumes.

The resulting gas composition values remain similar between each sample independent of the
reforming time which is indicative of result repeatability. From Section 5.1, it can be observed how
the methanol conversion decreases during experimentation to 13 %, however, the composition of
the gas samples appear to remain independent of the methanol conversion. This observation was
also made in Section 2.6 when discussing the gas analysis of the study presented by Kurr et al.
(2008).

The only significant difference in gas composition was the change in carbon monoxide between the
first 10 hour interval and the intervals subsequent to it. The carbon monoxide composition
decreases by 39.13 %, 61.67 %, and 45.10 % while reforming AR, CP, and Industrial grade
methanol respectively during the second time interval. Although these concentration decreases are
a large difference, the changes in CO concentrations for all methanol qualities are small relative to
the other gases in the spectrum. Thereafter, the carbon monoxide concentration remains constant
while reforming AR methanol and it can be considered that the same will occur while reforming CP

and Industrial grade if the catalyst lifespan had allowed further experiment duration.

As discussed in Section 2.6, the concentration of produced carbon monoxide is dependent on
reformer temperature, however as displayed in Appendix H, the reformer average temperatures
during the fuel qualifying experiments did not vary and remained constant at 250 °C for the
reforming of all methanol qualities. CO concentrations measured in the product off-gases from the

reforming of each methanol quality have been graphed below.
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Figure 67 - Column Graph representing CO concentration in Product Off-gas for Each Methanol Quality
Reformed

Figure 67 displays the comparison between the CO mol% produced by the reforming of each
methanol quality. The initial 10 hour reforming period produces the most CO for all methanol
gualities, however, the CP methanol produced the highest CO concentration of 0.749 %. This
coincides with the duration with which the methanol conversion initially decreases in Section 5.1.
The time following the first 10 hours, produced CO concentrations are very similar to one another.

The lead acetate strips displayed in Figure 55, Figure 59, and Figure 63 did not display any H,S
presence in the reformer product off-gas. They are specifically made for H,S identification and
other sulphur compounds may pass over undetected, however, an EDS analysis of the catalyst
from Sample Point 3 and Sample Point 4 is discussed later in this study in Section 5.3 which would
display sulphur poisoning if there was any to be observed.

The dense metallic membrane material and the fuel cell catalyst discussed in Section 2.4 are
poisoned by CO and H,S. It can be concluded that during the first 10 hours of the fuel qualifying
experiment produced the highest and most varied CO mol% and would have the greatest effect on
the membrane and fuel cell. Thereafter, the CO mol% converges to a similar value for all methanol

gualities without any detectable H,S.

The results of the reformer product off-gases were verified by comparing them to theoretical values
expected by stoichiometry. The stoichiometry equations and the theoretical values were discussed

in Section 2.6. This data is presented in Table 23.
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Table 23 - Verification of Gas Composition while Reforming AR, CP, and Industrial grade Methanol by
Comparing to Stoichiometry

Relative

AR CP Industrial Theoretical I_Error

min/max

[%]

10h 20h 30h 10h 18h 10h 16h

-2.885/

H> [mol%] 73.696 | 78.281 | 75.523 | 80.339 | 77.131 | 82.837 | 72.836 75.000 10.449
7.284/

CO;,[mol %] | 25.740 | 21.384 | 24.140 | 18.913 | 22.570 | 16.536 | 26.821 25.000 -33.856
299x10°/

CO [mol %] | 0.563 | 0.336 | 0.337 | 0.748 | 0.299 | 0.628 | 0.343 ~ 0.000 748x10°
H.S [ppm] 0 0 0 0 0 0 0 N/A N/A

While analysing Table 23 it can be observed that the hydrogen mol% is generally higher than the
expected stoichiometric value with a maximum relative error of 10.449 % for the Industrial grade

methanol conversion during the first 10 hours.

The CO, mol% values are close to stoichiometry and generally lower than the expected values.

The minimum relative error is -33.856 % due to the Industrial grade during the first 10 hours.

Stoichiometry dictates a zero amount of carbon monoxide. Any amount of carbon monoxide, no
matter how small, will be seen as a very large relative error. It can be observed that the first 10
hours of each experiment produces the maximum amount of carbon monoxide for that methanol
guality. The hours following the first 10 hours produce a lower amount of carbon monoxide, near
0.3 mol%.

From Table 23 it can be observed that while reforming CP methanol and Industrial grade methanol,
the highest relative errors are presented. It can be concluded that when reforming with these

methanol qualities, more unpredictable gas compaositions are observed.

The differences in gas composition between the intervals and methanol qualities are due to the gas
chromatograph requiring a very small volume of gas for analysis. The sample taken is not
necessarily a complete representation of the total gas sample and due to the gases each being
different densities, slight separation can occur during delivery of the gas sample to the gas
chromatograph. Despite this, all of the components in the gas sample are near expected

stoichiometric values with low relative error values, except for the high error percentage of carbon
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monoxide, which can be accounted for due to none being expected. The values can be considered
acceptable and accurate and can be considered verified, and concludes that the fuel qualifying
experimental setup functions as designed and expected. The validation process below will allow for
further discussion and comparison to various published research results.

Validation of the product off-gas results are displayed in Table 24, Table 25, and Table 26.
Minimum and maximum relative errors are displayed as a means of quantitively displaying the

variation between the experimental results and the results provided by published literature to

determine accuracy and relevance of the results to the current field.

Table 24 - Validation of Reformer Product Off-gas Composition while Reforming AR, CP, and Industrial grade
Methanol Compared to (Kurr et al., 2008)

Relative

(Kurr Error

AR CP Industrial et al., min /
2008) | o

10h 20h 30h 10h 18h 10h 16h

Hf%] | 73.696 | 78.281 | 75.523 | 80.330 | 77.131 | 82.837 | 72.836 | 75.230 '1%118122’
Col[%] | 25740 | 21.384 | 24.140 | 18.913 | 22.570 | 16.536 | 26.821 | 24.670 227 33/1
co% | 0563 | 0336 | 0337 | 0748 | 0209 | 0628 | 0343 | 0.110 1251368(1)8 /

H,S[ppm] 0 0 0 0 0 0 0 N/A N/A

Table 24 compares the experimental gas compositions while reforming each methanol quality for
each duration interval to the gas composition results from Kurr et al. (2008). All of the gas analysis
experimental values are very similar to those displayed by Kurr et al. (2008) except for the CO,
mol% while reforming Industrial grade methanol during the first 10 hour period resulting in a -
32.971% relative error, and the CO mol% values which are much higher causing a maximum error
of 580.00 % despite the results of Kurr et al. (2008) at 250 °C. The minimum and maximum relative
errors for H, and CO, are cause by the reforming of the Industrial grade methanol indicating
unpredictable gas composition results. The study presented by Kurr et al. (2008) does not

investigate the precense of H,S in the off-gas composition.
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Table 25 - Validation of Reformer Product Off-gas Composition while Reforming AR, CP, and Industrial grade
Methanol Compared to (Purnama, 2003)

Relative
, (Purnama, | Error
AR CP Industrial 2003) min /
max [%]
10h 20h 30h 10h 18h 10h 16h
-4.267/
H,[%] 73.696 | 78.281 | 75.523 | 80.339 | 77.131 | 82.837 | 72.836 76.087 8,875
23.373/
CO,[%] | 25.740 | 21.384 | 24.140 | 18.913 | 22.570 | 16.536 | 26.821 21.739 23916
co[%] | 0563 | 0.336 | 0.337 | 0.748 | 0.299 | 0.628 | 0.343 | 2.174 '_%%‘2177’
H.S[ppm] 0 0 0 0 0 0 0 N/A N/A

Table 25 indicates very similar hydrogen concentrations with low error percentages of -4.267 % to

8.875 %. The CO, concentration is varied with values above and below the 21.74 mol% presented

by Purnama (2003). The minimum relative error of -23.916 % and maximum relative error of

23.373 % are both presented by the Industrial methanol during its first 10 hours and final 8 hours

respectively.

The experimental facility produces up to 86.247 % less carbon monoxide than the reformer used

by Purnama (2003) and the hydrogen and carbon dioxide content can be considered acceptable

when compared to that presented by Purnama (2003). The study presented by Purnama (2003)
also does not investigate the presence of H,S in the off-gas composition.
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Table 26 - Validation of Reformer Product Off-gas Composition while Reforming AR, CP, and Industrial grade

Methanol Compared to (Kim et al., 2016)

(Kim Relative
. Error
AR CP Industrial et al., min/
2016) | 0o
10h | 20nh | 30h | 1on | 18h | 10n | 16h
HiJ% | 73.696 | 78.281 | 75.523 | 80.339 | 77.131 | 82.837 | 72.836 | N/A N/A
CO,[%] | 25.740 | 21.384 | 24.140 | 18.913 | 22.570 | 16536 | 26.821 | N/A N/A
CO[%] 0563 | 0336 | 0337 | 0748 | 0209 | 0628 | 0343 | 0.400 'gg"gggl
H,S [ppm] 0 0 0 0 0 0 0 N/A N/A

The research presented by Kim et al. (2016) does not focus on the reformer off-gas compositions
and emphasises the catalyst composition and catalyst physical properties and how it affects the
methanol conversion. It does, however, display a temperature dependant CO concentration of
about 0.4 % for a commercial catalyst at 250 °C. This presents error values between -25.250 %
and 87.250 % both due to the reforming of CP methanol. According to the comparison to Kim et al.
(2016), the hours after the initial 10 hour interval provides acceptable experimental data. The study
presented by Kim et al. (2016) also does not discuss the possible presence of H,S in the off-gases.

The research presented by Sa et al. (2011) also focuses more on the catalyst composition and
catalyst physical properties and how it affects the methanol conversion. There is a temperature
dependant graph for CO concentration for determining the reverse water shift reaction. At 250 °C
there is about 0.75 % CO in the off-gas stream. This provides error values between -60.13 % and
0.133 % both due to the reforming of CP methanol indicative of unpredictable CO compositions.
The experimental values for CO can be considered acceptable during the first 10 hours. Research

presented by Sa et al. (2011) does not discuss the possible presence of H,S in the off-gases.

From the validation of the experimental reformer product off-gas results, it can be concluded that
the H, and CO, content can be considered acceptable and validated. The CO content is validated
for the samples taken in the first 10 hours, or in the hours subsequent to the initial 10 hours,
depending on the study. Published literature that does include gas composition uses similar GC
equipment to that used by this study and the resulting gas spectrum is the same as literature

providing successful validation.
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The analysis and discussion of the results from the reformer product off-gas composition by the

reforming of three methanol qualities contributes to the addressing of the problem statement.

5.3 Analysis of Catalyst by SEM and EDS

Due to the lack of H,S being observed on the lead acetate strips and a pH value to indicate an
increase in acidity of the condensate, it was deemed appropriate to analyse the catalyst samples
collected from the reformer from the top of the reformer at Sample Point 3. These samples were
analysed under a SEM to take note of the topology after reforming to observe any changes taking
place. The elemental composition was analysed by EDS to identify possible poisons and provide
an estimation to the concentration of poisons that have chemisorbed themselves to the catalyst.
This was done for a catalyst pellet sample at 10 hour intervals and at the end of the experiment
duration. This provides an identification method for poisons that may have been present in the off-
gas composition due to the three methanol qualities that were reformed during the fuel qualifying

experimental procedure.

The catalyst topology was compared to the properties previously discussed, in Section 2.3.4 and
Section 4.4.3, as being a ceramic with a laminar porous structure. The catalyst composition will be
compared to that discussed in Section 4.4 for the detection of foreign elements which may be

poisons.

5.3.1 Results from Analysis of Catalyst having Reformed AR Methanol

The analysis of the reforming catalyst was done for a catalyst pellet after 10, 20, and 30 hours
while reforming AR methanol.
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Figure 68 - SEM Micrographs of Catalyst Topography after 10 hours of Reforming AR Methanol

After 10 hours the catalyst in Figure 68 appears less porous than the micrographs displayed in
Figure 36 in Section 4.4.3, just after activation, and before reforming had taken place. It remains a
ceramic structure, however porosity has decreased due to a sintering process. Pores are displayed
by Area 1 in Figure 68b).

Figure 68c) and d) displays a crystaline structure and shows how the various compounds form in a
laminar structure as an agglomeration with pores formed inbetween emphasised by Figure 68d)
Area 2.
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Figure 69 - SEM Micrographs of Catalyst Topography after 20 hours of Reforming AR Methanol

After 20 hours the surface of the catalyst in Figure 69a) and Figure 69b) displays a roughening of
surface texture and coarser particles when compared to the fresh catalyst in Figure 36, however,
porosity is displayed by Figure 69b) Area 3. Figure 69a) Area 1 and 2 display cleavage in the form
of sintered particles that have fractured from the material. A fracture is displayed in Area 6.

Crystalline particles are displayed by Figure 69c) Area 4, with a delicate pore structure for
reactions to take place displayed in Figure 69d) Area 5.
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Figure 70 - SEM Micrographs of Catalyst Topography after 30 hours of Reforming AR Methanol

After 30 hours the laminar structure, displayed by Figure 70d) Area 2, remains unaffected by the
reforming process and although the particles depicted by Figure 70a) and b) appear coarser with
surface roughening due to sintering, there is still a reasonable porosity and good chemical binding.
Figure 70a) Area 1 displays cleavage due to sintering. Sintering does not appear to propagate
further.

From the SEM micrographs, there is no obvious carbon deposition that can be observed after 30
hours of reforming AR methanol, however, further analysis was done in Section 5.5 to determine

total carbon content of each sample.
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Table 27 - EDS Results for Composition of Catalyst after 10, 20, and 30 hours of Reforming AR Methanol

O Na Al Cl S Cu Zn Total
Sample [wt%]
10 Hours 39.71 35.49 4.30 0.00 0.00 12.45 8.05 100.00
20 Hours 31.31 26.3 4.63 0.00 0.00 23.24 14.51 100.00
30 Hours 28.69 28.43 2.47 0.29 0.00 23.45 16.66 100.00

Chlorine was detected and approximated at 0.29 weight% in the sample after 30 hours of

reforming AR methanol. This chlorine was, therefore, adsorbed between the 20 and 30 hour

intervals. After a total of 30 hours of reforming AR methanol, the catalyst did not show any

indication of sulphur poisoning.
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5.3.2 Results from Analysis of Catalyst having Reformed CP Methanol

The analysis of the reforming catalyst was done for catalyst after 10 and 18 hours while reforming
CP methanol.

Figure 71 - SEM Micrographs of Catalyst Topography after 10 hours of Reforming CP Methanol

Figure 71a), Figure 71c), and Figure 71d) display the typical catalyst ceramic structure whereas
Figure 71b) shows a more crystallite structure that has formed, indicated by Area 1. Good chemical

bonding during co-precipitation is displayed by Figure 71b) Area 2.

Figure 71c) displays a courser catalytic surface due to the initial sintering of the catalyst during the

first 10 hours of reforming. Figure 71d) Area 4 displays the layering of the laminar structure
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achieved during co-precipitation. The pores are displayed by Figure 71c) Area 3 and Area 5

displays cleavage due to sintering.

Figure 72 - SEM Micrographs of Catalyst Topography after 18 hours of Reforming CP Methanol

After 18 hours the surface and porosity appears similar to that which is depicted in Figure 71. The
pores and voids are displayed by Figure 72a) Area 1 and Figure 72b) Area 2. Good adhesion of
particles and agglomeration is displayed by Figure 72d) Area 3.

From the SEM micrographs, there is no observable carbon deposition after 18 hours of reforming
CP methanol.
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Table 28 - EDS Results for Composition of Catalyst after 10 and 18 hours of Reforming CP Methanol

(@] Na Al Cl S Cu Zn Total

Sample [wt%]

10 hours 27.73 27.55 2.15 0.00 |[0.00| 26.34 16.23 100.00

18 hours 44.52 28.70 2.50 0.18 | 0.00 | 14.05 10.06 100.00

Considering Table 28, it can be observed that in the first time interval of 10 hours there is no
chlorine detected, however, during the last 8 hours the weight percentage of chlorine is detected
and approximated at 0.18 weight%. The catalyst does not display any presence of sulphur or

sulphuric compounds in its composition.

5.3.3 Results from Analysis of Catalyst having Reformed Industrial grade Methanol

The analysis of the reforming catalyst was done for a catalyst after 10 and 16 hours while

reforming Industrial grade methanol.

Figure 73 - SEM Micrographs of Catalyst Topography after 10 hours of Reforming Industrial grade Methanol
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Figure 73 displays a coarse surface textured particle with reasonable porosity. The pores are
displayed in Figure 73a) Area 1. The agglomeration of the particles seemed unaffected by the
reforming of the Industrial grade methanol which is displayed by Figure 73b) in Area 2.

M oum- |

c) ‘ d)

Figure 74 - SEM Micrographs of Catalyst Topography Ceramic Structure after 16 hours of Reforming Industrial
grade Methanol

After 16 hours, the particle displayed by Figure 74a) shows similar pore sizes to those displayed by
Figure 73. Figure 74b) displays the effect of sintering as observed due to the brittle fractures in
Area 1 and Area 3, along with the appearance of cleavage in Area 2.
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Figure 74 c) displays good particle bonding of small crystals having formed on the surface of the
catalyst, as shown by Area 4. Figure 74d) magnifies Figure 74c) to display a pore void, as shown
by Area 5.

Similar to the reforming of AR and CP methanol, there is no distinct presence of carbon deposition
on the catalyst surface or in its pores observed by the SEM micrographs.

Table 29 - EDS Results for Composition of Catalyst after 10 and 16 hours of Reforming Industrial grade Methanol

O Na Al Cl S Cu Zn Total
Sample wt [%]
10 hours 27.95 26.22 2.73 0.00 0.00 28.04 15.06 100.00
16 hours 48.80 28.04 2.42 0.24 | 0.00 11.24 9.27 100.00

Table 29 displays the detection of chlorine and approximates its concentration as 0.24 weight%,
however, even after reforming Industrial grade methanol for 16 hours and having reached 13 %

methanol conversion, the catalyst does not show any indication of sulphur poisoning.

5.3.4 Discussion of Results from Catalyst SEM and EDS Analysis

From the results displayed in Sections 5.3.1, 5.3.2, and 5.3.3, it can be concluded that the
reforming of AR, CP, and Industrial grade methanol does not significantly alter the crystalinity,
laminar structure, and agglomeration of the catalyst. When considering Table 27, Table 28, and
Table 29, the Cu, Zn, and Al elemental content differs by comparison due to the imperfect
elemental distribution and does not affet the validity of the results.

From the observations displayed by the cleavage, decreasing of pore voids, and coarser catalytic
surface it can be concluded that catalytic sintering took place and was the cause of the initial
decrease in methanol conversion displayed in Section 5.1 during the first 10 hours of fuel qualifying
experimentation for all methanol qualities. Furthermore, it appears as if the sintering of the catalyst
is limited to the first 10 hours of the reforming process, with no further sintering taking place due to
the lack of drastic change in appearance of the catalyst and no increase in the amount of cleavage
and fractures being observed on the catalyst, indicative of the stable methanol conversion period in

Section 5.1 for all methanol qualities. Only poisoning would negatively affect the methanol
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conversion in the proceeding reforming duration and the decrease during the last few hours of the

catalyst lifespan is not attributed to the catalyst topology but to the chlorine poisoning found.

For each methanol quality, chlorine was cumulatively chemisorbed to the catalyst active sites.
During the last hours of the fuel qualifying experiment during which the methanol conversion
decreased towards 13 % and the acidity of the reformer off-gas condensate increased as displayed
in Section 5.1. This was due to chlorine ions no longer being able to be chemisorbed by the
catalyst and being found in the reformer off-gas condensate.

When analysing the composition of the catalyst reforming CP methanol in Table 28, the chlorine
weight% of 0.18 % was less than the weight percentage found in the catalyst having reformed AR
methanol, displayed in Table 27 as 0.29 %. However, the total duration to chemisorb chlorine while
reforming the CP methanol was significantly less than for the AR methanol. 0.18 % chlorine
weight% was chemisorbed in the last 8 hours compared to the 0.29 % chlorine chemisorption
presented between 20 and 30 hours. When considering the chlorine chemisorption presented by
Industrial grade methanol in Table 29 as 0.24 % in the last 6 hours is nearly the same as when

compared to AR methanol in a shorter period of time.

The other methanol impurities listed in Appendix E were not detected as having been chemisorbed
to the catalyst and are not considered irreversibly harmful to the reformer catalyst, membrane, nor

the fuel cell.

The results obtained from the catalyst topology and EDS elemental approximation composition
contribute to the addressing of the problem statement by presenting poison detection and semi-
quantitive analysis of the poisons that are found in the reformer off-gas by analysing that which has
been chemisorbed to the catalyst and the time taken for the poisons to present themselves at the
top of the reformer at Sample Point 3 for each methanol quality.

5.4 Analysis of Catalyst Cross Section

In Section 5.3.1, 5.3.2, and 5.3.3 the catalyst was crushed to analyse the inner structure and give
an overall display of elemental content for that catalyst pellet. Although, it gives a fair indication of
the time it takes for poisoning to occur and the amount of poisons to be found in the sample, it
does not indicate the depth of penetration into the catalyst pellet, if any. A main concern when
pelletizing catalyst is the decreasing of available surface area for reaction to take place even if the

particles are very porous.
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By taking catalyst out from near the centre of the reformer, Sample Point 4, where the
concentration of poisons will be higher than the top of the reformer near Sample Point 3, the
poison penetration depth can be displayed.

Figure 75 - Catalyst Pellets Cut through the Midsection to Analyse their Cross-section and Poison Penetration
Depth

Electron Backscatter Diffraction (EBSD) was used during the cross-sectional analysis, which
provides a high contrasted image. EBSD is a microstructural crystallographic characterisation
technique used to study crystalline and polycrystalline materials providing information about the
structure, crystal orientation, and strain in a material. The fluorescent screen detects diffracted
electrons that form a pattern due to the interaction between the electron beam and a sample. The
elements with higher atomic number provide more back scatter electrons and are displayed as
being lighter on the greyscale, whereas the elements with lower atomic numbers are darker (Nano
Science Instruments, 2019).

From the scale on Figure 76, it can be seen that Spectrum 1 is on the outside edge of the catalyst
pellet 0.14 mm deep, the centre of Spectrum 2 is about 0.28 mm deep in the catalyst pellet, the

centre of Spectrum 3 is 1.1 mm, and Spectrum 4 is 1.58 mm deep in the catalyst pellet.
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Figure 76 - Electron Backscatter Diffraction Image Indicating Analysis Spectrum Regions for EDS Analysis of

Catalyst Cross Section after 30 hours of Reforming AR Methanol

Table 30 - Results of EDS Analysis of Catalyst Cross Section after 30 hours of Reforming AR grade Methanol

O Na Al Cl S Cu Zn Total
Spectrum [wt %]
1 36.99 40.10 1.53 1.20 0.00 2.54 17.64 100.00
2 34.96 36.13 4.50 0.00 0.00 9.54 14.86 100.00
3 31.35 30.27 5.73 0.00 0.00 15.79 16.86 100.00
4 31.55 32.55 4.63 0.00 0.00 17.58 13.70 100.00

Table 30 displays chlorine presence, of about 1.20 weight%, near the surface of the catalyst in the

outermost spectrum. This indicates slight penetration of poisons after 30 hours of reforming AR

grade methanol.
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From the scale in Figure 77, Spectrum 1 is near the edge of the pellet at 0.14 mm depth, the centre
of Spectrum 2 is 0.44 mm deep in the catalyst pellet, Spectrum 3 is 1.02 mm deep, and the centre
of Spectrum 4 is 1.58 mm deep in the catalyst.

Figure 77 - Electron Backscatter Diffraction Image Indicating Analysis Spectrum Regions for EDS Analysis of
Catalyst Cross Section after 18 hours of Reforming CP Methanol

Table 31 - Results of EDS Analysis of Catalyst Cross Section after 18 hours of Reforming CP Methanol

O Na Al Cl S Cu Zn Total
Spectrum [wt%o]
1 35.22 35.86 3.33 0.00 0.00 3.87 21.72 100.00
2 30.10 30.05 4.66 0.15 0.00 16.00 19.03 100.00
3 33.27 34.75 5.43 0.00 0.00 22.36 4.19 100.00
4 31.50 30.34 6.62 0.12 0.00 13.65 17.77 100.00

The EDS results from Table 31 display lower chlorine concentrations than the EDS results from
Table 30 from the AR methanol which was 1.20 weight% but it identifies chlorine penetrating much

deeper, almost 1.58 mm and over a shorter duration.
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From the scale in Figure 78, Spectrum 1 is near the edge of the pellet at 0.14 mm depth, the centre
of Spectrum 2 is 0.42 mm deep in the catalyst pellet, Spectrum 3 is 1 mm deep, and the centre of
Spectrum 4 is 1.66 mm deep in the catalyst.

1 1mm

Figure 78 - Electron Backscatter Diffraction Image Indicating Analysis Spectrum Regions for EDS Analysis of
Catalyst Cross Section after 16 hours of Reforming Industrial grade Methanol

Table 32 - Results of EDS Analysis of Catalyst Cross Section after 16 hours of Reforming Industrial grade

Methanol
O Na Al Cl S Cu Zn Total
Spectrum [wt%]
1 42.81 44.24 1.68 0.89 0.00 2.63 7.75 100.00
2 31.32 35.51 2.19 0.41 0.00 11.70 18.86 100.00
3 31.67 37.04 2.82 0.23 0.00 13.68 14.55 100.00
4 31.71 33.82 4.76 0.00 0.00 10.45 19.26 100.00

The EDS of the cross section of catalyst reforming Industrial grade methanol has almost double
the concentration of chlorine in the same spectrum depth and identified in more spectrums when

compared to the catalyst reforming CP methanol, indicating far more chlorine being chemisorbed
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to the catalyst with an increased penetration depth. The chlorine poisoning concentration and

penetration depth when reforming each methanol quality can be displayed graphically in Figure 79.

Chlorine weight% over Catalyst Pellet Penetration Depth
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Figure 79 - Column Graph Displaying Chlorine weight% Poisoning over the Catalyst Pellet Penetration Depth for
each Methanol Quality

The distilled water used with each methanol quality for each experiment remained constant,
therefore the only variable was the methanol quality. This concludes that the poorer quality
methanol accelerates the effect of the chlorine poisoning and increases the concentration and
penetration depth of the chlorine by a mechanism that is not yet understood nor addressed in
literature. The results from the cross-section analysis of the catalysts contribute to the addressing
of the problem statement by estimating poison concentration and indicating poisoning rate at a

fixed point in the reformer caused by each methanol quality as reforming fuel.

5.5 Analysis of Carbon Deposition on the Catalyst

From Section 5.3 it was noted that there was no carbon deposition observed on any of the SEM
micrographs on the surface of the catalyst or inside the pores. The most effective way to determine
the amount carbon deposition by the methanol on the catalyst during reforming is to use a loss on
ignition process coupled with infrared mass spectrometry which is performed by the LECO
TruSpecCN. The process described by the TruSpecCN user manual is by taking a 0.1 g sample

and heating to 950 °C creating a loss-on-ignition of total carbon (organic and inorganic) in oxygen,
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producing carbon dioxide as a gas. The gas passes through an afterburner at 850 °C for further
oxidisation and finally analysed by an infrared mass spectrometer which is set to a specific wave
length frequency that will only energise carbon dioxide. The energy absorbed by the carbon
dioxide can be measured and the quantity of carbon originally on the sample can be deduced.

Table 33 displays the results of this procedure on the catalyst removed from Sample Point 3.

Table 33 - Results of Carbon Quantity Analysis by Infrared Mass Spectrometry of CO»

Sample Carbon [%]
AR 10 hours 4.26
AR 20 hours 3.74
AR 30 hours 3.26
CP 10 hours 2.99
CP 18 hours 3.48
Industrial 10 hours 3.66
Industrial 16 hours 2.74

The results from Table 33 remain constant with a range between 2.74 % and 4.26 %. There is no
observable trend between the samples in terms of methanol quality reformed or the total reforming
time. The values of carbon observed are from the carbonates that were not completely removed
from the catalyst during the calcination procedure as discussed in Section 4.4. Therefore, it can be
concluded that there is little to no observable carbon deposition by any of methanol qualities while

reforming over the experimental durations.

The results displayed by the analysis of carbon deposition on the catalysts contribute to the
addressing of the problem statement by providing the observation of no variation in carbon

deposition when reforming each quality methanol.
5.6 Summary

In Chapter 5 it was concluded that by analysing the residue of evaporated methanol, the chlorine

concentrations increase with a decrease in methanol quality.

124




It can be concluded from the processing of the reformer off-gas condensate data that the methanol
conversion of the reformer and catalyst decreased significantly based on the quality of methanol
reformed. The maximum methanol conversion, as well as the longevity of the catalyst, decreased
with a decrease in methanol quality. The methanol conversion values were validated according to
similar studies that use commercial catalyst or catalyst with similar chemical compositions.
Furthermore, the off-gas condensate acidity increased from a pH value of 7 to a pH of between 6
and 7 indicating the presence of hydrochloric acid during the last hours of each experiment near
the end of the catalyst lifespan. It was concluded that the active sites of the catalyst had been
poisoned by chlorine molecules, and that the chlorine molecules from the methanol-water fuel were

being carried over into the condensate.

The overall hydrogen and carbon dioxide values of the reformer product off-gas collected by the
gas sampler remain constant for all methanol qualities and do not vary as the methanol conversion
decreased over time. The carbon monoxide concentration, however, was observed to be higher
during the first 10 hours of reforming despite the reformer maintaining a constant average
temperature of 250 °C. However, it was concluded that the use of a lower quality methanol fuel
during the subsequent time intervals would not negatively affect the membrane and fuel cell more
than using a higher methanol quality due to the carbon monoxide concentration converging to
about 0.3 mol% for all methanol qualities. The presence of hydrogen sulphide was not detected at
any time during the experiments by the lead acetate strips regardless of the methanol quality,
concluding that it was not a factor when reforming a lower quality methanol and would not
negatively affect the H,S poisoning of components downstream of the reformer. The gas
compositions were verified according to expected stoichiometric values and validated according to
similar studies that use commercial catalyst, or catalysts with similar chemical compositions which

indicate the results’ validity to the field.

At 10 hour intervals the catalyst topology was analysed by SEM and composition analysed by
EDS. It was concluded that sintering does occur due to the observable roughing and coarser
catalytic surface texture, decreased pore size, and presence of cleavage and brittle fractures. The
amount of chlorine chemisorbed to the catalyst increased significantly in a shorter period of time

with a decrease in methanol quality. However, no sulphur molecules were detected.

Furthermore, a catalyst cross-section was analysed and it was observed that the concentration
estimation of chlorine molecules and poisoning penetration depth increased in a shorter period of

time with a lower quality methanol indicating a more aggressive poisoning mechanism.

It was observed that there was no carbon deposition on the catalyst during methanol reforming and
that a decrease in methanol quality did not influence carbon deposition in the duration of the fuel

qualifying experimental procedure.
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CHAPTER 6 - CONCLUSIONS

The problem statement of this study was presented as the qualification of the effect of methanol
guality on the operation and off-gas composition of a methanol steam reformer. The objectives of
this study were stipulated in terms of addressing the problem statement by research, design,

evaluation and verification, as well as the experimental results and validation of the results.

Literature presented in Chapter 2 presented a maximum operating temperature of 300 °C with an
optimal fuel flow rate of between 0.75 gh™ and 2 gh™ per gram of catalyst with a methanol:water
molar ratio of 1:1.1. The poisons in the reformer off-gas affecting the membrane and fuel cell

downstream were identified as H,S and HCI.

The design was evaluated and verified in Chapter 4 according to the design requirements and its
ability to produce valid results during fuel qualifying experimentation. The design outcomes of
controlled delivery of methanol-water mixture to reformer, controlled reaction kinetics, off-gas liquid

and gas separation, sampling ability, and automated control was achieved.

Chapter 5 concluded that the methanol conversion decreases significantly faster with a decreased
maximum methanol conversion while reforming with a lower quality methanol fuel. The significantly
decreased methanol conversion as a result of a decrease in methanol quality would reduce the
hydrogen productivity and effectivity of a fuel cell system. Reforming with CP and Industrial grade
methanol produces the most varied and unpredictable methanol conversions when compared to
published literature. The condensate acidity increased due to HCI at an increased rate when
reforming a lower quality methanol fuel. The composition of the reformer gas products did not vary
significantly while reforming different quality fuels. The CO concentration increased in the gas
composition by a lower methanol quality. After having reformed for 10 hours, the CO concentration
converged to 0.3 mol% for each methanol quality. There was no H,S in the off-gas stream and
would not be a factor when reforming lower methanol qualities. The gas product compositions
varied the most from theoretical stoichiometry and published literature when reforming with CP and

Industrial grade methanol.

The catalyst topology displays sintering observed by the roughing and coarser catalytic surface
texture, decreased porosity, and presence of cleavage and brittle fractures, which is limited to the
first 10 hours for all methanol qualities. More chlorine molecules were detected with deeper
penetration in a shorter amount when reforming with a lower quality methanol. The lower quality
methanol increases chlorine chemisorption by a mechanism that is yet unknown and not

addressed in literature.
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Therefore, it is not advised to use CP or Industrial grade methanol qualities in a fuel cell system
reformer as the off-gas composition is significantly impacted in terms of the decreased methanol
conversion, increased presence of HCI in the off-gas condensate and catalyst, and increased CO
concentration during the first 10 hours which would negatively impact the lifespan of the membrane
and possibly the fuel cell.

6.1 Recommendations and Future Work

From Chapter 4 during the evaluation of the fuel qualifying experimental facility it was observed
that:

e An adjustment to the fuel delivery method will be required to more accurately control and

measure the flow rate during experimentation.

e A temperature recording method will have to be implemented that does not interfere with the
heating element and the heat distribution, along with a higher quantity or higher quality
insulation material, to maintain a well distributed reformer temperature. PID control can be

considered to reduce temperature fluctuations of the evaporator and reformer.

e A compressed liquid with a thermal conductivity higher than water, at a lower than ambient
temperature, can be implemented for the condenser to further cool and condense the off-gases
to provide a drier off-gas to the gas chromatograph.

o A more efficient catalyst manufacturing method is suggested that can produce catalyst with

better chemical composition and physical properties while producing large quantities.

e It can be considered placing a gas chromatograph in line with the reformer outlet to measure
the total mass of hydrogen and other gas products during experimentation for the purpose of

determining hydrogen production and the effect it would have on a fuel cell’s effectivity.

e A detailed investigation is required into the effect of lower quality methanol fuels on the
functioning of the evaporator components and the effect thereof on the rest of the reforming

system.

e An investigation is required into the mechanism that enhances the chlorine chemisorption in the

catalyst by the reforming of a lower quality methanol.
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APPENDIX A - STUDY FLOW DIAGRAM AND WBS
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Phase 5 - Catalyst preparation

Phase 6 - Cold Commissioning
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Phase 7 -Hot Commissioning

Phase 8 - Experimental, Sampling, Analysis
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APPENDIX B - HAZARD IDENTIFICATION AND RISK ASSESSMENT FOR
EXPERIMENTAL FACILITY

Table 35 - HIRA for Fuel Qualifying Experimental Facility

Risk Assessment Risk Control
Hazard Hazard
Identification Effect p E S _ o
[10] | 0] | [/100] Risk [/400] Method Description
Insulation,
High Burn wounds 9 10 3 270 High Safeguards W;_;lrnlng
Temperatures signs,
PPE
Component L Pressure
Failure 1 10 3 30 Low Elimination design.
Chain bottle
horizontally
Pressure on the floor,
Gas Bottle 6 10 15 900_Very Safeguards Pressure
damage High
reducer,
Pressure
design
Insulate all
900 exposed
. areas of
Electrocution wires,
N from power 6 10 15 _ Safeguards Replace old
Electricity supply Very High wires
Keep dry,
PPE
Shock from 0.4 Insulation,
Sensors 0.1 10 0.4 Acceptable Safeguards PPE
Extraction
Elimination Nof%n,en
Gas ignition 90 fl P
. ames,
Hydrogen and possible 3 10 3 : ,
- Substantial Fire
explosion L
Safeguards extinguisher
Warning
signs
450 Extraction
fan,
CO,& N, o L
Asphyxiation 3 10 15 ; Elimination Open
Gases Very High windows,
Chemical 86 Safeguards | PPE, MSDS
. Exposure
Chemicals 9 9 1 '
(hands, eyes, Substantial | Elimination | =<2cO"
mouth) an
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APPENDIX C - CATALYST MANUFACTURE
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Fiisks of explosion of the product in presence of mechanical Impact: Mot avalisbie. Fisks of expiosion of the product In
T Data on riydrate: ORAL (LDSO): Acute: 540 mgikg [Rat]. presence of diatic dschange: Mot avalatie.
Fire Fighiing Media and Inctructione: kot appiicable.
Section 3: Hazards ldentification ke on lank=z pager e presence of malsture.

‘2pecial Remarke on Explocion Hazarde: Mot yalabie.
Potential Aouts Health Effsate:

Harandous In case of skin contact (miiank, of eye contact (mtang), of ngestion, of Infakation. Froionged exposars may result

In =kin bums 3nd UicEmtians. Over-SXpasarE by Inhalston may cauze respirakny Mt Section & Accidental Release Measures
Fodential Chronio Health Effesis:

Sighay In £ase of SKin CoNtact (senstzer). CARCINGGENIC EFFECTE: Mot avalizbie. MUTAGENIC EFFECTS: Email Bpll: Use appropriate ool i put the ina sozal contaner.
Mot avaliatle, TERATOGEMIC EFFECTE: Mot avaliabie. DEVELOPMENTAL TORICITY: Not avalable, The substance may )
e toic to biood, kidneys, Iver, camiovascuar system, Central nervous system (GNES). Repeated or Droionged eXposure m the Large Zalll:

Cnddizing material Shop leak If wiiout risk. Avcld contact with a combustibie material (wood, paper, oll, dothing_.). Kesp
subsiance damp using water spray. Do nof fouch spilied material. Prevent eniry Into sewers, basements or confined areas:
ke fnesded. Callfor on dspoza. Be car product | ot prEsent at 3 conceniration level above TLWY.
Check TLV on the M30:3 and with local authorities.

subreance Can pmduCs target organs damage.

Section 4: First Aid Measures
1 B2
Section 7: Handling and Storage Dicpercion Propertiec: See solutilty in water.
Towbllity:
Provautions: Saibie In ol waker. SoiubiEy In Water: 1378 9100 = watsr 0 29 C.; 1270 g0 cx € 100 dag. C. Ssiubilty in akcahal:
Cidtzes. Keep aueity from Reat. KiSep awaly from Sources of \gnition. Kecp away from combusiibic maieral. o not Ingest: Da 400 00 cx alosted @ 125 deg. & Very sightly sokisie in lquid smmonia. Practicaly Insakisie b S5 acetate.

ot breathe dust Wear suliabie protective coming. In case of InsuSident ventiation, wear sulabie respiriony equipment.
Ingested, seek madical advice Immediatety and Show the container or the (absl Avoid contact with skin and eyes. Keep away

from rcompatisies such as oxidzng agents, TEdUCIng agents, Combustible materivs, organic materials. = =
Section 10: Stability and R Data

Storaga:
Deiiquescent. Ke=p container ightty closed. Kep container i a tool, wel-ventiisted area. Separale fom acids, akalies, Stability: The product '= siakie.
reducing sgents snd combustbiss. Jes NSPA 434, Code for the Storage of Liguid and Sokd Oxidimers.

Inciabisty Tamperatrs: Mot avataiie.

afione of matertaiz, molsture
Section &: B Controls/Personal P i
with variou : Reacive wih reducing agents, combusthle materats, onganic materiais, metals.

Enginesning Gontrols: Gomosivity: Non-corusive In presence of glass.
Use process enciosunes, local extaust venSiation, or other engineering controis 1o keep arborne levels beiow recommended 2
ﬂnﬂﬂ:‘:lzmlﬁ. lfl:sll:‘:-ntmmlﬂcﬂmlt dust, fume or mist, use vendiation o keep evposure 1o airborme: pesial F I.':lm‘!BIh n!ﬂ - ., o S
beow P + potazeiuim amide, acetic anhydrise, sodlum potaszu= Hner en. Reacts
Psrconal Pretsation: wigorousty with ether.

s les Lab t Dust irator. Be o erified Irasor ivalent Gioves.
Spiasm goggies coal rezp sure i use am approvedi respirater or aquivaien) e A R R
Perconal Proteation In Case of 2 Large Saill: )
Zplash poggles. Ful sut. Dust respiator. Soots, Gioves. A sif contained breafhing apparséus should be used to avoid Poiymerization: Wil nat cczar.
Inhalaton of the product. Suppessed protective clothing might not be sumdent; consut a specialst BEFORE handiing this
Froduct.
Expocurs Limite:
TWA: 1 CEIL: 2 from OSHA (PEL) [United States] Consult local authoriies for accepisbie syposure limis.

Section 11: Toxi i mation

Rioutes of Entry: Inhalsson. Ingeston.
Taxlolty to Animals: Acute oral toxicity (LD-S0): 350 maikg [Rafl.
Section 3: Physical and Chemical Properties Ghronic EMsots on Humans:
May Cause damage 1o the folowing argans: bicod, Kidneys, Iiver, cardiovascular system, central nervus system (CNE).
Citves Toxlo EMects on Humane: Hazarous in case of Skn Contact (MR, of Ingeston, of Inhalaton.
Spestal Remarks on Toxlolty fo Anlmal: Hat avallabie.
3 pesial Fismarks on Chronks Effecbs on Humans: Not avalabke.
Zpesial Fsmarke on ottr Toxle Effeots on Humans:
Calor: Elue. ACufe Fotential Heath EMects: SKn: May Cause savers ITEMS0N With Dossibie bums. May cause demmatits, and skin
BH (1% colnwabert: Not svalabie. dizcoioration. Eyes: May cause severs imiiation and possible ye bums. May Cause uicerason of the conunctiva and comea.
Inhaiation: May c2use seere imEaton of the respimtory tract (Rose, thioat, lungs) with coaghing, wheezng, headache, paim,
EBalling Polnt: Decompasition temparature: 170°C (338°F) shortness of resth, Inflammation, and passibie bums. May Cuse uiceration and peroraton of the Naz SEtum Is Innsied
Mesting Pink 114 5°C (238.1°F) In Excezzive amounts, Ofer symptoms may Incuds spasm, intammabion and sd&ma of the Bryny and bronchl, chemical
- - PREumGnits Snd pUimonary SSama. IngEstion: May be hamwu i swailowe. May C3Use severs gastrointesingl et irtston

wiate and Tolid. soiid.}
Ddor: Not avalabie.
Tasts: Not avaliatie.
Malsoular Weight: 2416 gimoie

Critioal Temporatars: Mot avalizsic. with saihvabion, headache cokdsweats, nauses, vomiting and abdominal pain, diartes, baming of the mouth, esophagus., o
N rwrily: Z.0S (fraier= 1) stomach, metalic taste, possible bums resiting n v, hemorthiaging of tract Other symploma
il s of over exposure may Include cramps In the cabves, musce rigor, pmmuon convulsions, paralysis. May affect behavion’
Vapor Praccurs: Not appicable. central nervous system (convisions, semnolence, exckation followed by cenfral nervous system depression). May cxuse
Iiver gnundice) and Kdney damage/ssilure. This product 15 2 nirate. The twicky of nitrabes is due 10 i ¥hv Conversion o
Vapar Dencity: 8.33 (Alr = 1] nitrtes_ Nitttes £an affect the biood and Eroduce methemoglobinemia which results In deficent oxygenation of he biood,
Vigtatllity: Hot avallzsie, Causng dculy breathing, and Cranosisia bluish discoiormiion of the skin). Mirtes may siso a®ect the Caniovascouar system
{ypotension, candlac antythmias, vasodiiation, decreased perpheral vascular resistance, hypotension, bradycarda, shock,
‘Odar Threshold: Mot avallabie. cantiovascuar colapse) which may result in death. Chronic Potentisl healh a=ects: Repeaied syposure by Riaiation may
. Cause shrnking of the rns'lnlllnnfme NoSe and may Cause UICES and 3 hole{pertoration] in e bone (saptum) duidng the
Wateriil DIt Coefl.: bk matabie. Inner nose. Repeated ngestion may Effects tn those of . It may Cause Kidney and Iver damage.
bonioity {in Water): Nt avalabie. Fiepeated exposure by skin nnmm-m Cause thictenng of S 2K, and may cauze 3 grasrien color (dscoioration) to
B X3
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e =kin and hair. May aiso cause dermadts, a skn alergy. Medkcal CondBons Aggravated by Exposure: Fersons wi pre-
existing skin dsorders, impai ., Kidney or function, gluco: or pre-
existing Wilson's disease. individual's with Wilson's disease are unabie fo metabolize copper. Therefore, copper accumulates:
In varicus Hesues and maiy resul in (her, Ridney, and brain damage.

Section 12 i i

Roaothity: I
Ferconal Protection: E

Matinnal Firs Proteation Assoolation (U8 4 ):
Healtn: 1

[Enctomiolty: Not avalabie.
BODE and COD: Mot avaliabie.

Froducts of Blodegradation:
Fossihly hazarious short berm degradation products are not Ikely. However, long term degradaion products may arise.

Tazlalty of the Produots of Blodegradation: The products of degradation are iexs wic than the product Bzeft.
Specdal Remarkc on th of ation: M

Fsagthity: I
2peaific hazard:

Proteotive Equipment:
Gioves. Lab coat. Dust respirator. Be Sure 10 Use 3n approveciCeried respirstor or equivalent. Spiash goggles.

Section 16: Other Information

Section 13: Disposal Consh

‘Wacte Dicposal:
'Waste must be dizposed of In sccordance Wi faderal, state and logal envircnmentsl control reguistions.

Section 14: Transpc i

DOT Claccifioation: CLAZS §.1: Owidizing materal
Identfioaticn: : Nirtz, Inorganic, n.0.5. {CUpnc Nirate) UNNAC 1477 FG: Il
Speatal PFroviclons for Trancport: Marine Foilutant

FRdarenosc: kot avalable.

Citver Epecial Conciderations: Not avalabie.

Croated: 10102005 D&:17 PM

Last Updated: DS/29/2013 12:00 PM

The intrmation above is belleved fo be accurafe and represents the best inbrmation comently avalable fo us. However, we
MIRE DO WATINLY OF OF SNy OMEr WaTANYY, SXRrESS oF Impled, KN FESpECT 1D SUC Information, and we assume
no Kabilty resukting from Bs vse. Users snould make Mair cwn nvestigations f defenmine the sLiTABEy of Me infrmation for
their parfcalar parposes. in no event shall Sclencelab com e Vabie for any dalms, losses, or damages of any third party or for

ot prests o any soecial ndivect, Incidenial, consequential or exemplay damages, howsoever arising, even I Sciencelab.com
has been advised of ihe possibty of such damages.

Section 15: Other Regulatory Information

[Federal and 3iate Reguiations:
misters surey.: (CAS mo. 3251-23-8) Nlincés chemical satesy act Cupnic Ritrsts (CAS

o 3251-23+8) Bew York release neportng st Cupric nirate (CA3 no. 3254-23-8) Rnode ksland RTH hazardous substances:
‘Cupric nitrate CAZ no. 3251-23-5) Pennsyvania RTK: Cupric nirate or Nilic Acid, Copper (2+) sat (CAZ Ro. 3251-23-8)

RTK: Cupric (CAS po. 3351-23-8) Massachusetts spill ISt Cupric nitrate (CAS na. 3251-23-5) New
dersey: Cupric nitrate (CAS no. 3251 -23-8) New Jersey spill list Cupric nirate CAS no. 3251-23-8) Loutsiana spill reporting:
Capric nitrate (CAZ no. 3251-23-8) 3ARA 313 joxic chemical notification and release reporting: Listed a3 Copper compounds
CERCLA Hazardous subsfances - Supric Mirabe (CAS no. 3251-23-81 100 lbs. (45.35 kg) TSCA: Nirate or Nitric
Acid, Copper (Il) sait [CAZ no. 3284-23-8) Is TECA listed, but Cupric Kitmate fihydrate (CAZ no. 10031-43-3) s exempt from
TECA listing not TECA listed) since 15 2 hydmate.

‘ther Reguiations: C2HA: Hazandous Hazand
‘Other ClaceMoations:

WHMIE [Canaca):
CLAZS C: Owidizing materisl. CLASE D-28: Material causing offer fowic efcts (TOXIC)

DECL [EECK:

WS (U2 AL
Health Hazard: 2
Firs Hazard: 0

(29 CFR 1910.1200)

RS

P&

Figure 81 - MSDS for CuNO3
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Material Safety Data Sheet
Zinc nitrate hexahydrate MSDS

Section 1: Chemical Product and C Identification

Check for and remove any contact lenses. immeckately flush eyes with mrring water for at least 18 minutes, keeping eyelids
open. Coid water may be used D0 not use an eye ontment. Seek medical aenSon.

Skin Contact

After contact with skin, wash immediaiely with plenty of water. Gently and Shoroughly wash the contaminated skin wish running
water and non-abreshve soap. Be particulary careful fo ciean folds, crevices, creases and groin. Cokd water may b= used.
Cover e ITiated Skin with an emallent. I irEaton persists, seek medical atiention. 'Wash contaminated dothing before
rezing.

Zeriowe Tkin Contaot:

Wash with a disinfectant soap and cover the contaminaied skin with an anf-bacterial cream. Seek immediate medical
athention.

Innalation: Alicw the vicSm o restin 3 wel vensiaied anea. Seek Immediate madical atention.

m Inhalatlon:

‘Contaot Information:
Zolencalab .com. Ino.
14025 SmEn R
Houston, Texas 77396
US Sales: 1.800-501.7247
Intematicnal Saies: 12814414800
Order Online: SdenceLab.com
CHEMTREC (24HR Emargancy Telsphons], oall:
Eynonym: 1-800-424-3300
Chemical Formula: HIZNI01220 intsrnational CHEMTREC, sall: 1-T03-527-3887

For non-smergency asclsiances, oall: 1-251-341-2200

Pr anc nirate T

catalog Codes: 5171234

GABE: 10135-18-5

ATECE: ZH4T75000

TECA: TECA 8] Fwentory: Znc nirats heahydrate:
CH: Not avaliabie.

0 a safe arca a3 500n 25 possibie. Loosen ight dothing such s a colar, Be, bek or walsthand. If
bruwnn Iz difficult, dminister owygEn. If the vichm |5 Rot breathing, P2rfam mouth-to-molth resuscitation. Sesk medical
attention,

Ingestion:

D Rt INduCe vomitng. Examine the s and mouth 10 SSCersin whether the Sssues are damaged, 3 possible Indicsson that
the toxic maierial was Ingesied: e absence of such signs, however, |s not conchesive. Loosen tight clothing such 2 a collar,
Hie, bek or waisthand. If the victim Is ot breathing, perform mouth-io-mouth resusciiation. Seck immediaie medical afiension.

‘Eeriows Ingaction: Mot availabie.

Section 3: Fire and E ion Data

Secfion 2: Composition and ion on Ingredients
Compacison:
| Hame caz® % by Weight
| ane nirate exanydrae= [ ois=tes [ 100

T Daata oni

: ORAL (LDSO) Azute: 1130 mafeg [Raf). 525 makg Mouse].

[Podentlal Aoute Health Effeats:

Hazarseas In case of SRR contact (Imiant), of eye conmtact (rritant), of Rgestion, of nnaiation. Froonged EXposarE may resdt
In sxin bums and uicerbions. Over-2¥posure by Inhaiation may Cause respiraiory mtation.

PFoisntial Chronio Health Effects:

Hagardous In case of sk contact (Imiant), of eye contact (ritant), of Rgestion, of Infaiation. CARCINOSENIC EFFECTE:
Mot avaliable. MUTAGENIC EFFECTS: Mot avallable. TERATOGENIC EFFECTS: Not avalable. DEVELOPMENTAL
TOXICITY: Mot avaliable. The subsiance Is fowic to mucous membranes. Repeated or prolonged expasure bo the substance
«can procuce tanget organs damage.

Flammabilitty of the Produwet: May be combustiie at high lemperaturs.

Autodgnition Temperature: Mot avallabe.

Flach Poinde: hot avalable.

Flammable Limc: Mot avalabie.

Produots of Combuston: Mot avaliabie.

Fire Hazards In Frecanes of Variouc 3ubsiances: Slammabie I presence of reducing matenas,

Explosion Hazards in Fresenos of Varlous Subsiances:
Risks of explosion of the product in presence of mechanical Impact Not avallable. Risks of explosion of the product In
prezence of stabic dscharge: Mot avalabie.

Fire Fighting Media and Insbruotions:
(Cwidizing material Do ot wse waber jet Uss fiooding quantities of water. Avokd contact with organic materais.

‘2pesial Remarke on Fire Hazande: Not avaiatie.
Apeoial Remarks on Explosion Hazarde: Not avalabie.

Section 6: Accidental Release Measures

[ Section 4: First Aid M

Smiadl Split: Use appmypriabe tools o put the splled solid In a convenlent wasse dspesal contsiner.
Large 2pil:

Onvidizing material Stop leak M wihout risk. Avold contact with 3 combustbie material (wood, paper, oil, dothing ). Keep
Substance damp using waber spray. Do not touch Spilied matenal. Frevent sniry INtD Sewers, Dasements or confined areas;
dike f needed. Edminate ail ignition sources. Cail for assistance on disposal

| Eye Contaet:

-]
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Section 7: and Storage
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Precautions:

Keep away fom heat Keep away fom sources of IgnSon. Keep away from oombustible mageral Empty containers pose a
fire: M, SVARORANE T rESidUE Under 3 fume Rood. Sround all sguipment corsuining materal. Do net ingest. Do nat breathe
dust. Wear sutabie protective dothing in case of insufficient venSiation, wear sultabie respiratory equipment If ingested, seek
medical advice mmedately and show the container of the abei. Avoid CORGACE With =Kin and eyes

storage:
Keep container dry. Keep In  oool place. Ground all equipment containing materal. Cwidizing materals showd be stored ina
separate safety storage cabinet or room.

Section 10: Stability and Reactivity Data

Section 8. E ControlsiPersonal P i

Enginssning Controk:

tabiltty: The product ks sabie.
Ingiabilty Temperahars: Not avaiatie.
conamions of Inctabaity: Mot svalistie,
with waricuc cubsta

Gomoshvity: Mon-oormoshe In presence of glass.
pecial Remarks on Reaedivity: Not availabie.
‘pecisl Remarks on Comosiviy: Mot availabie
Polymerzation: Mo,

2 Mot availabie.

Use process enciosures, iocal exhiaust venSilation, or other engineenng controis 10 keep airbomie levels below
expozre Imits. If user cpertons gensmbe dust, fume or mist, use vendiaton [ ke=p exposure o arbome ontaminants
beiow the: expasure ImE.

Porsonal Froteotion:

Zplazh goggles. Lab coat Dust respiraior. Be ture f0 use am approvedicersfled respirator or equivalent. Gioves.
Parconal Proteotion In Cace of 2 Large Spil:

Splash goggles sut Cust respirator. Books. Gioves. A saif contsined breatming apparstus should be used 1o avoid
Inhaiaticn of the product Suggested profectve ClOthing might not be suident, consut a specialst EEFORE handing this
product.

Exposure Limits: Not avallabie.

Section 11:

Section 3: Physical and Chemical Properties

Routes of Endry: Eye contact. infaiabion. Ingessan.

Taxlolty to Animals: Acute ol foicity (LDS0): 326 mg/kg [Mouse].

Chronie Effects on Humans: The substance 5 DN 10 MUDOUS membRees.

Ciner Toxla Effsots on Humans: Hazardous In Case of Skin Conssct (rRant], of ingestion, of Inhaiation.
‘tpacial Remarks on Toxlolty fo Animake: Not availabie.

Special Remarke on Chronds Effeots on Humane: Not avalabie

Special Remarks on other Toxle ENoots cn Hemane: Not avallabie.

Fhycioal ciabs and appsaranoe: Zoiid. (Crystailine sold )
Odor: Not avalable.

Tasts: Mot avaliabie.

Malsoular Welght: 237.47 gimoie

Color: White.

DH [1% oindwaber]: § [Acidic]

Eolling Point: Decomposss.

Medting Point: 35.4°C (S7.5°F)

Crittonl Temperature: Mot avaliasie.

Spesifio Gravity: 2065 (Water = 1)

Vapor Fracsune: Not appicable.

Wapor Dencity: Mot avalabe.

wolatiitty: Mot avaliagie.

Otor Thrashold: Mot availssie,

Wabsr/Oll DISE. Coafl.: Not svalable.
lonlolty {in Waber): Mot avalabie.
Dicpercion Properties: See Sokbily I water,
Solubirty: Easily sokibie R coid waler.

Section 12: E ical Information

Ecoiozlotty: Mot availabie.
B0DG and COD: Nt avalabie.
Produots of Bicdegracation:

Pozsibly hazsrdous short tarm degradation products are not [Ikaly. However, long berm depragation products may anss.

Taxlolty of the Frodusis of ation: The products are mons fouic.

‘pacial Remarks on iha Progucts of Blcdsgragation: Not svalable.

Section 13: Disposal Considerations

Section 14: Ti

P

DOT ClassMoation: CLASS 5.4: Owldirng material.
Identinoation: : Zinc nirate | UNIS14 PEC N
pectal Provisions for Transport: karne Solktan:

Section 13 Other R: i

p3

Federal and 3iabe Reguiations: TSCA B(T) imventony: ZinC nitree Rexahyorate
Other Reguilations: 03HA: Harandows by definiion of Hazand Communication Standard (28 CFR 1910.1200)
Other Claccifoations:

WHMIE (Canada:
CLASS C: Oxidizing material. CLASS D-23: Maberial causing offer foxic eflects [TOXIC).

DECL [EEC):
RZ2Z- Harmiul H swallowed. R36/38- Imitating o eyes and skin.

HE (U3 A
Health Hazard: 2
Firs Hazard: 1
Raaativity: 0
Perconal Profection: £
Mafional Fire Proteation Aszoolation (U241
Health: 2
Flammablitty: 1
Reantivity: 0
Tpeaifio hazard:

Profecttve Equipment:
(Gioves. Lab coat. Dwst respirator. Se sure o use an approvedicerifled respiraior or equivalent. Wear appropriate nespirator
witn venbiation i nadsgute. Spamh gogdles.

Section 16: Other Information

FReferenasc: Mot avaliabie.

Other Speolal Conelderations: Mot aallabie.
Creatnd: 10/11/2005 1255 PM

Last Updabed: 05212013 12:00 FM

The information atove s Sefleved 10 De SIcwafe and regvessnts the Dest (Nformation cumently avalapls fo us. However, we
make no wananly of merchaniabity o any ofter wamanty, sxpress or impiled, with nespact fo such infbrmadion, and we assume
no §abifly resufing from Bs use. Users shouwld make thed own Investigations fo defermine the sufatdly of the nfbrmation &
ther particular purposes. i o event shall Sclencelab.com be labis for any claims, losses, or damages of any third parly or for
It prof¥s or any special, indireck, indidental, or ¥ damages, arising, even i Scencelat.com
gz peen agvised of M possinity of FuCh damages.

BS

Figure 82 - MSDS for ZnNO3
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Material Safety Data Sheet
Aluminum nitrate nonahydrate MSDS

Section 1: Chemical Product and C

wpany ldentification

Contaot Information:
Zolenoelab.oom. ino.
14025 Smih Rd.
Houston, Texas 77356
US Saes: 1-800-801-7247
Intematonal Sales: 1-281-441-8400
Cwder Online: 2dencelab.com

CHEMTREG (24HR Emergency Telephons], call:
1-800-424-5300

Produoct Hame: Aleminum nitrate nonahydrate:

Catalog Codes: SLA1ISE1

CABS TTHM-IT-2

RTECE: EO1050000

TECA: TACA Bib) inwentory: Aluminum nitrate nonahydrabe
CHF: Mot available.

Zynonym:

Chemical Mame: aluminum nitrate

CHEMTREC, gall: 1-703-527-3887

Chemioal Formuta: ANO3)3 SH2D FOr non-smergensy accicianos, oall: 1-281-441-2200

(Check for and remove any contact ienses. In case of contact, mmediately fush eyes with plenty of water for at least 15
minutes. Coid water may be used. Get medical attention.

Skin Contaot:

In caze of contact, Immediately fush sXin Wi plenty of waler. Cover S imiated Skin with an emollent. Remove contam Fated
Ekening and shees. Cold waber may be ussdWash dothing before reuze. Treroughly ean shoes before reuse. Get medical
attenbion,

eriows Bkin Contaot:

\Wash wih a disinfectant s0ap and cover the contsminaied skin with an ant-bactenal cream. Seek medical afenSion.

Inhalation:

If inhaled, remaove ko fresh alr. If not breaifing, give arifical respiraion. f breaiing |s difficult, give orygen. Get medical
athention.

Zerious inhalation:

Ewvacuate the victim to o safle ana &3 500n &5 possibie. Lecsen Hght cothing such &2 a colar, S, baR o walstband. I
breadhing Is difficult, adminiséer axygen. H the victim s not breathing, perform mouth-io-mouth resuscitation. Seek medcal
attenbion.

h n:

Do MOT Induce vomiting uriess. diecied 1o do 5o by medical persorned. Kever give anything by mouth o an unconsclos
person. Loosen tight ciofing such as a collar, Be, beit or waisiband. Get medical attention ¥ sympeoms appear.

Seriouc ingection: Mot availabie

Section 3: Fire and Explosion Data

of the Produwst: N
Auto-ignticn Temparahare: Not appicabie.
Fiach Points: Not appilcable.

Fire Hazarde In Frosence of Varlous Subsiances: Mot applcable.
Explocion Hamards in Precsnos of Varous Subsianoes:

Section 2: Composition and ion on Ingredients Limits: F
campesitian: Froduots of Combustion: Mot avaliabie.
Hame | caze | =y weiont
ANminum nrats nonanyarate | e | 1o

Toxioclogioal Data on Ingrediente: Aluminum nirate nonahydrse: ORAL (LDS) Aoute: 3532 mo/kg [Rall. 3580 moikg
[Miouse]. 2280 mglig [Rad].

Poieniial Aoute Health Effsate:

Hazardous In case of =Xin contact {iant), of eye contact (ritant), of Rgestion, of Rhaiaton. 25gEy hazardous in case of
=Hin 1. y TESUR I =Xin Barns and uicerations. Over-sxposurs by inhaksson may
cause respiratony Irialon.

Pofential Chronio Health Eftssds:

CARCINC-GENIC EFFECTS: Mot avalabie. MUTAGENIC EFFECTS: Mot avaliabie, TERATOGENIC EFFECTE: Mot avalabie.
DEVELOFMENTAL TOXICITY: Mot avallabie. The substance Is toxk o lungs, mucous membranes. Repeated or prolanged
expozare o ihe subsinno: can produce bnget organs damage.

Fisis of ewplasion of the product I presence of mechanical Impact Mot avallstie. Risks of sxplosion of the product I
presence of shatic dischange: Mot avaliable.

Fire Fighting Media and Inctructionc: Mot appiicable.
‘Zpeotal Remarks on Fire Hazanic: Mot avalabis.
‘Zpecisl Remarks on Explocion Hazarde: Not svalable.

Section §: Accidental Release Measures

Section 4: First Aid M

Emall Spdil: Use appropnate oot o put the spllad solid In & corvenient waste disposal Contsner.

Large Zplll:

Ciridizing material Stop leak H wiout risk. Avold ontact with 2 combustibie material (wood, paper. oil, cothing_). Keep
subssance damp using waber spray. Do Rot bouch spilied material. Prevent sniry Nty sewers, Dassments o Confined aneas;
dikz i nesded, Callfor assEance on dspasy. Be careful that the product |5 rct presant s & conosniraton level above TLY.
Check TLV on the M2C:3 and with local authortties,

Eye Contast:

p1
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Section 7: and Storage
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Precautions:

FEep away from heat Kesp away from sounces of ignition. Kesp eay from oombustinie materal.. Do not ingest Do net
breathe dust \Wear sultatie proeective Sioaming. In caze of insuicient ventiation, wear suRatie respiratory squipment.
Ingested, seek medical advice Immediately and show the container or the label Awoikd coNaCct Wi skin and eyes.

EStorage:
FEep contaner tghtly ciosed. Kesp containerin 2 cool, welbventisted anea. Separats Fom acds, alkales, reducing agemts
and combustbies. Ses NFFA 424, Cooe for e Storage of Liguld and Soild Cxldzers.

Easily sokuble In cold waker. Soiuble i hot waker.

Section 10: Stability and Reactivity Data

Stablity: The product ks siabie.
Inctabiity Temperaturs: Mot avaiabie.
ditions of Mot analiabie.

ure Controls/Personal Protection

Enginesring Controle:

Use process encicsures, local exnaust vensiation, or other engineering coninols 10 keep arbomne levels beiow recommended
exposure Imits. if user operafions genemte dust, fume or mist, use vendilafion to keep exposure o alrborme contaminants:
beiow the exposure ImE

Perconal Froteation:

Spiash poggles. Lab coat. Dustrespirator. Be sure 10 use an approved/carsfied respirator or equivalent. Gioves.

Personal Froteotion In Cace of a Large Spill:

‘Splazh goggles. Ful sut Dust respirator. Sools. Gloves. A saif contained breating appartus should be used 1o avoid
Inhalatcn of the product Suggessed protectve clathing might not be suSdent conzult a specialzt BEFORE handing this
product.

Exposure Limits:
TWA: 2 Consult iocal sutnortes or acceptabie exposure Imits,

wiith varioue cubsia : Mot availabie.

Comoslvity: Non-comshve in presence of plass.
‘2pecial Remarkc on Feaotivity: Not availabie
Special Remarks on Comoslvity: Mot available
Potymertzation: Wik not ooor.

Section 11: Toxi i i

Section 9: Physical and Chemical Properties

Phyeieal state and appearance: 2alid.
Odar: Not avalabie.

Tacts: kot avaliabie.

Moleoular Welght: 372,13 gimole

Color: Mot avalissie.

BH [1% wolniwaber): Not avalabie.

Baolling Falnt: Decompasition temperature: 135°C (275°F)
Mimting Peink: 73°C (162.4°F)

Critioal Temperaturs: Mot avalacie.

Epecific Gravity: .08 (Water = 1)

Vapor Fracoure: Not appicabie.

Vapor Dencity: Mot avalatie.

Vislatility: Not avalistie.

Odor Threchald: Not avallasie,

Wiaker/Oil Dist. Coofl.: Nok avaliable.
Fanlalty {In Watsry: Not avalabis.
Dispersion Propertios: See sokbilly in water.

Rowbes of Endry: Eye contact. Infaiation. ingession.

Taxlolty to Animals: Acute omi towcity (LS00 3532 maig [Rag.

Chronig Effoots: on Humans: Causes damage bo the foliowing organs: kungs, mucous membranes.
rther Toxla Effests on Humans:

Hazardous in case of skin contact {iitant;, of mgesson, of inhamtion. Siightty hazsmous In Case of Skin CoRSact (permestor).

Zpeaial Remarks on Toxloity fo Animals: Mot avallabie.
Zpewlal Remarks on Chronle Effeats on Mumane: Kot avalabie
Zpewlal Remarks on other Toxlo EMeots on Humane: Hot avallable.

Section 12 i 0

Enotoalatty: Mot availabie.
BODE and COD: Not avalable.

Procucts of Blcdsgradation
Passinty mnssmmmm prduCts are not likely. However, long term degradation products may arse.

Taxlolty of the Frodusts of ation: The products o
‘2pecial Remarke on the Produats of Blodegradation: Mot avalable.

are more bouic.

Section 13: Disposal Considerations

Section 14: Transport i

Sodubiify:

3

Special Provicione for Transport: Marine Pollutant

Section 15. Other Regulatory i

Fadaral and 3ats Feguiatione: TSCA B(E) mventory: Auminum nirsts nonshysrats
Other o3 s by Hazand " Standard (28 CFR 1910.1200%
Other Claccoations:

WHEIE (Canaca):
CLAZS C: Owidizing materisl. CLASE D-25: Materal causing offer owic afects [TOXIC)L

DECL (EECK
RE- Contact win combusshie materal may cause fire. R3838- ITtating 1D syes and ton

S LB A
Heaith Hazard:
Firs Hazard:
Reantivity: 0
Perconal Profection: £
Hational Firs Proteation Assoolation (U241
Heath: 2
Flammablitty: 0
Reantivity: 0
‘pesifio hazard:

Proieotive Equipment
‘Gioves. Lab coat Dust resprator. B2 sure b use an aporoved/terified respiraion or egdvaient Wear acorooniate resprator
when ventintion i Radequate Spiach goggies.

Section 16: Other Information

FReforences: Mot avaliable.

Other Epeoial Conclderations: Mot avaliabe.

Creafed: 10/11/2005 11:15 AM

Last Updabed: 052172013 12:00 PM

The information atove I belleved &0 De JCCrate and represents the best iNformaton cumently avallaole fo us. However, we
make no warTandy of merchartability OF any COET WaTInty, SXDTESS OF AMpiad, Wi FeSpECt D SUCh infbrmation, ang we aszums
im0 Ry resulting froum B use, USEFT Shooid maRe el oW ITVESIGINonS 1D defermune the sultsofty of he information v
mmwsm:mmmmmn::unmummmmm:,wm:nrwmmwm

Iost profits or any special, indieect incidental, o ¥ camages, aricing, even I Sciencei as.com
has been advised of the possibiy of such damages.

DOT Classifipation: CLASS 5.1: Owidizng maberial.
Igenttoation: - Aluminum Kilrate UNA: UN 1438 PGl

Figure 83 - MSDS for AINOs
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Precipitation
The specific measurements used are displayed in Table 36.

Table 36 - Chemical Weights and Water Volumes

Chemical Weight [g] Beaker Size [L] Volume [mL]
Cu(NO3), 283.0 0.6 100.0
Zn(NOg)3 139.6 0.6 100.0
Al(NO3z)3 83.6 1.0 150.0
Na,CO3 300.4 2.0 1300.0

To make 200 g of catalyst the procedure below was followed:
¢ The oven was pre-heated to 60 °C.

o The beakers were filled with the required amounts of distilled water and were placed into the
oven to heat.

¢ While the beakers of water were heating, the required weights of each chemical were measured
out.

Figure 84 - Weighing a) Copper Nitrate, b) Zinc Nitrate c) Aluminium Nitrate

¢ The chemicals were dissolved into their corresponding beakers of water using a magnetic mixer

with a heated plate.
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¢ The various nitrates were poured into one beaker while mixing vigorously with the magnetic

mixer. Very slowly, the mixture of nitrates was poured into the beaker containing the Na,COs.

Figure 85 - Heating and Magnetic Mixing Precipitate

¢ While mixing, the pH of the solution was noted. A mixture of NaOH and Na,CO; was added to

keep the pH above 7 and as close to 10 as possible.

Figure 86 - pH Measurement of Precipitate

¢ Mixing was then continued for 15 minutes ensuring complete precipitation
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e The precipitate was placed into the oven and allowed to age in the mother liquid at 60 °C for 3

to 4 hours.

Figure 87 - Aging Precipitate

Figure 88 - Aging Temperature of 60°C

¢ The precipitate was filtered with filter paper and rinsed with distilled water to remove remaining

sodium ions.
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a)

b)

Figure 89 - Filtering Precipitate a) Top View, b) Side view

o The precipitate was returned to the oven at 60 °C to dry for 6 hours.

Figure 90 - Drying Filtered Precipitate at 60°C

e The dry carbonates were crushed in a ball-mixer.
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Figure 91 - Ball Crushing of Precipitate

Calcination

The crushed carbonates were placed in an oven with a temperature increase of 5 °C/min until 400
°C was reached and then left to calcinate for 2 to 3 hours with agitation every half hour.

Figure 92 - a) Calcination Oven b) Oven Temperature Measurement

Activation

In order to remove the oxygen molecule from the CuO and have a final product of Cu/ZnO/Al,O3,
the oxides needed to be heated in a hydrogen atmosphere at a temperature between 200 °C and
300 °C. Hydrogen is, however, explosively flammable, and a Hazard and Operability Study was
presented to control and mitigate the potential hazards. This HAZOP can be found in Appendix D.

In order to activate 100 g in 3 hours, the amount of Hydrogen required, and the flow rate to provide
that amount of hydrogen in the required amount of time, needed to be determined.
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The stoichiometry equation was as follows:
CuO + H; + Heat — Cu + H,0

For 100 g of catalyst there is 60 g of CuO.

My, = 0.06 X (

79.545)

Therefore, 0.0015g of Hydrogen was required.

. 0.0015kg
M, = 3hours X 60
thy, = 8.38 X 107 kgs™

However, the gas mixture is 95 % argon and 5 % hydrogen which is called Hs. If the flow rate of

hydrogen required is 8.38x107° kgs™ then the gas flowrate was:
My, = Mges X 0.05

fges = 0.16762 x 1073 kgs™

Ovas = Mgas
gas =
Pgas
1
pgas - tz 1—XH2
PH, PAr
1
Pgas = ~505 _ 1-0.05

0.08988 1.784

Pgas = 0.9184 kgm®

016762 x 1073
gas = 0.9184

Qgas = 0.1825 x 1073 m%s™

Due to the use of a flow meter that is calibrated for air, correction equations were required to
determine the volume flow rate that will be displayed when 0.1825x10~3m?s of the Hs gas was

flowing through it.

SGscate = SGair = 1
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Molecular Weightges  0.05x 2+ 0.95 x 39.948
molecular Weight,;, 28.97

SGyas =

SGyqs = 1.3134

SG
Factor = ~ Iscale
SGyas
Factor = 1
actor = 173132

Factor = 0.87257

Qscate = ans X Factor
Qscale = 0.1825x1073 x 0.87257
Qscate = 0.2092 x 1073 mds™
Qscate = 0.2092 Is™
A flow meter reads Normal Litres per second.

' _ 235 273.15
= X X
Cnormat = Qscate X 757355 X 37315 4 25

Onormar = 0.4445 Nis™

This volumetric flow rate would have been adequate if every hydrogen particle reacted with the
catalyst, however, due to possible sintering and preferential flow, not every hydrogen particle will
have the chance to react with the catalyst, and therefore manual agitation was induced by shaking
the activation oven as well as an increased volumetric flow rate of 0.34494 |/s (0.8Nl/s) which can
be easily controlled based on the readings from the flow meter. This allowed a larger amount of
hydrogen to come into contact with the catalyst while maintaining the required 3 hours of activation

time.
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Figure 93 - Activation Oven Setup

This final product was then pelletized into cylinders of 6 mm diameter and 6 mm long.

Figure 94 - Catalyst Pelletizer

This process was repeated 4 times to produce 800 g of catalyst.
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APPENDIX D - ACTIVATION OVEN

Condensar
i, KT
To @ I5°C
P15 bar

Design
Steam + Hydrogen/Argon
TN
Hydrogen/Argon ?51;3;:?“: Cven E:l To Ventilation
P15 bar 7 y//
_
_

Flashback
Arrestor

1.5Bar

Figure 95 - P&ID of Activation Oven
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Figure 96 - Cross-Section View of Activation Oven

Hazard and Operability Study

Insulation

Burn Wound
FPE
Precsure Treatment
Component Preszure Slight
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|:F_Iectr'|c Shnckjl—- — Insulation ——{ Area P Flame e N N
\ TT—— 'Y . .
Dry \ Arrestar Gas Bottle —-4LTax|mal Injur;l
\ Shutaf? System
5% H2 + .
Hyd rogen 955 Ar | Purging Eatraction \ Emergency Fi
Combustion ieture Fzn \ Shutdown e Minimal to
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Figure 97 - HAZOP Bowtie Diagram



Key:

Table 37 - HAZOP HIRA Table for Activation Oven

Rank
Probability 0.1 — Impossible 10 — Very Likely
Exposure 0.1 — None 10 - Continuous
Consequences 0.4 — Negligible (paper cut) 100 - Catastrophic (many deaths)
70-200 200-400 High .
: <20 - 20-70-Low | o htantial (Immediate >400 Very High
Risk (needs . . (Discontinue
Acceptable attention) (Correction correction operation)
needed) needed) b
Risk Assessment Risk Control
Hazard Hazard
Identification Effect p E C _ -
(10] | p10] | p100] Risk [/400] Method Description
Insulation,
High .
T Burn wounds 9 10 3 Safeguards Warning
emperatures ;
signs,
PPE
Pressure
regulator,
Component 3 10 15 Elimination
Failure
Proper Joint
sealing
Pressure
Chain bottle
Vertically to
GC?S Bottle 6 10 20 Safeguards the wall,
amage
lockable
chain
Insulate all
exposed
Electrocution WIFES,
from power 6 10 15 Safeguards
Electricity supply Keep area
dry,
PPE
Insulation,
Shockfrom | 44 | 15 | 04 Safeguards
Sensors PPE
Gas ignition L Extraction
Hydrogen and possible 0.2 10 30 Elimination -
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explosion

Ar & N, Gases | Asphyxiation 3 10 15
Chemical Sk_m_anpl eye 10 10 5
Exposure irritation
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Low

No open
flames,

Purging
process,
Hydrogen
Argon
mixture,

Flame
arrestor
before tank

Safeguards

Fire
extinguisher

Elimination

Extraction
fan,
Open
windows,

Safeguards

PPE




Hazard Hazard Renewed Risk Assessment
Identification Effect
P [/10] E [/10] C [/100] Risk [/400]
High Burn wounds 0.2 10 1
Temperatures
CEMEDTE 0.2 10 1 30 Low
Failure
Pressure |
Gas Bottle 0.1 10 20 20 Low
damage
Electrocution 30
from power 0.2 10 15 Low
Electricity supply
Shock from 0.1 10 0.4
sensors
Gas ignition
Hydrogen and possible 0.1 10 30
explosion
Ar & N, -
Gases Asphyxiation 0.1 10 15
Chemical Skin and eye
Exposure irritation 0.1 10 5

It must be noted that the use of this facility will be limited to a maximum period of one month. This

facility is not a permanent inclusion to the laboratory and will be disassembled when it is no longer

needed. Therefore, the gas bottles will not have an enclosed cage outside the building as this will

require time and finances to install, which will not be feasible for a temporary facility of such a short

duration.

This hazard and operability study was attended by:
Safety Officer: Mr. Sarel Naude.

Study leader: Mr. Johan Markgraaff.

Consultant: Dr. Gerhard Human.

Engineer: Mr. Herculaas Botha

Engineer: Mr. Coetsee Stander
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APPENDIX E - METHANOL QUALITY SPECIFICATION SHEETS

Table 38 - Adaptation of Supplier Product Specifications for each Methanol Quality

Supplier Minema Chemicals Ethanol SA
Quality Analytical Reagent | Chemically Pure | Industrial grade
Purity [%] 99.5 99.5 100
Impurities Listed [%)] 0.11205 0.255 0.0803
Total Accounted for [%] 99.61205 99.755 100.0803
Unaccounted for [%)] 0.38795 0.245 -0.0803
Acetone ((CH3),CO) [%] <0.005 <0.04 Not Disclosed
Acidity (HCOOH) [%] <0.005 <0.004 0.0003
Alkalinity (NHz) [%] <0.0005 Not Disclosed Not Disclosed
Heavy Metals (Pb) [%0] <0.00005 Not Disclosed Not Disclosed
Residue on Evaporation [%)] <0.001 <0.01 Not Disclosed
Substances reducing KMnO,4[%] <0.0005 Not Disclosed Not Disclosed
Water (H,0) [%] <0.1 <0.2 0.08
Sulphur Compounds[ppm] Not Disclosed 10 Not Disclosed

Considering Table 38, it can be observed that the higher quality methanol impurities are discussed

in more detail than the two lower methanol qualities. There are an increased number of “Not

Disclosed” comments for the CP and Industrial grade methanol, however, the impurities

unaccounted for in the percentage composition becomes less as the methanol quality decreases.

According to the IMPCA standards there is a possibility 0.5ppm of sulphur and chlorine compounds

but only the Chemically Pure quality presents a sulphur compound value. This is possibly an

oversight of the suppliers and it is the consumer’s responsibility to purchase and use the correct

methanol quality depending on the application, but the lack of definitive information on the subject

is the reason for the proposed problem statement.
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APPENDIX F - EVAPORATION METHODS

Due to the fact that methanol has a lower evaporation point than water, when attempting to
vaporize a water-methanol mixture with a boiling process the methanol will evaporate first, leaving
the water behind. Even at higher temperatures and pressures methanol will evaporate at a higher
rate than water, which will result in a gas with a water-methanol ratio that is not ideal for reforming.

The various temperatures and gas compositions can be seen by Figure 98.

Methanol Water VLE (T-x-y) | EJI-E
— LIeW

105
100

Tamp C

00 01 02 03 04 05 06 07 OB 08
Xa, Ya (Meth)

=3

Figure 98 - Methanol Water Vapour Liquid Equilibrium (Duffy, 2018)

Due to this boiling mechanism, a method must be determined that can deliver the correct water-

methanol ratio.

A possible option would be to mix the fuel with 60 % methanol and heat it to 81 °C. This would
create a vapour that consists of 60 % methanol and continue in this manner until the density
indicates 20 % methanol. At 81 °C the vapour should remain 60 % methanol throughout the boiling
procedure. Although, theoretically this method will work, the temperature will not constantly remain
at 81 °C. There will be temperature fluctuations and the vapour consistency will fluctuate as a

result. This is not a viable solution for long periods of operation.
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The water-methanol mixture can undergo a flash evaporation procedure. By spraying the fuel
under high pressure into a low pressure environment with a misting nozzle, small particles of the
correct water-methanol ratio will be created that can be evaporated with a small amount of energy
very quickly, allowing the vapour to remain constant and essentially no boiling taking place.

However, flash evaporation is generally used to separate certain liquids with different densities and
different evaporating points to purify them. Methanol and water have different densities and boiling
points and by using a flash evaporation procedure the water and methanol could partially separate.
There would be a number of particles with different water-methanol ratios. Furthermore, the use of
a misting nozzle requires incredibly high operating pressures to supply small flow rates. In order to
create the continuous flow rate required by the system a very small nozzle orifice would be used

which would require a large minimum operating pressure of nearly 70bar.

Using the principles of flash evaporation, a different method can be considered. Introducing a very
small amount of fuel into a heated system with a large surface area would evaporate the fuel very
quickly at the correct ratio. Even though boiling took place it would happen so quickly it would not

change the gas composition.

Induction heating has become very popular to melt metals very quickly with less electrical energy
required. By using a metal surface that is magnetically inductive but not electrically conductive, the
fuel would be able to evaporate on the heated surface and the induction heating would be able to
maintain the temperature of the metal surface at the required temperature very quickly and
efficiently.

Selection Matrix for Evaporation

The various options must be compared with one another according to the most important criteria.
By simply giving a “-“, “0”, or “+” states that the concept is bad, average, or good respectively, in

each specific criteria.

Furthermore, the worst scoring concept is removed and the remaining concepts are compared by
giving the criteria a weight depending on how important it is, and then each concept is scored with

a value from 0O to 5 for each criterion.
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Table 39 - Evaporation Selection and Scoring Matrix

Concepts
3
1 Boiler 2 Induction
Spray Mozzle heater
Ease of use - ) 0
Length of experiment - + +
Manufacturability + +
Cost 1] - -
Viability 0 - +
Energy Consumption - + -
Safety 0 - 0
Sum "+" 3 3
Sum "o" 1 2
Sum "-" 3 2
Total -2 0 1
1 Spray MNozzle 2 Induction heater
. Weighted . Weighted
i Rating Rating
Weight Score Score
Ease of use 10 3 0.3 4 0.4
Length of experiment 20 5 1 5 1
Manufacturability 10 3 0.3 4 0.4
Cost 15 3 0.45 1 0.15
Viability 20 2 0.4 4 0.8
Energy Consumption 10 3 0.3 1 0.1
Safety 40 2 0.8 4 1.6
Total Score Rank 100% 3.55 4.45
Continue? MNo Yes

Table 39 displays how the concept of boiling was the worst scoring concept during the selection
process. The induction heater proved to be the best concept when compared to the spray nozzle in
the scoring matrix. Therefore, the further design considerations will take induction heating into

account as the method for evaporation.
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APPENDIX G - EVAPORATOR RESULTS AND CONCLUSIONS

For the induction heater, the following tables show the temperature values read from the induction

heater evaporator under various pipe diameters.

33.4mm Diameter — Graphite Air heating

Table 40 - Temperature and Time for 33.4mml Diameter Pipe Evaporator filled with Graphite

Timer Temperature

[Sec] [°C] 250
0 10.25 5 200

10 10.75 o

20 11.5 g 1%0

30 14.25 = 100
40 17.75 '<;( o

50 21.25

60 25.25 ° 1 28 55 82 109 136 163 190 217 244 271 298
70 3.50 Time [seconds]
80 34.75 Figure 99 - Line Graph for Temperature over Time for
90 41.00 33.4mml Diameter Pipe filled with Graphite
100 46.50

110 52.00

120 56.75

130 64.50

140 71.75

150 79.25

160 88.00

170 95.50

180 104.00

190 112.50

200 120.25

210 129.00

220 138.50

230 146.50

240 155.25

250 163.75

260 171.00

270 179.75

280 187.25

290 194.75

300 192.25
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42.2mm Diameter - Graphite Air Heating

Table 41 - Air Temperature and Time for 42.2mm Diameter Pipe Evaporator filled with Graphite

Timer Temperature
[sec] [°C]

0 14.00
10 14.00
20 16.30
30 20.80
40 28.00
50 36.50
60 44.80
70 52.30
80 57.00
90 61.50
100 64.80
110 67.50
120 71.00
130 74.30
140 78.50
150 86.50
160 97.30
170 107.00
180 118.00
190 130.50
200 141.80
210 154.50
220 167.30
230 179.30
240 193.00
250 205.50

L~

250

8 200
o

2 150
[
2

£ 100
()
|_

z 50

0

1 28 55 82 109 136 163 190 217 244 271 298
Time [seconds]

Figure 100 - Line Graph for Temperature over Time for

42.2mm Diameter Pipe filled with Graphite
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33.4mm Diameter — Empty Air heating

Table 42 - Air Temperature and Inner Wall Surface Temperature for Empty 33.4mm Diameter Pipe Evaporator

Timer Temperature Surface
[sec] [°C] Temperature [°C] iig
0 23.75 17.75 S
10 23.5 18.00 £100
20 23.75 20.50 g 80
30 24.75 25.50 15 ig
40 28.00 29.25 2
50 30.75 33.00 o
60 33.00 36.50 1 28 55 82 109 136 163 190 217 244 271 298
70 35.75 40.00 Time [seconds]
80 38.25 42.00 E'rggis gg.ir;rhlrga?nr;%? Ff,?preAlr Temperature over Time for
90 44.50 45.25
100 52.75 49.50
110 56.50 54.25
128 2;(7): zggg 8120 Temperature
140 71.50 71.00 fgioo
150 78.00 78.25 § 80
160 87.75 85.25 E 60
170 93.25 92.25 "
180 99.25 100.25 Z %
190 105.25 105.00 =
200 111.75 1 28 55 82 109 136 163 190 217 244 271 298
210 118.75 Time [seconds]
220 124.75 'Fl':?nuer?orl(l)Ezm;)t;i22,4%’ﬁ1pgi;%eltg?%ripveva” Temperature over
230 130.75
240 139.00
250 146.00
260 148.75
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42.2mm Diameter — Empty Air heating

Table 43 - Air Temperature and Inner Wall Surface Temperature for Empty 42.2mm Diameter Pipe Evaporator

Timer Temperature | Wall Temperature
[sec] [°C] [°C] 300
0 21.70 19.25 5250 S
10 23.50 21.00 2200 3
20 24.50 23.50 150 ‘ ——
30 26.50 27.50 E)lOO
40 28.00 35.25 £ 50
50 31.75 43.75 0
60 37.50 54.00 1 28 55 82 109 136 163 190 217 244 271 298
70 43.25 65.25 Time [seconds]
80 48.00 76.25 Figure 103 - Line Graph for Inner Wall Temperature over
90 53.75 87.50 Time for Empty 42.2mm Diameter Pipe
100 60.50 95.50
110 72.75 104.75 140 Temperature
O
120 85.00 125.50 =120
130 95.50 %100
2 80
140 104.25 £ o ‘ _._‘
150 113.25 E
©
160 125.00 =%
170 136.50 g 2
=~ o0
180 147.75 1 28 55 82 109 136 163 190 217 244 271 298
190 157.25 Time [seconds]
200 175.50 Figure 104 - Line Graph for Inner Wall Temperature over
210 195.75 Time for Empty 42.2mm Diameter Pipe
220 213.75
230 223.75
240 234.50
250 256.00

By comparing the larger and smaller diameter pipes inside the induction heater coil, the closer the
wall of the pipe is to the induction coil the better the heating is. This is also indicated by the current
used when each pipe was inserted. What can also be deduced from the tables above is that all of
the induction created is applied to the surface of the outer diameter of the pipe and cannot
penetrate into the pipe. This is observed by the heating ability and the required current being the
same for when the evaporator is filled with graphite and when it is empty. The heat generated
inside the pipe is through conduction from the outer diameter to the inner. Therefore, a thin walled
pipe will be required to increase the effectivity of conduction from the outer diameter to the inner

diameter of the pipe.
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APPENDIX H - TEMPERATURE VALUES OF EACH COMPONENT
DURING FUEL QUALIFYING EXPERIMENTATION

Monitoring the temperatures in the fuel qualifying experimental facility was required to determine
the effect the fuel quality had on the functioning of the various components.

AR Methanol as Working Fluid

Temp |Temp|Temp | Temp | Temp | Temp | Temp | Temp | Temp

Reac Reac

Timer Min Max
1 2245 294
2 230.1 2955
3 233 296.2
4 2319 2963
5 2332 2948
6 232 2949
7 2355 2952
8 2348 293.9
9 229.1 293.9
10 2379 296

Min 171.34) 247 43| 229.1| 249.1| 252.5| 293.89| 241.7| 252.3| 229.11| 224 5| 251.65] 35344
Max 192 4] 259.52| 251.5| 272.5] 269.66] 296.42| 253.5] 257.1| 237.94| 2436 256.3] 39.892
a)
Temp | Temp Temp|Temp | Temp | Temp | Temp | Temp

._|Reac_|Reac_|Reac_ _|Reac _|Reac_|Temp_|Temp Reac Reac

2-3 Top |Ave Cond Min Max
228[ 238.6| 247 5 210.88 291

242 68 2183 2946

24087 22643 2947

71| 241.49 231.17 292.7|

224 27 213.78 277.7|

23558 22923 2914

240.76 230.26 2935

23555 2299 2915

237.46 229.35 2927

239.39 244 223.57 2913
Min 189.71] 239.41| 256.6| 210.9| 249.1| 272.4| 230.5] 237.6| 224.27| 237.9| 244.61] 33 OGSl
Max 195.85 259| 278.5| 231.2 268| 294 7| 2485| 257.7| 242 68| 277.7| 260.25] 38.946

b)

Temp | Temp | Temp | Temp | Temp | Temp| Temp | Temp | Temp
Reac Reac
Min Max
227 29296
204.78 29361
225.78 294 88|
22724 294 14
22905 2955
229.92 29572
228.01 295.07
228.36 296.15
22609 29574
223.71_295 91

Timer

SOONONEWN

Min 182.2] 243.5| 267.74| 222 75| 2048 293| 244 5| 249 17| 237.37| 240 21| 246.45 336
Max 191.15] 250.44| 274.36]| 229 92| 268.8| 296.1| 254 3| 257 51| 251.47| 257.83| 257 93] 45 446

Figure 105 - Temperature Data of Fuel Qualifying Experimental Facility while Operating with AR Methanol
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Table 44 - Duty Cycle Data for Reformer while Reforming AR Methanol

. Experiment Time Duty Time o
Experiment [HH:MM:SS] [HH:MM:SS] Duty Cycle [%]
1 10:00:00 05:45:22 57.56
2 10:00:00 06:21:50 63.64
Table 45 - Duty Cycle Data for Evaporator while Evaporating AR Methanol

, Experiment Time Duty Time o
Experiment [HH:MM:SS] [HH:MM: SS] Duty Cycle [%]
1 10:00:00 05:21:43 53.62
2 10:00:00 05:46:59 57.83
3 10:00:00 07:34:19 75.72
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CP Methanol as Working Fluid

Temp | Temp | Temp | Temp | Temp| Temp| Temp | Temp | Temp
Temp|Reac_|Reac_|Reac_|Reac_|Reac_[Reac_|Reac_|Reac _|Reac_|Temp_|Temp_| |Reac Reac
Timer| Evap | Bot 11 1.2 1.3 | Mid | 21 2.2 2.3 T Ave |Cond Min Max
1 = 24 2519 230.3 2956
2 247 247.86| 2 234.23 29352
3 230.91 295.24
4 23223 295.16
5 MQB 228.7 295.25
6 248 8. 227.64 294 96
7 3 2315 294 .86
8 229.76 295.11
9 23091 2953
L 23251 29547
Min 180.3] 238.63| 227.64| 267.03| 261.4| 293.5| 230.9| 244.71| 235.45| 238.57| 251.88] 26.336
Max | 191.5] 256.26] 234.23| 271.61| 267.7| 295.6] 243.4| 261.67| 243.47| 248.82| 254.39] 39.683|
a)
Temp | Temp | Temp | Temp | Temp | Temp | Temp | Temp | Temp
Temp|Reac_|Reac_|Reac_|Reac_|Reac_|Reac_| Reac_|Reac _[Reac_|Temp_|Temp_| |Reac Reac
Timer| Evap | Bot 11 1-2 13 | Mid | 21 22 23 Min  Max
1 (2 | 228 | 226.8 296.09]
2 228.93 295.31
3 22621 29495
4 22599 2946
5 224.34 29461
6 22514 29481
7 22373 294.28
8 22357 294.39
9 0 0
10 0 0
Min 133.6] 243.52| 223.6] 259.6| 266.7| 294.3| 228.7| 252.46| 229.14| 226.8| 251.49| 31.687
Max 185.4] 254 63| 233.1]| 272.2| 272.5] 296.1] 239| 267.86| 250.78] 250.65| 255.73] 40.842
b)

Figure 106 - Temperature Data of Fuel Qualifying Experimental Facility while Operating with CP Methanol
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Table 46 - Duty Cycle Data for Reformer while Reforming CP Methanol

. Experiment Time Duty Time o
Experiment [HH:MM:SS] [HH:MM:SS] Duty Cycle [%]
1 10:00:00 05:54:32 59.09
2 08:00:00 04:47:31 59.9
Table 47 - Duty Cycle Data for Evaporator while Evaporating CP Methanol

. Experiment Time Duty Time o
Experiment [HH:MM:SS] [HH:MM:SS] Duty Cycle [%]
1 10:00:00 06:32:06 65.35
2 08:00:00 06:25:29 80.31
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Industrial grade Methanol as Working Fluid

Temp| Temp | Temp | Temp | Temp | Temp| Temp | Temp | Temp
Temp |Reac_| Reac_|Reac_[Reac_|Reac_|Reac_|Reac_|Reac _|Reac_|Temp_|Temp_| |Reac Reac
Timer| Evap Min Max
1 : 22402 2938
2 22782 2944
3 2276 293.9|
4 226.41 2937
5 22643 2935
6 22529 2934
7 22448 2941
8 226.37 2941
9 226.63 294
10 23041 294 3|
Min 161.9] 245.1| 224.02| 267.9| 263.84| 293.37| 225.6| 249.19| 229.35| 224.88( 247.08| 33.451
Max 171] 252.7]| 230.41] 270.3| 267.11| 294 81| 235.6] 260.25( 242 44| 242.34| 254.11] 40.878
a)
Temp | Temp | Temp | Temp | Temp | Temp | Temp | Temp | Temp
Reac Reac
Min Max
1 22243 2931
2 215.94 293.32
3 214.35 293.06
4 218.18 291.89
5 220.06 293.67
6 22436 294.27
7 0 0
8 0 0
9 0 0
10 0 0
Min 152.8] 241.99| 214.35| 262 22| 257 18| 291.89| 231.1| 254.55| 235.32| 230.7| 249.03] 33.35
Max | 166.8] 246.55| 224 36| 267.18| 265.59] 294 27| 237.1| 259.13| 242.2| 241.01| 252.56] 40.034
b)

Figure 107 - Temperature Data of Fuel Qualifying Experimental Facility while Operating with Industrial grade
Methanol
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Table 48 - Duty Cycle Data for Reformer while Reforming Industrial grade Methanol

, , , Duty Time o
Experiment Experiment Time [HH:MM:SS] Duty Cycle [%]
Industrial 1 10:00:00 06:12:36 62.1
Industrial 2 06:00:00 03:53:41 64.91

Table 49 - Duty Cycle Data for Evaporator while Evaporating Industrial grade Methanol

. Experiment Time Duty Time
Experiment [HH:MM:SS] [HH:MM:SS] Duty Cycle
Industrial 1 10:00:00 06:46:52 67.81
Industrial 2 06:00:00 04:48:30 80.14

The reformer’s duty cycles remain reasonably constant during the experimentation time periods.
The slight differences would be due to how the catalyst is packed or variations in gas flow patterns
which are not in the scope of this study. However, the duty cycles are reasonably high between
57.56% and 64.91% which are more than half the experimental time period. This can be due to the
inefficient way in which the resistance wire is wrapped around the reformer, as mentioned

previously, as well as a need for a higher quantity or better quality insulation.

Each time a different methanol quality was used, the surfaces of the evaporator were first cleaned
and the induction heater was replaced. It can be observed from Figure 105, Figure 106, and Figure
107 that the average evaporation temperatures vary depending on the methanol quality used and
the total duration of operation.

It can be observed that the average temperature of the evaporator was the greatest and for the
longest period of time while evaporating AR methanol and the average temperature was the lowest
while evaporating CP methanol. However, the shortest duration of operation before a decrease in

average temperature was observed by the Industrial grade.

The duty cycle of the evaporator is also very dependent on the methanol quality. While evaporating
AR methanol the evaporator had the smallest duty cycle for the longest duration. The evaporator’s
duty cycle was the highest while evaporating CP and Industrial grade methanol. The duty cycle
observed while evaporating Industrial grade reached the same value as with the CP methanol in a

shorter duration.
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It can be concluded that the methanol quality has a significant impact on the operating
temperatures and duty cycles of the evaporator. Lower methanol quality decreased the average
operating temperatures and increased the duty cycle times of the evaporator. This became more
pronounced over time and was most noticeable with the Industrial grade methanol. The effect that
the methanol quality has on the evaporating components was not part of the scope of this study

but is recommended for future work

For all the experiments done, the temperatures of the gases exiting the condenser remained
reasonably constant. The variations were dependent on the time of day, weather, and the higher
than average ambient temperatures caused by the radiation energy of the reformer which heated

the airflow and the water inlet temperature flowing into the heat exchanger.
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APPENDIX | - ARDUINO CODING

Final System Automation:

#include "max6675.h"
int evapcount = 0;

int EvapCLK1 = 4;

int EvapCS1 = 5;

int EvapDOL1 = 6;

int ReacCLK1 = 7;
int ReacCS1 = 8;

int ReacDO1 = 9;

int ReacCLK2 = 10;
int ReacCS2 = 11;

int ReacDO2 = 12;

int ReacCLK3 = 40;
int ReacCS3 = 39;

int ReacDO3 = 38;

int ReacCLK4 = 37;
int ReacCS4 = 36;

int ReacDO4 = 35;

int ReacCLK5 = 34;
int ReacCS5 = 33;

int ReacDO5 = 32;
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int ReacCLK6 = 31;
int ReacCS6 = 30;

int ReacDOG6 = 29;

int ReacCLK7 = 28;
int ReacCS7 = 27;

int ReacDO7 = 26;

int ReacCLKS8 = 25;
int ReacCS8 = 24;

int ReacDO8 = 23;

int ReacCLK9 = 49;
int ReacCS9 = 48;

int ReacDO9 = 47;

float TempEvap;
float Temp1;
float Temp2;
float Temp3;
float Temp4;
float Tempb5;
float Temp6;
float Temp7;
float Temp8;
float Temp9;

unsigned long int seconds;

MAX6675 thermocouplel(EvapCLK1,

EvapCS1, EvapDO1);
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MAX6675 thermocouple2(ReacCLK1, ReacCS1, ReacDO1);
MAX6675 thermocouple3(ReacCLK2, ReacCS2, ReacDO2);
MAX6675 thermocouple4(ReacCLK3, ReacCS3, ReacDO3);
MAX6675 thermocouple5(ReacCLK4, ReacCS4, ReacDO4);
MAX6675 thermocouple6(ReacCLK5, ReacCS5, ReacDO5);
MAX6675 thermocouple7(ReacCLK6, ReacCS6, ReacDO6);
MAX6675 thermocouple8(ReacCLK7, ReacCS7, ReacDQ7);
MAX6675 thermocouple9(ReacCLK8, ReacCS8, ReacDO8);

MAX6675 thermocouplel0(ReacCLK9, ReacCS9, ReacDO9);

void setup() {

Serial.begin(9600);

pinMode(41,0UTPUT);

pinMode(42,0UTPUT);

pinMode(43,0UTPUT);

pinMode(44,0UTPUT);

pinMode(45,0UTPUT);

digitalWrite(41,LOW);

digitalWrite(42,LOW);

digitalWrite(43,LOW);

digitalWrite(44,LOW);

digitalWrite(45,LOW);

Serial.printin("LABEL, Computer Time, Timer, TemperatureEvap, TemperatureReac Bot,
TemperatureReac_1-1, TemperatureReac_1-2, TemperatureReac_1-3, TemperatureReac_Mid,

TemperatureReac_2-1, TemperatureReac_2-2, TemperatureReac_2-3, TemperatureReac_Top");

delay(500);

void loop() {
seconds = millis()/1000;
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TempEvap = thermocouplel.readCelsius();
Templ = thermocouple2.readCelsius();
Temp2 = thermocouple3.readCelsius();
Temp3 = thermocouple4.readCelsius();
Temp4 = thermocouple5.readCelsius();
Temp5 = thermocouple6.readCelsius();
Temp6 = thermocouple7.readCelsius();
Temp7 = thermocouple8.readCelsius();
Temp8 = thermocouple9.readCelsius();

Temp9 = thermocouplel0.readCelsius();

Serial.print("DATA,TIME,";
Serial.print(seconds);
Serial.print(",");
Serial.print(TempEvap);
Serial.print(",");
Serial.print(Temp1l);
Serial.print(",");
Serial.print(Temp2);
Serial.print(",");
Serial.print(Temp3);
Serial.print(",");
Serial.print(Temp4);
Serial.print(",");
Serial.print(Temp5);
Serial.print(",");
Serial.print(Temp6);
Serial.print(",");
Serial.print(Temp7);
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Serial.print(",");
Serial.print(Temp8);
Serial.print(",");

Serial.printin(Temp9);

if (Templ>= 300) [|(Temp2>= 300) || (Temp3>= 300) || (Tempd>= 300) || (Temp5>= 300)
[[(Temp6>= 300)||(Temp7>= 300)||(Temp8>= 300)||(Temp9>= 300))

{digitalWrite(45,LOW);
evapcount = 1;

}

if (Templ<= 297) && (Temp2<= 297) && (Temp3<= 297) && (Tempd<= 297) && (Temp5<=
295) && (Temp6<= 297)&&(Temp7<= 297)&&(Temp8<= 297) && (Temp9<= 297))

digitalWrite(45,HIGH);

if (TempEvap>=200)&&(evapcount == 1))

digitalWrite(44,LOW);

if (TempEvap<=195)&&(evapcount == 1))

digitalWrite(44,HIGH);

delay(1000);
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