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Abstract

Electrochemical Promotion of Catalysis (𝐸𝑃𝑂𝐶) is a method for enhancing a catalytic reaction by modifying
the surface properties of the catalyst through the application of a small amount of current or interfacial poten-
tial. It can also be used to enhance the selectivity of heterogenous catalytic reactions. It was first discovered
by 𝑀. 𝑆𝑡𝑜𝑢𝑘𝑖𝑑𝑒𝑠 and 𝐶. 𝑉𝑎𝑦𝑒𝑛𝑎𝑠 in early 1980s. This phenomenon can increase the catalytic rate by 10 to
10኿ times compared to the electrochemical rate of supply of ions to the catalyst which is given by Faraday’s
law. Therefore, the process is no longer faradaic and hence, it is also known as “Non-Faradaic Electrochemical
Modification of Catalytic Activity (𝑁𝐸𝑀𝐶𝐴)”.

Today, the 𝐸𝑃𝑂𝐶 mechanism has been widely researched by different research groups, and many reactions
have been investigated, but unfortunately, no commercial application of the technology is available. The main
problem with 𝐸𝑃𝑂𝐶 is the lower activity per unit mass of the catalyst compared to the commercially used
catalysts in conventional reactors. This drawback has been hindering the commercialisation of this idea.

A new route has been proposed, which is called ”Dynamic Electrochemical Promotion of Catalysis (𝐷𝐸𝑃𝑂𝐶)”.
The difference between 𝐸𝑃𝑂𝐶 and 𝐷𝐸𝑃𝑂𝐶 comes from the dynamic operation of the system. In 𝐷𝐸𝑃𝑂𝐶,
the current or the potential over the catalyst is varied periodically at different frequencies, symmetries and
amplitudes of the wave-forms. This periodic modification is expected to have a role on selectivity of products
and reaction rate.

The main application that is considered for this mechanism is the Fischer-Tropsch (𝐹𝑇) reaction. It is a
polymerization process which leads to hydrogenation of carbon monoxide forming liquid hydrocarbons. Con-
trolling the selectivity of this reaction is hard, and normally a wide distribution of carbon chain lengths are
obtained. With periodic application of voltage on the 𝐷𝐸𝑃𝑂𝐶 catalyst, it is expected to be able to control the
selectivity of the reactionit is expected to be able to control the selectivity of the reaction or in other words
the product distribution of the reaction.

In this thesis, the 𝐷𝐸𝑃𝑂𝐶 effect will be mainly studied from a theoretical perspective. First, the 𝐸𝑃𝑂𝐶 phe-
nomenon will be analysed and the theory will be extended to the 𝐷𝐸𝑃𝑂𝐶 effect. The study will be based on
understanding the thermodynamics and the kinetics of these mechanisms. Lastly, a conceptual reactor design
approach will be studied for the process.

Shrinjay Sharma
Delft, August 2020
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Chapter 1

Introduction

1.1 Background

𝐶𝑂ኼ level in the atmosphere is rising at an alarming rate, which is one of the prime cause for global warming.
Consequently, it has led to increase in temperature, melting of ice, rising sea levels and has become a threat
to the entire ecosystem. As per the latest reports from 𝑀𝑎𝑢𝑛𝑎 𝐿𝑜𝑎 𝑂𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑜𝑟𝑦, at present, 𝐶𝑂ኼ level has
increased to around 420 ppm¹. The trend has been ever increasing which can be seen from fig: 1.1. Because of
the rising concerns with 𝐶𝑂ኼ emissions from industries, its capture, storage and utilisation has been studied
for several decades by different research groups. With the passage of time, it has also started to attract the
attention of the industries.

Figure 1.1: Increase in atmospheric CO2 content in the atmosphere.

𝐶𝑂ኼ capture ismainly done through post combustion capture, oxy-fuel combustion capture and pre-combustion
capture. Post combustion capture can be done through separation processes. 𝐶𝑂ኼ is separated from flue gases
or other sources by adsorption, absorption, membrane separation processes, or using gas hydrate technologies
[1]. In oxy-fuel combustion, oxygen is used instead of air for the purpose of combustion [2].The flue gas con-
tains mainly 𝐶𝑂ኼ and 𝐻ኼ𝑂. The latter can be separated through condensation. In pre-combustion capture, fuel
is partially oxidised to 𝐶𝑂 and 𝐻ኼ and then the produced 𝐶𝑂 is oxidised with steam to form 𝐶𝑂ኼ [3]. Direct Air
Capture is another way of capturing 𝐶𝑂ኼ. It is done by separating 𝐶𝑂ኼ from ambient air rather than capturing
from sources like industry effluents, biomass power plants, or cement factories [4]. Storage of captured 𝐶𝑂ኼ
in large geological formations is called sequestration [5]. It is stored in the form of mineral carbonates.

Another attractive option is to convert the captured 𝐶𝑂ኼ to methanol [6] or other synthetic fuels via hydro-
genation. One of the ways to produce these hydrocarbons is through electrolysis. Aqueous phase electrolysis
performed at room temperature can produce a range of different hydrocarbons depending on the conditions
and the type of catalysts used [7]. 𝐶𝑂ኼ can also be used in high temperature electrolysis in a solid oxide cell
[8]. But in solid oxide electrolysis 𝐶𝑂 is the only product. Therefore, a second step will be required to convert

¹https://www.esrl.noaa.gov/gmd/ccgg/trends/
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it into synthetic fuels. Fischer Tropsch reaction could be a possible down-stream process in this regard [9].
Electrochemical reduction of 𝐶𝑂ኼ is an interdisciplinary topic which has been researched to a great extent. Still
more to be done in this field. The research on 𝐶𝑂ኼ reduction encompasses a broad spectrum of scales from
molecular level (𝑛𝑚 scale) to the plant level (𝑘𝑚 scale). Figure: 1.2 shows different scales at which research
on 𝐶𝑂ኼ reduction is done ². It also includes the number of papers published at each scale.

Figure 1.2: Research on ፂፎᎴ reduction at different scales.

Alternate methods for producing synthetic fuels or hydrocarbons has become necessary as fossil-based re-
sources or oil reserves are depleting [10] . This gives another reason to focus on Fischer-Tropsch (𝐹𝑇) which
can produce hydrocarbons through polymerisation process. It is a 𝐶𝑂 hydrogenation process. Traditionally 𝐶𝑂
is obtained from natural gas , biomass or coal gasification [10]. As stated above, 𝐶𝑂 can be produced through
𝐶𝑂ኼ electrolysis. Co-electrolysis is another option in which both 𝐶𝑂 and 𝐻ኼ can be produced simultaneously
which can be used in downstream processes like the 𝐹𝑇 [11]. Apart from the ability to simultaneously produce
𝐶𝑂 and 𝐻ኼ, co- electrolysis operates at a lower input potential than 𝐶𝑂ኼ electrolysis.

Fischer Tropsch reaction is known to have a broad product distribution. Therefore, selectivity is one of the
major issues with this reaction. Operating conditions like temperature and feed ratio, do affect the selectivity
[12]. Apart from which, the role of catalysts and promoters is also very crucial on selectivity [13].

1.2 Catalysis
Catalysts are substances which are used in the reactions either to accelerate the process, modify the outcome
of the reaction or both without themselves getting consumed. Catalysis can be both homogeneous and het-
erogeneous. Homogeneous catalysts are those which are in the same phase as the reactants and products,
whereas heterogeneous catalysts are those which are in a phase different from the reactants and the products.
Heterogeneous catalysts are more commonly used. Out of innumerable reactions, few industrial examples
are Iron-Chromium or Copper-Zinc as a catalyst for water gas shift reaction [14], Iron oxides on Alumina for
Haber Bosch Process [15], Nickel for steam reforming of Methane [16], etc.

Electrocatalysts are those which participate in an electrochemical reaction by assisting the transfer of elec-
trons between the electrode and the reactants. These catalysts can also be categorised as homogeneous (e.g.,
coordination complex or enzyme) [17] and heterogeneous (e.g., platinum, copper) [18], [7].

According to the Sabatier principle, ”In order to have high catalytic activity, the interaction between reac-
tants and catalysts should neither be too strong nor too weak. If the interaction is too weak, then there will be
no reaction on the surface as it will be difficult for catalytic surfaces to bind the reactants. If the interaction
is too strong, then the products will not readily desorb from the catalytic surface, lowering the activity of the
surface” [19]. This principle can be described by volcanic plots between the bond strength and reaction rate.

²By courtesy of Tom Burdyny, Assistant Professor, Materials for Energy Conversion and Storage group, Department of Chemical Engi-
neering, TU Delft
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Catalysts which lie in the vicinity of the volcano peak are optimum for the given reaction [20]. Figure: 1.3
shows a typical volcanic plot between the reaction rate and surface binding energies.

Figure 1.3: Sabatier’s Volcano Plot.

Often promoters are added to the catalyst for further improvement in activity or selectivity of the reaction.
Promoters modify the intrinsic kinetics of the reaction and also the adsorption strength of the reactants [21].
Promoters can be added via classical promotion or metal support interaction. Another novel way of adding
promoter ions to the catalyst surface is through electrochemical promotion of catalysis. Similarities and dif-
ferences among the three techniques will be discussed in subsection: 2.1.6 in Chapter: 2.

Figure 1.4: Sodium ion as promoter in an ፄፏፎፂ cell for a hypothetical reaction ፀ ዄ ፁ → ፏ.

1.3 Electrochemical Promotion of Catalysis
Electrochemical Promotion of Catalysis (𝐸𝑃𝑂𝐶) is a method for enhancing a catalytic reaction by modifying
the surface properties of the catalyst through the application of a small amount of current or interfacial poten-
tial [21]. It is mainly performed in a solid oxide fuel cell type reactor cell. When there is a potential difference
between the catalyst and the counter electrode, then the electrochemically generated ions are transported to
the catalyst surface and back-spillover of these ions take place on the surface [22]. Both anions and cations
can be used as promoters.
This phenomenon was first discovered by 𝑀. 𝑆𝑡𝑜𝑢𝑘𝑖𝑑𝑒𝑠 and 𝐶. 𝑉𝑎𝑦𝑒𝑛𝑎𝑠 in the early 1980s [21]. It can in-
crease the catalytic rate by 10ኻ to 10኿ times compared to the electrochemically generated ions which obey
𝐹𝑎𝑟𝑎𝑑𝑎𝑦ᖣ𝑠 law [21]. Therefore, the process is no longer faradaic. Thus, it is also known as ”Non Faradaic
Modification of Catalytic Activity”. This effect has been tested on a wide variety of reactions [22].

A double layer is formed by the adsorbed promoters which modify the work function of the catalyst surface
[22]. Figure: 1.4 shows the double layer formed by the 𝑁𝑎 atoms adsorbed on the catalyst surface. Further,
interaction of the reactants of a given reaction with this catalyst surface changes their respective adsorption
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strength. Consequently, the change in the adsorption strengths will influence the reaction rate [23]. Apart
from adsorption, the transition state of the surface reactions and the desorption of the products can also ex-
perience the effect of this double layer [23].

Solid state reactors are commonly used for studying this effect. Commonly studied reactions are 𝐶𝑂 oxidation
[24], 𝐸𝑡ℎ𝑦𝑙𝑒𝑛𝑒 oxidation [25], 𝑁𝑂 reduction [26]. Apart from solid state reactors, aqueous phase or liquid
electrolyte based reactors are also investigated. 𝐻ኼ oxidation [27], [28] and 𝐶𝑂ኼ reduction on 𝑃𝑎𝑙𝑙𝑎𝑑𝑖𝑢𝑚
based gas diffusion electrodes [29] are two of the few examples. 𝑁𝐸𝑀𝐶𝐴 in aqueous phase reactors do not
require back spill over of ions on the catalyst surface [21]. The transport of ions take place in a similar way to
that of aqueous phase electrochemical reactions. The research is not extensively done as in solid state devices
and also there is lack of theoretical studies done on the effect of 𝐸𝑃𝑂𝐶 in reactions performed in aqueous
phase or liquid electrolyte based reactors.

The study of 𝐸𝑃𝑂𝐶 has been done in steady and transient state [30]. But no study has been found in the
literature on the periodic application of the 𝐸𝑃𝑂𝐶 effect evaluating the frequency, amplitudes and the sym-
metry of the input potential waveforms. One of the major motivations for periodic operation lies in its kinetics
[31]. Improving the selectivity is one of the main goals for which periodic operations are performed. Moreover,
the demand for renewable energy is increasing but it has an intermittent nature. Therefore, dynamic operation
of processes can play a major role in the future and studying periodic operation can be a step in understanding
the effects of dynamic operation on different processes.

1.4 Periodic Operation

(a) Duty Cycle-30%
(b) Duty Cycle-50%

(c) Duty Cycle-70%

Figure 1.5: Square Wave forms with different Duty Cycles.

Periodic operation is done to enhance the performance of the catalytic reactor in terms of reactant conversion,
selectivity of product, catalyst activity maintenance, longer catalyst life, higher product recovery, prevention
of thermal runaway, etc. Improvement on such grounds due to periodic operation can contribute in reducing
capital and operating costs [32]. Different input parameters can be varied periodically. Flow reversal, varia-
tion in feed composition, temperature and pressure variations, etc are some ways to introduce periodicity to
a process [32].
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Pulsating flow techniques can be used to overcomemass transport limitations in chemical processes. Lowmass
transfer of the reactants towards the catalytically active surface is one of the major drawbacks of the electro-
chemical processes. 𝐺𝑎𝑙𝑙𝑒𝑛𝑡 𝑒𝑡 𝑎𝑙 studied the effect of pulsating flow on the oxidation of 1,2-propanediol to
lactic acid and pyruvic acid [33]. On application of pulsation to the flow, they reported increased production
of lactic acid. Periodic operations are also used for industrial applications like pressure swing adsorber for
separation process, pulsed electroplating, etc. Pulsed electroplting or deposition is a process where the thick-
ness and the composition of the deposited metal coatings or films are controlled by the alternate application
of current [34].

Various waveforms like square, sinusoidal, saw tooth and triangular type are used to create pulsation of input
parameters. Effect of pulsation depends on its waveform, amplitude, frequency of the periodicity and duty
fraction. Duty fraction or symmetry of a cycle is defined as the ratio between the pulse duration and the time
period of the wave form. Fig: 1.5 shows square wave forms with different duty cycles. Optimal choice of these
parameters can have a positive effect on the process over its steady state counterpart. For a periodic operation,
the choice of the time period is important. It depends on the important time scales of the concerned process.
For example, in a reaction, the time scale for reactant adsorption, surface reaction, product desorption and
diffusion of reactants and products inside the reactor have to be considered.

Application of pulsed potential or current on electrolysis has been researched for improvement in selectiv-
ity of products or enhancement in reaction rate. Common reactions found in literature are electroreduction
of nitrobenzene, phenol oxidation and water electrolysis. 𝐹𝑒𝑑𝑘𝑖𝑤 and 𝑆𝑐𝑜𝑡𝑡 have reviewed the role of pulse
electrolysis on the selectivity of electro-organic reactions [35]. 𝐹𝑒𝑑𝑘𝑖𝑤 and 𝐶ℎ𝑎𝑜 reported the selectivity of
the electroreduction of nitrobenzene [36]. Electroreduction of Nitrobenzene forms an intermediate Phenyl-
hydroxylamine (𝑃𝐻𝐴) which can further form Aniline, electrochemically and p-Aminophenol chemically [36].
The authors have shown that the use of suitable waveform and controlling the frequency of the pulses could
have an impact on the selectivity of the 𝑃𝐻𝐴. 𝑅𝑒𝑖𝑡𝑖𝑙𝑖𝑛𝑔𝑒𝑟 has shown the selectivity of oxidation of ethyl alco-
hol towards acetaldehyde [37]. Further oxidation towards acetic acid was suppressed due to the application of
alternating current. In these electro organic reactions, selectivity could be modified because the intermediates
and the products have different kind of interactions with the applied potential.

Figure 1.6: Variation of Average turn over frequency with frequency of oscillations of binding energy for hypothetical reaction (ፀ → ፁ).

Periodicity in operating conditions like feed ratio (𝐻ኼ ∶ 𝐶𝑂 𝑟𝑎𝑡𝑖𝑜) and temperature were also studied on 𝐹𝑇
reaction. A discussion on this topic has been done in section: 2.2.5 in Chapter: 2. Another important discovery
related to periodic study is the catalytic resonance. 𝐴𝑟𝑑𝑎𝑔ℎ 𝑒𝑡 𝑎𝑙 showed that if the binding energy of the
catalyst is oscillated between two energy states, its productivity can go beyond the Sabatier optimum [38]. The
maximum productivity or the turnover frequency is reached when the frequency of the oscillations resonates
with the natural frequency of the chemical kinetics. This phenomenon is called catalytic resonance. Figure:
1.6 shows the resonance phenomenon for a hypothetical reaction (𝐴 → 𝐵) produced by 𝐴𝑟𝑑𝑎𝑔ℎ 𝑒𝑡 𝑎𝑙 [38].
Using catalytic resonance theory, 𝐴𝑟𝑑𝑎𝑔ℎ 𝑒𝑡 𝑎𝑙 also showed that selectivity of parallel reactions (𝐴 → 𝐵 &
𝐴 → 𝐶) can be tuned towards one of the products which is not possible at steady state operation [39].
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1.5 ResearchQuestions

𝐹𝑇 reaction is known to produce a wide distribution of products. Narrowing down the product range is one of
the major challenges of the reaction. Methane and heavy wax can have 100% selectivity with extreme cases of
low and high probability for the growth of the carbon chains as shown in figure: 1.7 [40]. But middle distillates
are always accompanied bymethane andwax formations. Therefore, this challengemakes it interesting to look
for ways to improve the selectivity of the reaction. Influence of 𝐸𝑃𝑂𝐶 on selectivity of reactions has already
been studied. There are experimental studies on understanding the effect of promoter ions on the selectivity
of 𝑁𝑂፱ reduction using 𝐶𝑂 or 𝐶ኽ𝐻ዀ [26], 𝐶𝑂ኼ hydrogenation [41], etc. Also, the effect of electrochemical
promotion on 𝐹𝑇 reaction has been studied experimentally to understand its role on reaction rate and product
selectivity. But so far no theoretical study on the effect of 𝐸𝑃𝑂𝐶 on 𝐹𝑇 has been done. Also, the influence of
periodic application of the promotion effect on 𝐹𝑇 reaction has not been studied yet.

Figure 1.7: Variation of weight fractions of different lengths of carbon chains as a function of chain growth probability.

Based on these ideas, the following questions have been addressed in this thesis.

• What modifications are necessary on the existing equations to study 𝐹𝑇 reaction in order to capture the
influence of the electrochemically generated promoters on the process?

• What difference can be observed in the selectivity and productivity of the 𝐹𝑇 reaction due to the periodic
application of the promotional effect over steady state application?

• What are the important factors to be considered while designing a reactor for electrochemically pro-
moted 𝐹𝑇 reaction?

To find the answers of the above questions, the study has been carried out in three phases:

• Understanding the effect of 𝐸𝑃𝑂𝐶 on 𝐹𝑇 via theoretical modelling and compare the results with those
obtained through experiments in literature. The aim is to implement the existing equations used in the
study of the 𝐹𝑇 process with necessary modifications to capture the 𝐸𝑃𝑂𝐶 effect.

• Study the impact of periodic application of electric potential on the 𝐹𝑇 reaction.

• Exploring the reactor design concepts for scaling up of such systems.

1.6 Modelling Approach

The study has been carried out theoretically using various modelling approaches. Firstly, the effect of 𝐸𝑃𝑂𝐶
on 𝐹𝑇 has been studied using analytical or semi empirical equations. Modifications to these existing equations
have been made so that the they can account the effect of the applied potential on the reaction. Further, plug
flow continuously stirred tank reactor (𝐶𝑆𝑇𝑅) model has been created to understand the effect of periodic
application of potential. Lastly, one dimensional steady state plug flow reactor has been used to study the
performance of the process inside an 𝑆𝑂𝐹𝐶 type reactor.
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1.7 Thesis Outline
This section gives a short glimpse about the content present in each chapter.

Ch:2 briefly outlines the research carried out in the past on Electrochemical Promotion of Catalysis and Fis-
cher Tropsch reaction.

Ch:3 describes the modelling approaches adopted to study the phenomenon. It includes zero dimensional
models which are mostly based on semi-empirical or analytical expressions. Also, one dimensional models
were created based on ordinary differential equations to study the periodic operation and reactor concepts.

Ch:4 includes the results and discussions obtained based on the modelling approaches discussed on 3.

Ch:5 concludes the important findings through this study and talks about the prospects this topic carries
for future research.





Chapter 2

Literature Review

2.1 Electrochemical Promotion of Catalysis

As defined in Chapter:1, electrochemical promotion of catalysis (𝐸𝑃𝑂𝐶) modifies the catalyst surface through
the back spillover of electrochemically generated ions which brings a change to the reaction taking place on
the surface. After the discovery of 𝐸𝑃𝑂𝐶 , a significant number of reactions have been studied till date [21].
Improvement in reaction rate compared to the case without the application of potential or current was reported
almost in most of the cases [22]. In other words, improvement in the reaction rate could be seen due to the
presence of electrochemically generated promoters . Reactions with more than one product also experienced
shift in selectivity based on the nature of the promoter ions [26]. Many of these reactions have been reported
by 𝑉𝑎𝑦𝑒𝑛𝑎𝑠 et al [22]. Common examples are methane oxidation [42], ethylene oxidation [25], 𝑁𝑂 reduction
by 𝐶𝑂 and 𝐶ኽ𝐻ዀ [26], 𝐶𝑂 oxidation [24], 𝐶𝑂ኼ hydrogenation [43]. The reactions were modified using different
kinds of promoters, both of anionic and cationic nature. Accordingly, the catalyst material and the electrolytes
were also varied.

The improvement in reaction rate in majority of the reactions shows that 𝐸𝑃𝑂𝐶 phenomenon is not spe-
cific to a particular type of reaction or an electrode-electrolyte system [21]. Rather, it is a generic concept. The
subsequent sections deal with the theoretical understanding of the 𝐸𝑃𝑂𝐶 phenomenon in terms of thermo-
dynamics, kinetics and the commonly used definitions in this field. It also includes previously done work on
understanding the theoretical basis of this phenomenon.

(a) Anion

(b) Cation

Figure 2.1: Anionic and Cationic transport of ions to the catalyst surface.

9
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2.1.1 Thermodynamics
Efforts on understanding from the theoretical perspective were made by several groups in the past. 𝐵𝑟𝑜𝑠𝑑𝑎
and 𝑉𝑎𝑦𝑒𝑛𝑎𝑠 explained the general theory based on electrostatics [23]. It included the effect of double layer
formed over the catalyst surface which modifies the adsorption of the reactants, desorption of products and
surface reactions. Figure: 2.1 shows the transport of the ions from the electrolyte to the catalyst surface. It
includes the cases for both anion and cation. Anions move towards the catalyst when it is positively polarised
and cations move towards it when it is negatively polarised.

There is a strong effect of electrostatics in 𝐸𝑃𝑂𝐶 [22]. The back-spillover ions on the catalyst surface form an
electrically neutral double layer (𝑒.𝑔., 𝑁𝑎᎑ዄ − 𝛿ዅ). Reactions taking place for 𝑂ኼዅ and 𝑁𝑎ዄ ions as promoters
on reaching the catalyst surface are shown below [21].

𝑂ኼዅ(𝑌𝑆𝑍) → (𝑂᎑ዅ − 𝛿 + +2𝑒ዅ)
𝑁𝑎ዄ(𝛽”𝐴𝑙ኼ𝑂ኽ) + 𝑒ዅ → (𝑁𝑎᎑ዄ − 𝛿−)

Apart from these reactions, the ions may also get consumed at the triple phase boundary between the catalyst,
electrolyte and the gas phase. For example, in case of 𝑂ኼዅ, 𝑂ኼ molecules might form or even 𝑂ኼዅ ion can react
with the reactants of the given heterogeneous reaction [21]. The metal surface develops equal and opposite
charge to that of the ions to induce electroneutrality. Effectively, this leads to the formation of dipoles on the
catalyst surface [22]. Figure: 2.2 shows the back-spillover of 𝑁𝑎ዄ ions on the catalyst surface. The generated
electric field changes the work function of the catalyst [22]. Such a modification has an impact on the activa-
tion energy of the reactantmolecules. It weakens the bond strength of certainmolecules on the catalyst surface
whereas it is strengthened for the others [23]. Depending on the operating conditions, the overall reaction rate
can increase tremendously compared to its original reaction rate for the same active catalyst area. The reac-
tion takes place at a much higher rate than that of the electrochemically generated promoter ions [21]. Thus,
the process is not faradaic and hence, the name non-faradaic electrochemical modification of catalytic activity.

Figure 2.2: Back-spillover of ፍፚᎼ ions on the catalyst surface.

𝑉𝑎𝑦𝑒𝑛𝑎𝑠 and 𝑇𝑠𝑖𝑝𝑙𝑎𝑘𝑖𝑑𝑒𝑠 [44] has stated that the change in work function is approximately proportional
to the change in the catalyst potential relative to the reference electrode . 𝑀𝑒𝑡𝑐𝑎𝑙𝑓𝑒 also showed from ther-
modynamic considerations that the change in work function of the catalyst is equivalent to the overpotentials
on the catalyst surface [45]. 𝐿𝑒𝑖𝑣𝑎 considered position dependent electric field and by solving the Poisson’s
equation, concluded that there is a linear relationship between work function and applied overpotential [46].
Even calculations using rigorous quantum mechanical theory showed similar behaviour [47]. Equation: 2.1
shows the relationship between the change in the work function and the applied overpotential [44].

Δ𝜑 = 𝑒 ⋅ Δ𝑉ፖፑ (2.1)

Equation: 2.1 is valid only when the transfer of the promoter ions is faster than their desorption or catalytic
consumption. Otherwise deviations can be observed from this equation. Amore generalised equation is shown
below: [22]

𝑒 ⋅ Δ𝑉ፖፑ = Δ𝜑 + Δ𝜓 (2.2)

𝑤ℎ𝑒𝑟𝑒,

Δ𝜓 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑜𝑢𝑡𝑒𝑟 𝑉𝑜𝑙𝑡𝑎 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑜𝑓 𝑡ℎ𝑒 𝑚𝑒𝑡𝑎𝑙 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡, [𝑒𝑉]

Δ𝜓 is equal to zero when there is no net surface charge available on the metal, i.e.,the case in the presence of
the electrically neutral double layer.
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The change in work function modifies the enthalpy of the adsorbates. The change in the enthalpy as a function
of the change in work-function is shown mathematically by equation: 2.3 [22]. It is calculated based on the
assumption that only electrostatic effect is responsible for the modifications.

Δ𝐻 = 𝜆፣ ⋅ Δ𝜑 (2.3)

𝑤ℎ𝑒𝑟𝑒,

𝜆፣ = 𝐶ℎ𝑎𝑟𝑔𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑗
Δ𝜑 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑤𝑜𝑟𝑘 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛

2.1.2 Promotional Rules

There are four main types of reactions based on the adsorption strength of different reacting molecules [22].
For simplicity, a reaction consisting of an acceptor and a donor is considered and assuming, the following
reaction takes place:

𝐴 + 𝐷 → 𝑃

Here, 𝐴 stands for acceptor, 𝐷 stands for donor and 𝑃 stands for Product.

a) Electrophobic Reaction
An electrophobic reaction is the one whose kinetics are in positive order for donor and negative or zero order
for acceptor. The reaction rate for such reactions increases with increase in work function (𝜑) or applied po-
tential as shown in equation: 2.4 [22]. This is also depicted in fig: 2.3. Alternatively, it can be stated that if
𝑘ፀ ⋅ 𝑃ፀ >> 1 and 𝑘ፀ ⋅ 𝑃ፀ >> 𝑘ፃ 𝑃ፃ , [22] the reaction is called electrophobic. 𝑘ፀ and 𝑘ፃ are the adsorption
equilibrium constants for 𝐴 and 𝐷 respectively and 𝑃ፀ and 𝑃ፃ are their partial pressures. This means that the
acceptor molecules strongly adsorb on the catalyst surface. Whereas, the donor atoms are weakly adsorbed
to the catalyst surface.

( 𝜕𝑟
𝜕𝜑 )ፏᐸ ፏᐻ > 0 (2.4)

Figure 2.3: Electrophobic

b) Electrophilic Reaction
It is the exact reverse of the electrophobic reaction. Here, the kinetics of the acceptor molecule is positive order
and for the donor molecule, it is negative or zero order. The reaction rate of electrophilic reactions decreases
with increase in potential or work function (𝜑) as shown in equation: 2.5 [22]. and fig: 2.4. It can also be said
that if 𝑘ፃ ⋅ 𝑃ፃ >> 1 and 𝑘ፀ ⋅ 𝑃ፀ << 𝑘ፃ 𝑃ፃ , [22] then the reaction is called electrophilic. This means that the
acceptor molecules weakly adsorb on the catalyst surface. Whereas, the donor atoms are strongly adsorbed
to the catalyst surface.

( 𝜕𝑟
𝜕𝜑 )ፏᐸ ፏᐻ < 0 (2.5)
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Figure 2.4: Electrophilic

c) Volcanic Reaction
If both acceptor and donor are strongly adsorbed 𝑘ፃ ⋅ 𝑃ፃ , 𝑘ፀ ⋅ 𝑃ፀ >> 1 to the catalyst surface, then the type
of the reaction is volcanic [22]. It is a combination of both electrophobic and electrophilic reactions. Initially,
the reaction exhibits electrophobic behaviour which means increasing the voltage increases the reaction rate.
It reaches a maximum and then starts decreasing with further increment in applied potential (electrophilic
behaviour). Mathematically, it is described by equations: 2.6 [22]. Figure: 2.5 shows the variation in reaction
rate with the applied potential.

( 𝜕𝑟
𝜕𝜑 )ፏᐸ ፏᐻ > 0, 𝜑 < 𝜑፦ፚ፱ (2.6a)

( 𝜕𝑟
𝜕𝜑 )ፏᐸ ፏᐻ = 0, 𝜑 = 𝜑፦ፚ፱ (2.6b)

( 𝜕𝑟
𝜕𝜑 )ፏᐸ ፏᐻ < 0, 𝜑 > 𝜑፦ፚ፱ (2.6c)

Figure 2.5: Volcano

d) Inverted Volcanic Reaction
If both acceptor and donor are weakly adsorbed 𝑘ፃ ⋅ 𝑃ፃ , 𝑘ፀ ⋅ 𝑃ፀ << 1 to the catalyst surface, then the
reaction type is inverted volcanic type [22]. Initially, the reaction exhibits electrophilic behaviour. Thus, at
first, increasing the voltage decreases the reaction rate. It reaches a minimum and then starts increasing with
further increment in applied potential. Mathematically, it is described by equation: 2.7 [22]. The change in
reaction rate with applied potential is depicted in fig: 2.6.

( 𝜕𝑟
𝜕𝜑 )ፏᐸ ፏᐻ < 0, 𝜑 < 𝜑፦።፧ (2.7a)

( 𝜕𝑟
𝜕𝜑 )ፏᐸ ፏᐻ = 0, 𝜑 = 𝜑፦።፧ (2.7b)

( 𝜕𝑟
𝜕𝜑 )ፏᐸ ፏᐻ > 0, 𝜑 > 𝜑፦።፧ (2.7c)
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Figure 2.6: Inverted Volcano

Here, 𝜑 is the work function of the catalyst. 𝜑፦ፚ፱ is the work function at maximum reaction rate used in
equations: 2.6 and 𝜑፦።፧ is the work function at the minimum reaction rate which is shown in equations: 2.7.

2.1.3 Reaction Kinetics

Modifications in reaction rates due to 𝐸𝑃𝑂𝐶 can be modelled using different kinetic expressions. Existing
models with modifications in adsorption, surface reaction and desorption can qualitatively or semi quanti-
tatively capture the phenomenon [23]. 𝐵𝑟𝑜𝑠𝑑𝑎 and 𝑉𝑎𝑦𝑒𝑛𝑎𝑠 extensively derived kinetic expressions based
on 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 𝐻𝑖𝑛𝑠ℎ𝑒𝑙𝑤𝑜𝑜𝑑 𝐻𝑜𝑢𝑔𝑒𝑛 𝑊𝑎𝑡𝑠𝑜𝑛 (𝐿𝐻𝐻𝑊) theory [23]. Expressions were derived for a series
of hypothetical reactions ranging from monomolecular to bimolecular. Further, the kinetic expressions were
tested for actual reactions like 𝐶𝑂 oxidation on Pt deposited on 𝛽” − 𝐴𝑙ኼ𝑂ኽ. The experimental results and the
modelling showed similar volcanic plot of reaction rate with respect to the catalyst potential [23].𝑀𝑒𝑡𝑐𝑎𝑙𝑓𝑒
[48] used transition state theory to predict the modified reaction rate and came to similar conclusion as
𝐵𝑟𝑜𝑠𝑑𝑎 and 𝑉𝑎𝑦𝑒𝑛𝑎𝑠 [23]. 𝐵𝑟𝑜𝑠𝑑𝑎 and 𝑉𝑎𝑦𝑒𝑛𝑎𝑠 also showed that other kinetic models like 𝐹𝑟𝑢𝑚𝑘𝑖𝑛
or 𝐹𝑜𝑤𝑙𝑒𝑟 𝐺𝑢𝑔𝑔𝑒𝑛ℎ𝑒𝑖𝑚 models are more complex and can land into mathematically intractable expressions
[23]. Equations: 2.8 and 2.9 shown below provides the comparison between kinetic expressions for a general
heterogenous reaction (𝐴 + 𝐷 → 𝑃) with its electrochemically promoted counter part. These expressions are
based on 𝐿𝐻𝐻𝑊 kinetics.

Heterogeneous [23]:

𝑟ኺ = 𝑘ኺ
፫

𝑘ኺ
ፀ𝑃ፀ 𝑘ኺ

ፃ𝑃ፃ
(1 + 𝑘ኺፀ𝑃ፀ + 𝑘ኺፃ𝑃ፃ)ኼ (2.8)

𝑤ℎ𝑒𝑟𝑒,

𝑘ኺ
፫ = 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

𝑃ፀ/ፃ = 𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒𝑠 𝑜𝑓 𝐴 𝑎𝑛𝑑 𝐷
𝑘ኺ

ፀ/ፃ = 𝑅𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠 𝑓𝑜𝑟 𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝐴 𝑎𝑛𝑑 𝐷
𝐴 = 𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟

𝐷 = 𝐷𝑜𝑛𝑜𝑟

Electrochemically Promoted [23]:

𝑟 = 𝑘ኺ
፫ 𝑒𝑥𝑝(𝜆፫Π) 𝑘ኺ

ፀ𝑃ፀ 𝑒𝑥𝑝(𝜆ፀΠ) 𝑘ኺ
ፃ𝑃ፃ 𝑒𝑥𝑝(𝜆ፃΠ)

(1 + 𝑘ኺፀ𝑃ፀ 𝑒𝑥𝑝(𝜆ፀΠ) + 𝑘ኺፃ𝑃ፃ 𝑒𝑥𝑝(𝜆ፃΠ))ኼ (2.9)
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𝑤ℎ𝑒𝑟𝑒,

Π = 𝑁𝑜𝑛 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑎𝑙 𝑃𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙
𝜆ፀ/ፃ = 𝐶ℎ𝑎𝑟𝑔𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝐴 𝑜𝑟 𝐷

𝜆፫ = 𝐶ℎ𝑎𝑟𝑔𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑠𝑡𝑎𝑡𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

Non-dimensional potential Π can be calculated as follows:

Π = 𝑒Δ𝑉
𝑘፛𝑇

Equation: 2.9 is similar to equation: 2.8, except it has two additional terms, 𝑒𝑥𝑝(𝜆ፀ Π) and 𝑒𝑥𝑝(𝜆ፃ Π). These
are multiplied to the partial pressures of reactants 𝐴 and 𝐷 respectively to account for the change in their
adsorption strength. Equation: 2.9 is valid for electrophobic, electrophilic and volcanic type of reactions. For
inverted volcanic type, equation: 2.9 is modified as follows [23]:

𝑟 = 𝑘ኺ
፫ exp(𝜆፫Π) 𝑘ኺ

ፀ𝑃ፀ𝑒𝑥𝑝(𝑚𝑎𝑥(0, 𝜆ፀΠ)) 𝑘ኺ
ፃ𝑃ፃ𝑒𝑥𝑝(𝑚𝑎𝑥(0, 𝜆ፃΠ))

1 + 𝑘ኺፀ𝑃ፀ𝑒𝑥𝑝(𝑚𝑎𝑥(0, 𝜆ፀΠ)) + 𝑘ኺፃ𝑃ፃ𝑒𝑥𝑝(𝑚𝑎𝑥(0, 𝜆ፃΠ)) (2.10)

2.1.4 Commonly Used Terms
Terms common to the 𝐸𝑃𝑂𝐶 phenomenon are as follows:

NEMCA Time Constant (𝜏): It is the magnitude of time required for the reaction rate to reach 63 % of the
maximum steady state value induced by 𝐸𝑃𝑂𝐶 . It is given by equation: 2.11b [21].

𝑟 = 𝑟፦ፚ፱ (1 − exp (− 𝑡
𝜏 )) (2.11a)

𝜏 = 2𝑁ፆ𝐹
𝐼 (2.11b)

Faradaic Efficiency (∧): Faradaic Efficiency or Enhancement factor is defined in equation: 2.12 [21]. It is the
ratio of the change in the reaction rate due to 𝐸𝑃𝑂𝐶 and the rate of generation of promoter ions which follow
the 𝐹𝑎𝑟𝑎𝑑𝑎𝑦ᖣ𝑠 law of electrolysis. In order to observe 𝐸𝑃𝑂𝐶 effect, Faradaic Efficiency should be greater
than 1.

∧ = Δ𝑟
ፈ

፧ ፅ
(2.12)

Empirically, it was found that, Faradaic efficiency is dependent on the ratio of the unpromoted reaction rate
and the faradaic generation of ions [21].

∧ ≈ 𝑛 𝐹 𝑟፨
𝐼 (2.13)

Rate Enhancement Ratio (𝜌): It is the ratio of reaction rate in promoted and that in unpromoted state. It is
defined in equation: 2.14 [21].

𝜌 = 𝑟
𝑟፨

(2.14)

Promotional Index (𝑃𝐼፩): The promotional propensity of the promoter, 𝑃𝐼፩ can be quantified as in equation:
2.15. If this value is negative then the promoter ion is actually acting as a poison on the surface [21].

𝑃𝐼፩ = Δ𝑟
𝑟፨Δ𝜃፩

(2.15)
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If 𝑃𝐼፩>0, then the ion acts as a promoter and on the other hand, if 𝑃𝐼፩<0, it is a poison for the reaction.

Nomenclature for the terms used in the above equations in this subsection: 2.1.4 are given below:

𝑟 = 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
𝑟፦ፚ፱ = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑑𝑢𝑒 𝑡𝑜 𝐸𝑃𝑂𝐶

𝑁ፆ = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡, [𝑚𝑜𝑙𝑒𝑠/𝑚ኼ]
𝐹 = 𝐹𝑎𝑟𝑎𝑑𝑎𝑦ᖣ𝑠 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, [𝐶/𝑚𝑜𝑙]

𝐼 = 𝐶𝑢𝑟𝑟𝑒𝑛𝑡, [𝐴]
Δ𝑟 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑟፨ = 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑢𝑛𝑝𝑟𝑜𝑚𝑜𝑡𝑒𝑑 𝑠𝑡𝑎𝑡𝑒
𝑛 = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑠ℎ𝑎𝑟𝑒𝑑 𝑑𝑢𝑟𝑖𝑛𝑔 𝑡ℎ𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑚𝑜𝑡𝑒𝑟

Δ𝜃፩ = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑚𝑜𝑡𝑒𝑟 𝑖𝑜𝑛𝑠

2.1.5 Promoter Ions

Promoters are added to the catalyst in order to improve the activity, selectivity, stability and lifetime of the
catalyst. Promotion of Ammonia synthesis using 𝐾 on 𝐹𝑒 catalyst is one of the examples, where promoters
have been successfully used in commercial reactions [49].

Promoters are divided broadly into structural and electronic types [21]. As an example, ammonia synthe-
sis on 𝐹𝑒 catalyst can be considered again. 𝐴𝑙ኼ𝑂ኽ and 𝐾ኼ𝑂 are the two additives added to the Fe catalyst
for ammonia synthesis. 𝐴𝑙ኼ𝑂ኽ acts as the structural promoter which improves the stability of the catalyst
and increase the surface area of 𝐹𝑒 by preventing crystal growth or agglomeration of 𝐹𝑒 [21]. Whereas, 𝐾ኼ𝑂
offers electronic type of promotion due to the presence of 𝐾ዄ ions [21]. Promoters are known to modify the
chemisorption properties of the co-adsorbed reactants. This can happen due to the interaction between the
co-adsorbed reactants and the locally generated electric field [21].
Experiments on 𝐸𝑃𝑂𝐶 are commonly performed in solid state reactors where electrolytes are present to con-
duct the promoter ions to the catalyst surface. This is very similar to the 𝑆𝑂𝐹𝐶 reactors [21]. The choice of
electrolyte materials depend on the promoter ion. This is because the electrolytes are selectively conductive
to specific ions. Table: 2.1 shows the different promoter ions and their corresponding electrolytes.

Table 2.1: Promoter ions and their corresponding electrolyte materials

Promoters Electrolytes Ref
𝑁𝑎ዄ 𝑁𝑎 − 𝛽” 𝐴𝑙ኼ𝑂ኽ [50]
𝐾ዄ 𝐾 − 𝛽” 𝐴𝑙ኼ𝑂ኽ [51]
𝑂ኼዅ 𝑌𝑆𝑍 [52]
𝐻ዄ 𝐵𝑍𝑌 [41]

The type of promoter, anionic or cationic will have different effects to a reaction. If the reaction is electrophobic,
then increasing the anion concentration on the catalyst surface will increase the productivity and similarly
decreasing the cation concentration on the catalyst surface will also increase the productivity. This happens
because electrophobic reactions show an increasing reaction rate with an increase in positive potential [22].
Exactly the opposite is valid for electrophilic reactions, i.e., electrophilic reactions show an decreasing reaction
rate with increasing potential [22].

2.1.6 𝐸𝑃𝑂𝐶, Classical Promotion and Metal Support Interaction

Metal Support Interaction (𝑀𝑆𝐼) takes place when a porous metallic support layer helps to stabilise the dis-
persed catalyst . The type of support will influence the activity and selectivity of the catalyst. In certain types
of 𝑀𝑆𝐼 , promotion takes place due to the migration of ionic species over the catalyst particles. For example in
𝑍𝑟𝑂ኼ, 𝑇𝑖𝑂ኼ and 𝐶𝑒𝑂ኼ based supports, the back-spillover of 𝑂ኼዅ ions is similar to the case of 𝐸𝑃𝑂𝐶 or 𝑁𝐸𝑀𝐶𝐴
using 𝑌𝑆𝑍 as the 𝑂ኼዅ conducting electrolyte [21].
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There is no functional difference between classical promotion and 𝐸𝑃𝑂𝐶 or even with 𝑀𝑆𝐼 [21]. Both 𝐸𝑃𝑂𝐶
and 𝑀𝑆𝐼 can promote the catalytic activity by the back-spillover of the promoter ions over the catalyst sur-
face. Similarly, passing 𝑁𝑎 vapour over the catalyst layer in classical promotion will do the same work as in
back-spillover of 𝑁𝑎ዄions in 𝐸𝑃𝑂𝐶 [22]. Therefore, the difference among the three is not functional, but op-
erational. Unlike the other two cases, in 𝐸𝑃𝑂𝐶 experiments, it is possible to accurately measure the spillover-
backspillover rates. This is because the coverage of the promoters can be directly related to the magnitude
of applied potential or current. Also the coverage of the promoters on the catalyst surface can be controlled
through the application of electric current or potential [21].

Unlike classical promotion, 𝐸𝑃𝑂𝐶 has no limitation on the shorter lifetime of the promoter ions on the catalyst
surface. This is because of the possibility of continuous replenishment of the promoter ions on the catalyst
surface [22].

2.1.7 Effect of 𝐸𝑃𝑂𝐶 on different reactions
Table: 2.2 and 2.3 shows different reactions on which the effect of 𝐸𝑃𝑂𝐶 has been tested using 𝑌𝑆𝑍 and
𝑁𝑎 𝛽”𝐴𝑙ኼ𝑂ኽ as electrolytes respectively [22]. It includes the 𝐹𝑎𝑟𝑎𝑑𝑎𝑖𝑐 efficiency (∧), rate enhancement ratio
(𝜌) and promotional index (𝑃𝐼፩) values.

Table 2.2: Reactions performed using ፘፒፙ electrolyte and ፎᎴᎽ promoter ion

𝐷𝑜𝑛𝑜𝑟 𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 ∧ 𝜌 𝑃𝐼፩ Ref
𝐶ኼ𝐻ኾ 𝑂ኼ 𝐶𝑂ኼ 𝑃𝑡 3 ⋅ 10኿ 55 55 [53]
𝐶ኼ𝐻ዀ 𝑂ኼ 𝐶𝑂ኼ 𝑃𝑡 300 20 20 [54]
𝐶𝐻ኾ 𝑂ኼ 𝐶𝑂ኼ 𝑃𝑡 5 70 70 [55]
𝐶ኼ𝐻ኾ 𝑂ኼ 𝐶𝑂ኼ 𝑅ℎ 5 ⋅ 10ኾ 90 90 [56]
𝐻ኼ 𝐶𝑂ኼ 𝐶𝐻ኾ, 𝐶𝑂 𝑅ℎ 200 3 2 [21]
𝐶𝐻ኽ𝑂𝐻 𝑂ኼ 𝐻ኼ𝐶𝑂, 𝐶𝑂ኼ 𝐴𝑔 −95 2 − [57]
𝐶𝐻ኾ 𝐻ኼ𝑂 𝐶𝑂, 𝐶𝑂ኼ 𝑁𝑖 12 2 − [58]
𝐶𝑂 𝑁ኼ𝑂 𝐶𝑂ኼ, 𝑁ኼ 𝑃𝑑 −20 2 − [59]

Table 2.3: Reactions performed using ᎏ” ፀ፥ᎴፎᎵ electrolyte and ፍፚᎼ promoter ion

𝐷𝑜𝑛𝑜𝑟 𝐴𝑐𝑐𝑒𝑝𝑡𝑜𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 ∧ 𝜌 𝑃𝐼፩ Ref
𝐶ኼ𝐻ኾ 𝑂ኼ 𝐶𝑂ኼ 𝑃𝑡 5 ⋅ 10ኾ 0.25 −30 [60]
𝐶𝑂 𝑁𝑂 𝐶𝑂ኼ, 𝑁ኼ, 𝑁ኼ𝑂 𝑃𝑡 − 13 200 [26]
𝐻ኼ 𝑁𝑂 𝑁ኼ, 𝑁ኼ𝑂 𝑃𝑡 − 30 6000 [61]
𝐶ኼ𝐻ኾ 𝑂ኼ 𝐶ኼ𝐻ኾ𝑂, 𝐶𝑂ኼ 𝐴𝑔 − − 40 [62]
𝐶𝑂 𝑂ኼ 𝐶𝑂ኼ 𝐴𝑔 − 2 − [21]

In tables: 2.2 and 2.3, Donor and Acceptor stands for the reactants.

2.1.8 𝐸𝑃𝑂𝐶 in Hydrogenation Reaction
𝐶𝑂ኼand 𝐶𝑂 hydrogenation are important as they hold the potential of producing hydrocarbons essential for
many chemical industries. Hydrogenation reactions like Fischer Tropsch will become more and more impor-
tant as the fossil based sources are depleting at an accelerating rate [10]. This is because 𝐹𝑇 uses 𝐶𝑂 and 𝐻ኼ
as rawmaterials which can be obtained through electrolysis of 𝐶𝑂ኼ and 𝐻ኼ𝑂 [63] or biomass gassification [64].

𝐹𝑇 reaction is known to produce a wide distribution of products of different carbon lengths. It is desirable to
have a higher selectivity towards a narrower product range. In such a case, 𝐸𝑃𝑂𝐶 can have the potential to
modify the productivity and selectivity under appropriate operating conditions.

Apart from 𝐹𝑇, other hydrogenation reactions of interest are 𝐶𝑂ኼ hydrogenation to 𝐶𝐻ኾ [65], 𝐶𝑂ኼ to 𝐶ኼ − 𝐶኿
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[66], acetylene hydrogenation to 𝐶ኼ𝐻ኾ and 𝐶ኼ𝐻ዀ [67]. Makri et al conducted experiments on 𝐶𝑂ኼ hydrogena-
tion on nano-dispersed 2% 𝑅𝑢/𝑌𝑆𝑍 catalysts [68]. In this work, conversion of 𝐶𝑂ኼ to 𝐶𝐻ኾ showed electro-
phobic behaviour, whereas conversion towards 𝐶𝑂 showed electrophilic behaviour. With increasing potential,
𝑂ኼዅ concentration increases on the catalyst surface. Hence, rate of production of 𝐶𝐻ኾ increases and that of
𝐶𝑂 drops.

𝐾𝑜𝑡𝑠𝑖𝑟𝑎𝑠 𝑒𝑡 𝑎𝑙 investigated 𝐶𝑂ኼ hydrogenation on nano dispersed 𝑅𝑢 − 𝐶𝑜 catalyst deposited on a 𝑅𝑢 film
on 𝐵𝑍𝑌 electrolyte [65]. They showed increase in 𝐻ዄ concentration increases 𝐶𝑂 concentration. 𝐺𝑟𝑖𝑔𝑜𝑟𝑖𝑜𝑢
𝑒𝑡 𝑎𝑙 have reported formation of hydrocarbons up to 𝐶኿ on 2% 𝑅𝑢 − 15% 𝐶𝑜/𝐵𝑍𝑌, even though the maxi-
mum yield was less than 0.3% [66]. They stated that with increasing concentration of 𝐻ዄ, 𝑅𝑢 nanoparticles
produced 𝐶𝑂 which reacted into higher hydrocarbons on 𝐶𝑜 nano particles via 𝐹𝑇 reaction.

2.2 Fischer Tropsch Reaction

𝐹𝑇 synthesis is a catalytic polymerisation process to convert 𝐶𝑂 and 𝐻ኼ into hydrocarbons. It was first de-
veloped by 𝐹𝑟𝑎𝑛𝑧 𝐹𝑖𝑠𝑐ℎ𝑒𝑟 and 𝐻𝑎𝑛𝑧 𝑇𝑟𝑜𝑝𝑠𝑐ℎ in Germany, 1925 [69]. It is operated at high temperature
of around 150 − 300°𝐶 [70] and pressure of about 20 − 30 𝑏𝑎𝑟 [71]. In the recent decades, Fischer Tropsch
reaction has become a topic of interest among the researchers as it holds the potential of producing liquid
fuels [72]. This can be an alternative to the traditional ways like production of liquid fuels from oil reserves
[10] [72]. Such an alternative is necessary because of the limited oil reserves and their continuous depletion
[10].

𝐹𝑇 uses 𝐶𝑂 and 𝐻ኼ as raw materials. 𝐶𝑂 is traditionally produced from coal, natural gas or biomass via
gasification process [64]. This synthesis gas is further used in the 𝐹𝑇 reaction which leads to the formation
of liquid hydrocarbons (Gas to liquid process). 𝐹𝑇 involves the formation of monomeric units which are poly-
merised to a wide distribution of products. It includes paraffins, olefins alcohols and carbonyls [10]. Also,
a wide spectrum of carbon lengths can be observed on the products. Depending on the operating and inlet
conditions, different kinds of products can be obtained. Following are the general reactions taking place in the
process [10], [73]:

𝑃𝑎𝑟𝑎𝑓𝑓𝑖𝑛 ∶ 𝑛𝐶𝑂 + (2𝑛 + 1)𝐻ኼ → 𝐶፧𝐻ኼ፧ዄኼ + 𝑛𝐻ኼ𝑂
𝑂𝑙𝑒𝑓𝑖𝑛𝑠 ∶ 𝑛𝐶𝑂 + 2𝑛𝐻ኼ → 𝐶፧𝐻ኼ፧ + 𝑛𝐻ኼ𝑂

𝐴𝑙𝑐𝑜ℎ𝑜𝑙𝑠 ∶ 𝑛𝐶𝑂 + 2𝑛𝐻ኼ → 𝐶፧𝐻ኼ፧ዄኻ𝑂𝐻 + (𝑛 − 1)𝐻ኼ𝑂
𝐶𝑎𝑟𝑏𝑜𝑛𝑦𝑙𝑠 ∶ 𝑛𝐶𝑂 + (2𝑛 − 1)𝐻ኼ → (𝐶𝐻ኼ)፧𝑂 + (𝑛 − 1)𝐻ኼ𝑂

Other side reactions like Water Gas Shift reaction can also take place [73].

𝐶𝑂 + 𝐻ኼ𝑂 → 𝐶𝑂ኼ + 𝐻ኼ

𝐹𝑇 reactions have been studied on various catalysts which include, 𝐹𝑒, 𝐶𝑜, 𝑅𝑢, 𝑅ℎ, etc. Out of these, 𝐹𝑒 and
𝐶𝑜 have found industrial usage. 𝑅𝑢 is known to produce longer hydrocarbon chains, it is highly expensive
, almost about 50,000 times more than 𝐹𝑒 [70]. Cobalt is about 230 times more expensive than iron, but its
operating cost is lower and has a longer lifetime ¹. This is because of its resilience towards coke deposition
[10]. It also inhibits the formation of 𝐶𝑂ኼ via water gas reaction [74]. Linear alkanes are the major products
on 𝐶𝑜 catalyst.

2.2.1 Reaction Kinetics

𝐹𝑇 reaction involves complex kinetics due to the formation of a wide range of products. Different expressions
have been developed by various groups based on their experimental observation and theoretical analysis. Many
of them are based on Langmuir Hinshelwood kinetics [75]. The variations depend on the type of catalysts.
A simpler first order kinetics was developed by 𝑃𝑜𝑠𝑡 𝑒𝑡 𝑎𝑙 as shown in equation: 2.16 [76].It is a function of

¹https://www.netl.doe.gov/research/coal/energy-systems/gasification/gasifipedia/ftsynthesis
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only the 𝐻ኼ concentration (𝐶ፇᎴ ). While this has been used in many reactor models, the authenticity of the
expression can be shown only for smaller CO conversion, i.e., 𝐶𝑂 conversion <60% [71].

𝑟 = 𝑘፨𝑒𝑥𝑝( −𝐸ፚ
𝑅𝑇 )𝐶ፇᎴ (2.16)

Table 2.4: Parameters used in ፏ፨፬፭ ፞፭ ፚ፥ expression:2.16

Parameters Values
𝑘፨ 3.107 ⋅ 10ኻኺ [𝑚ኽ ⋅ 𝑚፜ፚ፭

ዅኽ ⋅ 𝑠ዅኻ]
𝐸ፚ 120 [𝑘𝐽/𝑚𝑜𝑙]

A more realistic expression was developed by 𝑌𝑎𝑡𝑒𝑠 and 𝑆𝑎𝑡𝑡𝑒𝑟𝑓𝑖𝑒𝑙𝑑 based on 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 − 𝐻𝑖𝑛𝑠ℎ𝑒𝑙𝑤𝑜𝑜𝑑
kinetics [77]. Equation: 2.17 is valid in higher conversion range. It is a function of the partial pressures of both
𝐶𝑂 and 𝐻ኼ.

𝑟 =
𝑎𝑃ፂፎ𝑃ፇᎴ

(1 + 𝑏𝑃ፂፎ)ኼ (2.17)

𝐻𝑒𝑟𝑒,

𝑎 = 𝑎ኺ𝑒𝑥𝑝( Δ𝐸ፚ
𝑅 𝑇 ( 1

493.15 ) − 1
𝑇 )

𝑏 = 𝑏ኺ𝑒𝑥𝑝( Δ𝐻
𝑅 𝑇 ( 1

493.15 ) − 1
𝑇 )

Table 2.5: Parameters used in ፘፚ፭፞፬ and ፒፚ፭፭፞፫፟።፞፥፝ expression:2.17

Parameters Values
𝑎ኺ 8.88533 ⋅ 10ዅኽ [𝑚𝑜𝑙 ⋅ 𝑠ዅኻ ⋅ 𝑘𝑔ዅኻ

፜ፚ፭ ⋅ 𝑏𝑎𝑟ዅኼ]
𝑏ኺ 2.226 [𝑏𝑎𝑟ዅኻ]
Δ𝐸ፚ 3.737 ⋅ 10ኾ [𝐽 ⋅ 𝑚𝑜𝑙ዅኻ]
Δ𝐻 −6.837 ⋅ 10ኽ [𝐽 ⋅ 𝑚𝑜𝑙ዅኻ]

𝐼𝑔𝑙𝑒𝑠𝑖𝑎 𝑒𝑡 𝑎𝑙 derived a similar expression as shown in equation [78]. The values of 𝑎, 𝑏 and 𝑘። depends on
the catalyst material and also the reaction. They used 𝐶𝑜 and 𝑅𝑢 catalyst for the study.

𝑟 =
𝑘።𝐶ፚ

ፂፎ𝐶፛
ፇᎴ

1 + 𝐾𝐶ፂፎ
(2.18)

The values of the constants 𝑘። , 𝑎, 𝑏 and 𝐾 are shown in 2.6 [78]. The units of these constants are formulated
in such a way that the reaction rate unit is 𝑚𝑜𝑙𝑒𝑠/(𝑔 − 𝑎𝑡𝑜𝑚 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑚𝑒𝑡𝑎𝑙 ⋅ 𝑠) with reaction orders a and
b.

Table 2.6: Parameters used in expression:2.18

Parameters Cobalt Ruthenium
𝑘። 1.96 ⋅ 10ዅዂ 7.46 ⋅ 10ዅኻኻ

𝐾 3.33 ⋅ 10ዅ኿ 3.33 ⋅ 10ዅ኿

𝑎 0.6 1.0
𝑏 0.65 0.6
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Figure 2.7: Variation of reaction rate with ፇᎴ ∶ ፂፎ ratio.

Among these expressions, the one proposed by 𝑌𝑎𝑡𝑒𝑠 and 𝑆𝑎𝑡𝑡𝑒𝑟𝑓𝑖𝑒𝑙𝑑 (equation:2.17) is commonly used and
therefore, it has been used in this thesis too. Figure: 2.7 shows the effect of variation on the ratio of Partial
pressures (𝐻ኼ ∶ 𝐶𝑂) on the reaction rate. Equation: 2.17 has been used to study the trend. Initially, fig: 2.7
shows an increasing trend for the reaction rate with higher 𝐻ኼ ∶ 𝐶𝑂 ratio. After reaching a maximum, the
magnitude of rate starts lowering.

2.2.2 Product Distribution
As already mentioned, 𝐹𝑇 leads to a broad distribution of products. Anderson developed a model from the one
proposed by Schultz and Flory for polymerisation reaction which is shown in equation: 2.19 [79]. The Weight
fraction is a function of the chain growth probability (𝛼) and carbon number (𝑛).

𝑤 = 𝛼፧ዅኻ ⋅ 𝑛 ⋅ (1 − 𝛼)ኼ (2.19)

The chain growth probability factor which can be calculated as shown by equation: 2.20 [80]. Higher the value
of chain growth probability factor, greater is the chance of producing longer carbon chains. It depends on feed
composition, catalyst material and design and operating temperature [10].

𝛼 = (𝐴 ⋅ 𝑃ፂፎ
𝑃ፂፎ + 𝑃ፇᎴ

+ 𝐵)(1 − 𝐶 ⋅ (𝑇 − 533)) (2.20)

𝑤ℎ𝑒𝑟𝑒,
𝐴 = 0.2332 ± 0.0420
𝐵 = 0.6330 ± 0.0420

𝐶 = 0.0039
𝑃። = 𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖

𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒
𝑆𝑐ℎ𝑢𝑙𝑡𝑧-𝐹𝑙𝑜𝑟𝑦 expression is widely used to model the product distribution of 𝐹𝑇 reaction, although quite a
significant deviations could be observed from real experiments especially for the weight fractions of 𝐶ኻ and
𝐶ኼ [75]. Significantly large amount of methane is generated in experiments. Deviations of weight fractions
of other carbon molecules from equation: 2.19 might occur because Schultz and Flory distribution does not
consider olefin re-adsorption [81].

2.2.3 Effect of Temperature
Narrowing down the wide distribution of products is one of the major challenges while using 𝐹𝑇. It depends a
lot on the operating conditions (Temperature and Pressure), the type of catalyst, mass transfer characteristics,
etc [12]. There are two operating ranges of temperature [70]:-
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1. Low Temperature FT: (200 − 270°𝐶) Longer Carbon chains can be achieved in this temperature range.

2. High Temperature FT: (300 − 350°𝐶) Higher temperature leads to faster conversion but in this range
low 𝐶፧ are formed.

Figure: 2.8 shows the variation of weight fraction for carbon numbers at different temperatures. It is calculated
using the Schultz Flory distribution described by equation: 2.19. Fig: 2.8 shows that higher the temperature,
weight fractions of shorter carbon lengths increase. At lower temperature, longer carbon chains and broader
product distribution are formed.

Figure 2.8: Weight fraction of ፅፓ products at different temperatures.

2.2.4 Effect of Alkali Promotion

Alkali promotion improves the 𝐶𝑂 adsorption and dissociation and inhibits 𝐻ኼ adsorption [82], [83]. Improve-
ment in 𝐶𝑂 dissociation increases the carbon atom concentration on the catalyst surface, thus, increasing the
chain growth probability. Again, inhibition of 𝐻ኼ adsorption reduces the probability of hydrogenation [82].
Hence, selectivity of olefins over paraffins increases. This is because olefins are produced by dehydrogenation
process whereas, paraffins are produced by hydrogenation.

𝑂𝑘𝑢ℎ𝑎𝑟𝑎 𝑒𝑡 𝑎𝑙 studied the role of 𝑃𝑜𝑡𝑎𝑠𝑠𝑖𝑢𝑚, 𝐵𝑜𝑟𝑜𝑛 and 𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑜𝑢𝑠 on 𝐶𝑂 hydrogenation over Alumina
supported 𝑅𝑢 [82]. They have found that 𝑃𝑜𝑡𝑎𝑠𝑠𝑖𝑢𝑚 improved 𝑜𝑙𝑒𝑓𝑖𝑛 − 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 ratio and suppressed
methane formation but decreased overall catalytic activity. Whereas, 𝐵𝑜𝑟𝑜𝑛 and 𝑃ℎ𝑜𝑠𝑝ℎ𝑜𝑟𝑜𝑢𝑠 showed op-
posite behaviour [82].

Similar results were also obtained when alkali promotion was done electrochemically instead of classical man-
ner. 𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 and 𝐿𝑎𝑚𝑏𝑒𝑟𝑡 experimentally studied the effect of sodium promotion on 𝐹𝑇 over 𝑅𝑢 catalyst
[50]. They reported enhancement in chain growth probability with increase in 𝑁𝑎ዄ concentration over the
catalyst surface. 𝑂𝑙𝑒𝑓𝑖𝑛 − 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 ratio was improved with decreasing potential or equivalently increasing
𝑁𝑎ዄ coverage. They also concluded an overall decrease in the reaction rate with increase in 𝑁𝑎ዄ concentra-
tion. 𝑈𝑟𝑞𝑢ℎ𝑎𝑟𝑡 𝑒𝑡 𝑎𝑙 studied the electrochemical promotion of 𝐹𝑇𝑆 on 𝑅ℎ𝑜𝑑𝑖𝑢𝑚 catalyst using 𝐾ዄ ions [51],
[84]. They have found that Alkali promotion increases 𝐶ኼ − 𝐶ኾ selectivity at atmospheric pressure but reduced
overall activity or production rate [84]. At higher pressure they could observe enhancement in selectivity for
alkenes and linear alcohols [51]. Similar conclusions were made about reaction rate which decreased with
increase of promoter ion concentration.

2.2.5 Periodic Operation in Fischer Tropsch

Periodic Operation in 𝐹𝑇 has been studied by varying the concentration of the feed [85], [86] and the oper-
aating temperature [87]. Modulation of the feed ratio has been the common method to study the periodic
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operation on 𝐹𝑇. 𝑁𝑖𝑐𝑜𝑝𝑜𝑢𝑙𝑜𝑠 𝑒𝑡 𝑎𝑙 have studied the effect of 𝐻ኼ pulsing on the activity and product dis-
tributions [85]. They used 𝛼 − 𝐶𝑜/𝑍𝑟𝑂ኼ/𝑆𝑂ኼ as a catalyst. 𝐻ኼ pulsing lead to higher 𝐶𝑂 convergence but
gradually decreased to the steady state until the next pulse occurred. With the 𝐻ኼ pulsing, an increase in the
yield of 𝐶𝐻ኾ and 𝐶ኻኺ − 𝐶ኼኺ have been reported by the author compared to the steady state operation [85].
Study of hydrocarbon rate formation using cobalt oxide as the catalyst and forced cycling of concentration
feed was done by 𝐴𝑑𝑒𝑠𝑖𝑛𝑎 𝑒𝑡 𝑎𝑙 [86]. They found that along with higher methane production, there was rate
enhancement for 𝐶ኼ to 𝐶ዀ molecules. This suggested that periodic operation can hold the potential of tuning
the selectivity of the 𝐹𝑇 reaction [86].

𝐷𝑎𝑢𝑡𝑧𝑒𝑛𝑏𝑒𝑟𝑔 𝑒𝑡 𝑎𝑙 investigated the effect of forced cycling with equimolar mixture of 𝐶𝑂 and 𝐻ኼ, in an
otherwise pure 𝐻ኼ feed [87]. 𝑅𝑢 − 𝛾 𝐴𝑙ኼ𝑂ኽ was used as the catalyst. Along with the feed the temperature was
also varied. In the carbon rich regime, the temperature is 210°𝐶 and in the pure 𝐻ኼ regime it is increased from
210°𝐶 to 350°𝐶. This was done to enforce chain termination and product desorption [87]. Unlike the steady
state, a narrow product distribution was reported and with increasing the carbon rich regime, probability of
the growth of longer carbon chain is increased [87].

𝑅𝑢𝑡ℎ𝑒𝑛𝑖𝑢𝑚 and 𝐶𝑜𝑏𝑎𝑙𝑡 based catalysts were positively influenced by the periodic operation [88], [89]. These
catalysts showed improvement in the rate of formation and selectivity of the reaction. However, not always
positive effect have been observed. Periodic operation with hydrogen pulsing on supported iron catalyst
showed sharp increase in methane formation and hardly any increase in 𝐶ኼዄ products [90]. As mentioned
above, influence of periodic change in feed concentration on 𝐹𝑇 has been majorly studied in the past. But
no work on periodic application of 𝐸𝑃𝑂𝐶 phenomenon on 𝐹𝑇 reaction has been found in the literature. The
influence of this phenomenon will be studied as a part of this work.





Chapter 3

Modelling

The first part of the study begins with the relationship between surface promoter coverage with the applied
potential or the work function of the catalyst. It also involves the application of analytical or semi-empirical
expressions to study the effect of 𝐸𝑃𝑂𝐶 on 𝐹𝑇. These expressions are used to study the effect of the applied
potential on the chain growth probability, reaction rate and olefin-paraffin ratio. Although, the expressions
have been adopted from literature, they had to be modified to take into account the 𝐸𝑃𝑂𝐶 effect. The changes
were made to capture the variations in adsorption of the reactant molecules due to the double layer effect of
𝐸𝑃𝑂𝐶. The equations are explained with necessary derivations in section: 3.2. Further, the same equations
were used to study the combined effect of operating conditions (𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝐻ኼ ∶ 𝐶𝑂 𝑓𝑒𝑒𝑑 𝑟𝑎𝑡𝑖𝑜 and
𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒) and 𝐸𝑃𝑂𝐶. Additionally, a 𝐶𝑆𝑇𝑅 plug flow reactor model has been used to study the effect of
pressure on the conversion of the reactants. This 𝐶𝑆𝑇𝑅 model can also show the temporal variations of dif-
ferent products formed during the 𝐹𝑇 reaction. Formation of olefins and paraffins at a given potential can be
distinguished using this model.

For the dynamic or periodic 𝐸𝑃𝑂𝐶 case, it is vital to calculate the time scale required for the ions to reach
the top surface of the catalyst from the electrolyte. For that, one dimensional diffusion equation is solved for
the transport of the concerned ions. This equation can calculate the surface coverage of ions at different times.

To study the periodic application of 𝐸𝑃𝑂𝐶 on 𝐹𝑇 reaction, again, 𝐶𝑆𝑇𝑅 plug flow model has been assumed.
Here, the reaction rates for the products are not based on the 𝐴𝑛𝑑𝑒𝑟𝑠𝑜𝑛 𝑆𝑐ℎ𝑢𝑙𝑧 𝐹𝑙𝑜𝑟𝑦 (𝐴𝑆𝐹) model. The
reason for this is explained in section: 3.3. The periodicity is studied here in the form of a square wave. Effects
of frequency, symmetry of the periodic wave or its duty cycle and the amplitude of the wave on 𝐹𝑇 process
are investigated.

For the study of reactor design, an 𝑆𝑂𝐹𝐶 type reactor is chosen. Steady state one dimensional species and en-
ergy balance equations are modelled to calculate the conversion of reactants and temperature variation along
the length of the reactor. Finally, these results are used to understand the opportunities and difficulties in
scaling up of 𝐹𝑇 reactors with 𝐸𝑃𝑂𝐶 effect.

3.1 Surface Coverage of Promoter Ions

Understanding the dependence of surface coverage of ions on the applied potential is important because that
will finally modify the activity and / or selectivity of the given reaction. The coverage of the promoter ions can
be related to the work function of the catalyst using 𝐻𝑒𝑙𝑚ℎ𝑜𝑙𝑡𝑧 equation [91]. This is shown in equation: 3.1.
Equations: 3.1a and 3.1b show the relationship of the surface coverage with the change in work function and
applied potential respectively.

Δ𝜑 = 𝑒𝑁፦
𝜖፨

⋅ 𝑃፣ ⋅ Δ𝜃 (3.1a)

Δ𝑉 = 𝑁፦
𝜖፨

⋅ 𝑃፣ ⋅ Δ𝜃 (3.1b)

23
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𝑤ℎ𝑒𝑟𝑒,

Δ𝜑 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑤𝑜𝑟𝑘 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛, [𝐽]
𝑁፦ = 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑡𝑜𝑚𝑖𝑐 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, [𝑎𝑡𝑜𝑚𝑠/𝑚ኼ]

𝑃፣ = 𝐷𝑖𝑝𝑜𝑙𝑒 𝑀𝑜𝑚𝑒𝑛𝑡, [𝐶 𝑚]
Δ𝜃 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒, [−]

Δ𝑉 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑎𝑝𝑝𝑙𝑖𝑒𝑑 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙, [𝑉𝑜𝑙𝑡]

3.2 𝐸𝑃𝑂𝐶 in Fischer Tropsch
Initially the effect of 𝐸𝑃𝑂𝐶 on Fischer Tropsch reaction has been studied through zero dimensional model. An-
alytical and semi empirical equations that are commonly used to study the 𝐹𝑇 process are used here. Chain
growth probability and reaction rate are modified to accomodate the effect of 𝐸𝑃𝑂𝐶. The changes due to
𝐸𝑃𝑂𝐶 can take place in the adsorption, surface reaction and desorption [22]. In this study, changes in the
adsorption of 𝐶𝑂 and 𝐻ኼ have been taken into account. 𝐵𝑟𝑜𝑠𝑑𝑎 and 𝑉𝑎𝑦𝑒𝑛𝑎𝑠 stated that this can be done
by changing the partial pressure or the activity term of the reactants [23]. This is shown by equations: 3.5a
and 3.5b. Also, a derivation has been made for calculating the 𝑜𝑙𝑒𝑓𝑖𝑛 − 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 ratio based on the changes
in the desorption of the olefins and paraffins. This is shown in sub-section: 3.2.4. Only olefins and 𝑛-paraffins
are considered as the products and carbide mechanism with 𝐶𝑂 and 𝐻ኼ dissociation [92] have been assumed.

Before diving into the the derivations of the equations for 𝐹𝑇, it is important to understand the concept
of charge transfer coefficient.

3.2.1 Charge Transfer Coefficient
It quantitatively describes the electronic interaction between the molecules and the catalyst surface. Larger
is the magnitude of this coefficient, higher is the interaction with the surface. Charge transfer interactions
between molecules and the catalyst surface take place when the electronic structure of the surface of the cat-
alyst is modified. This can happen due to the existence of ions on the catalyst surface. Presence of cations
makes the surface negatively charged and anions make it positively charged. Such separation of charges lead
to dipole interaction and becomes responsible for changing the work function of the catalyst surface [44].

This modification will have an effect on the adsorption and desorption of reactants and products respectively.
Electrophillic molecules will be attracted towards electron rich surface and electrophobic molecules will be
attracted towards electron deficient surface [44].

The magnitude of charge transfer coefficient depends on the extent of the electronic interaction. In many
cases in electrochemical reactions, the value is approximately ±0.5. In case of 𝐸𝑃𝑂𝐶, the interaction is rela-
tively weaker as the reaction is still heterogeneous rather than electrochemical. Possible values of 𝜆 could be
in between −0.15 and 0.15 approximately [23].

The study deals with 𝐹𝑇 reaction in which the two reactants are 𝐶𝑂 and 𝐻ኼ. 𝐶𝑂 is electrophilic and 𝐻ኼ
is electrophobic in nature. If cationic promoters are added, 𝐶𝑂 will be strongly adsorbed on the surface. If
anionic promoter is added, 𝐻ኼ will be strongly adsorbed. The changes in the adsorption of reactants dictate
the selectivity and reactivity of the reaction.

In this work, charge transfer coefficients for 𝐶𝑂 and 𝐻ኼ are assumed to be −0.05 and 0.05 respectively. Sign
conventions are as per stated by Vayenas et al [23]. Negative sign in charge transfer coefficient denotes that the
molecule is electron acceptor and positive sign denotes that it is electron donor. There could be also changes
in the transition states of the elementary reactions due to the presence of the ions on the catalyst surface. But
such complexities are avoided here as it is difficult to calculate or even find experimental data on the charge
transfer coefficients for the transition states. Even without including such effects, a good qualitative picture
can be drawn [23].
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Following subsections describe the modifications made to the existing equations in the study of Fischer Trop-
sch.

3.2.2 Chain Growth Probability
Chain Growth Probability tells about the product distribution of the reaction. Higher its value, greater is
the chain length of the hydrocarbons produced. Mathematically, it can be defined as the ratio of rate of
propagation to the sum of rates of propagation and termination which is represented by eq: 3.2 [93].

𝛼 =
𝑟፩

𝑟፩ + 𝑟፭
(3.2)

Here, 𝑟፩ is the rate of production and 𝑟፭ is the rate of termination.

Chain Growth Probability value depends on various factors like temperature, feed composition (𝐻ኼ ∶ 𝐶𝑂
ratio) and catalyst promoter level [10]. Different semi-empirical expressions have been developed to predict
the chain growth probability. Equation: 3.3 shows one developed by 𝑆𝑜𝑛𝑔 𝑒𝑡 𝑎𝑙 [80].

𝛼 = (𝐴 ⋅ 𝑃ፂፎ
𝑃ፂፎ + 𝑃ፇᎴ

+ 𝐵)(1 − 𝐶 ⋅ (𝑇 − 533)) (3.3)

𝑤ℎ𝑒𝑟𝑒,
𝐴, 𝐵 𝑎𝑛𝑑 𝐶 = 𝐶𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠

𝑃። = 𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖
𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

𝑉𝑒𝑟𝑣𝑙𝑜𝑒𝑡 𝑒𝑡 𝑎𝑙 also derived an expression for chain growth probability based on the propagation and termi-
nation rate constants and 𝐻ኼ ∶ 𝐶𝑂 ratio which is shown in equation:3.4 [93].

𝛼 = 1
1 + 𝑘ᎎ ⋅ ( ፂᐿᎴ

ፂᐺᑆ
)ᎏ ⋅ 𝑒𝑥𝑝( ጂፄᑒ

ፑ ⋅ ( ኻ
ኾዃኽ.ኻ኿ − ኻ

ፓ ))
(3.4)

𝑤ℎ𝑒𝑟𝑒,
𝑘ᎎ = 𝑅𝑎𝑡𝑖𝑜 𝑜𝑓 𝑟𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡𝑠 𝑓𝑜𝑟 𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠

𝛽 = 𝑆𝑦𝑛𝑔𝑎𝑠 𝑟𝑎𝑡𝑖𝑜 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡
Δ𝐸ᎎ = 𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑎𝑐𝑡𝑖𝑣𝑎𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑜𝑟 𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑎𝑛𝑑 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛𝑠

The above equations 3.3 and 3.4 can be modified to capture the effect of the promoter ions or the applied
potential. For that, the partial pressures or the concentrations are modified as follows.

𝑃። = 𝑃።
ኺ ⋅ 𝑒𝑥𝑝(𝜆። ⋅ 𝑒Δ𝑉

𝑘፛𝑇 ) (3.5a)

𝐶። = 𝐶።
ኺ ⋅ 𝑒𝑥𝑝(𝜆። ⋅ 𝑒Δ𝑉

𝑘፛𝑇 ) (3.5b)

𝑤ℎ𝑒𝑟𝑒,
𝑃። = 𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖

𝐶። = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖
𝜆። = 𝐶ℎ𝑎𝑟𝑔𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑖

𝑖 = 𝐶𝑂 𝑜𝑟 𝐻ኼ
Δ𝑉 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑡ℎ𝑒 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑤𝑟𝑡 𝑎 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑎𝑡 𝑤ℎ𝑖𝑐ℎ 𝑝𝑟𝑜𝑚𝑜𝑡𝑒𝑟 𝑖𝑜𝑛 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑠 𝑧𝑒𝑟𝑜
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Equations: 3.5a and 3.5b take into account the change in adsorption of the reactants due to the interfacial
potential. Accordingly, eq: 3.5a can be used in eq: 3.3 which gives

𝛼 = (𝐴 ⋅
𝑃ፂፎ ⋅ 𝑒𝑥𝑝(𝜆ፂፎ ⋅ ፞ጂፕ

፤ᑓፓ )

𝑃ፂፎ ⋅ 𝑒𝑥𝑝(𝜆ፂፎ ⋅ ፞ጂፕ
፤ᑓፓ ) + 𝑃ፇᎴ ⋅ 𝑒𝑥𝑝(𝜆ፇᎴ ⋅ ፞ጂፕ

፤ᑓፓ )
+ 𝐵)(1 − 𝐶 ⋅ (𝑇 − 533)) (3.6)

The values of the constants 𝐴, 𝐵 and 𝐶 are obtained by fitting the equation: 3.6 to the experimental data
provided by 𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 and 𝐿𝑎𝑚𝑏𝑒𝑟𝑡 on 𝑀𝐴𝑇𝐿𝐴𝐵 using 𝑓𝑚𝑖𝑛𝑠𝑒𝑎𝑟𝑐ℎ function [50]. These are listed below
in table: 3.1.

Table 3.1: Constants for equation:3.6

Constants Values
𝐴 0.0226
𝐵 0.0337
𝐶 0.1050

Similarly, using eq: 3.5b, eq: 3.4 can be modified as:

𝛼 = 1

1 + 𝑘ᎎ ⋅ (
ፂᐿᎴ ⋅፞፱፩(᎘ᐿᎴ ⋅ ᑖᏺᑍ

ᑜᑓᑋ )

ፂᐺᑆ⋅፞፱፩(᎘ᐺᑆ⋅ ᑖᏺᑍ
ᑜᑓᑋ )

)ᎏ ⋅ ጂፄᒆ
ፑ ⋅ ( ኻ

ኾዃኽ.ኻ኿ − ኻ
ፓ )

(3.7)

The fitted parameters are shown below in table: 3.2

Table 3.2: Constants for equation:3.7

Constants Values
𝑘ᎎ 0.59, [−]
𝛽 0.176, [−]
Δ𝐸ᎎ 120, [𝑘𝐽/𝑚𝑜𝑙]

The results drawn after fitting the equations: 3.6 and 3.7 with experimental data, are shown in fig:4.2a and 4.2b
in Chapter: 4.

Chain growth probability (𝛼) can be used to calculate the weight fraction or molar fraction for different prod-
ucts formed. 𝐴𝑛𝑑𝑒𝑟𝑠𝑜𝑛 𝑆𝑐ℎ𝑢𝑙𝑧 𝐹𝑙𝑜𝑟𝑦 (𝐴𝑆𝐹) expression is commonly used to describe the fractions. Equa-
tions: 3.8a and 3.8b are used to calculate the values of the weight fractions and mole fractions respectively for
different lengths of carbon chains.

𝑤፟ = 𝛼፧ዅኻ ⋅ 𝑛 ⋅ (1 − 𝛼)ኼ (3.8a)

𝑚፟ = 𝛼፧ዅኻ ⋅ (1 − 𝛼)ኼ (3.8b)

3.2.3 Reaction Rate

Reaction rate for Fischer Tropsch reaction is a complex one as it involves large number of intermediates owing
to its polymeric nature. It can vary from condition to condition and also due to the use of different types and
morphology of the catalyst material. Catalyst material also dictates the reaction mechanism leading to differ-
ent types of products. One of the most commonly used expression for studying 𝐹𝑇 reaction rate was proposed
by 𝑌𝑎𝑡𝑒𝑠 and 𝑆𝑎𝑡𝑡𝑒𝑟𝑓𝑖𝑒𝑙𝑑 [77]. The reaction rate has been shown in Chapter: 2. The modified reaction rate
has been shown here by equation: 3.9.
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𝑟 =
𝑎 ⋅ 𝑃ፂፎ𝑒𝑥𝑝(𝜆ፂፎ ⋅ ፞ጂፕ

፤ᑓፓ ) ⋅ 𝑃ፇኼ𝑒𝑥𝑝(𝜆ፇᎴ ⋅ ፞ጂፕ
፤ᑓፓ )

(1 + 𝑏 ⋅ 𝑃ፂፎ𝑒𝑥𝑝(𝜆ፂፎ ⋅ ፞ጂፕ
፤ᑓፓ ))ኼ

(3.9)

𝑤ℎ𝑒𝑟𝑒,

𝑎 = 𝑎፨ ⋅ 𝑒𝑥𝑝( Δ𝐸ፚ
𝑅 ( 1

493.15 − 1
𝑇 )), [ 𝑚𝑜𝑙

𝑠 𝑘𝑔፜ፚ፭ 𝑏𝑎𝑟ኼ ]

𝑏 = 𝑏፨ ⋅ 𝑒𝑥𝑝( Δ𝐻
𝑅 ( 1

493.15 − 1
𝑇 )), [ 1

𝑏𝑎𝑟 ]

Similar to the case of chain growth probability, partial pressures of 𝐶𝑂 and 𝐻ኼ have been modified to take
into account the change in their adsorption strength. The values of 𝑎፨ and 𝑏፨ are modified according to the
experiments of 𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 and 𝐿𝑎𝑚𝑏𝑒𝑟𝑡 [50]. These are mentioned below in table: 3.3. The unit of the reaction
rate is [𝑚𝑜𝑙/(𝑘𝑔፜ፚ፭ 𝑠)].

Table 3.3: Constants for equation:3.9

Constants Values
𝑎፨ 1.18 ⋅ 10ዅዀ, [𝑚𝑜𝑙/(𝑠 𝑘𝑔፜ፚ፭ 𝑏𝑎𝑟ኼ)]
𝑏፨ 0.9643, [1/𝑏𝑎𝑟]
Δ𝐸ᎎ 37.3665, [𝑘𝐽/𝑚𝑜𝑙]
Δ𝐻 −68.4741, [𝑘𝐽/𝑚𝑜𝑙]

3.2.4 Olefin-Paraffin Ratio

Several studies on Fischer Tropsch reaction have shown that production of olefin decreases with increasing car-
bon number and found that olefin- paraffin ratio follows an exponential decay with carbon number. 𝐾𝑢𝑖𝑝𝑒𝑟𝑠
𝑒𝑡 𝑎𝑙 [94] and 𝐼𝑔𝑙𝑒𝑠𝑖𝑎 𝑒𝑡 𝑎𝑙 [81] have shown that 𝑂𝑙𝑒𝑓𝑖𝑛 − 𝑃𝑎𝑟𝑎𝑓𝑓𝑖𝑛 𝑟𝑎𝑡𝑖𝑜 ∼ 𝑒𝑥𝑝(−𝑐 ⋅ 𝑛). 𝐾𝑢𝑖𝑝𝑒𝑟𝑠
𝑒𝑡 𝑎𝑙 have shown that the value of c comes from the physisorption energy of the olefin present on the catalyst
surface [94]. 𝑇𝑜𝑑𝑖𝑐 𝑒𝑡 𝑎𝑙 approximated that the rate of desorption of olefin depends on the carbon number
whereas the rate of desorption for paraffin is independent of it [95].

It is important to note that paraffin formation takes place with the addition of adsorbed hydrogen to the
𝛼 position of the adsorbed carbon chain. Along with this, the effect of the applied potential or alkali coverage,
also has to be taken into account. Olefin production may not experience a direct influence of the 𝐸𝑃𝑂𝐶 effect
because olefins are formed by elimination of the 𝛽 hydrogen. There is no interaction with adsorbed hydrogen.
But paraffins do, as they involve the addition of adsorbed hydrogen to the 𝛼 position carbon. The effect of
𝐸𝑃𝑂𝐶 on the transition states have not been considered.

Taking these points into account and assuming the rate of production of olefins and paraffins are functions of
the partial pressures of 𝐶𝑂 and 𝐻ኼ the following derivation gives an expression for the 𝑂𝑙𝑒𝑓𝑖𝑛 − 𝑃𝑎𝑟𝑎𝑓𝑓𝑖𝑛
ratio.

𝑟፨ = 𝑘ኺ
፨ ⋅ 𝑃ፂፎ ⋅ 𝑒𝑥𝑝(−

Δ𝐺፩፡፲
𝑅𝑇 ⋅ 𝑛) (3.10a)

𝑟፩ = 𝑘ኺ
፩ ⋅ 𝑃ፂፎ ⋅ 𝑃ፇᎴ 𝑒𝑥𝑝(𝜆ፇᎴ

𝑒Δ𝑉
𝑘፛𝑇 ) (3.10b)

𝑂𝑃 = 𝑟፨
𝑟፩

𝑂𝑃 = 𝑘ኺ
፨

𝑘ኺ፩
⋅ 𝑃ዅኻ

ፇᎴ ⋅ 𝑒𝑥𝑝(−
Δ𝐺፩፡፲

𝑅𝑇 ⋅ 𝑛) ⋅ 𝑒𝑥𝑝(−𝜆ፇᎴ
𝑒Δ𝑉
𝑘፛𝑇 ) (3.10c)
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𝑤ℎ𝑒𝑟𝑒,

𝑟፨ = 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛𝑠, [𝑏𝑎𝑟ዅኻ𝑠ዅኻ]
𝑟፩ = 𝑅𝑎𝑡𝑒 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛𝑠, [𝑏𝑎𝑟ዅኻ𝑠ዅኻ]

𝑃ፂፎ = 𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝐶𝑂, [𝑏𝑎𝑟]
𝑃ፇᎴ = 𝑃𝑎𝑟𝑡𝑖𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑜𝑓 𝐻ኼ, [𝑏𝑎𝑟]

Δ𝐺፩፡፲ = 𝑃ℎ𝑦𝑠𝑖𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛𝑠, [𝐽/𝑚𝑜𝑙]
𝑛 = 𝐶𝑎𝑟𝑏𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟

𝜆ፇᎴ = 𝐶ℎ𝑎𝑟𝑔𝑒 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝐻ኼ, [−]

Equation: 3.10c represents the ratio of the desorption of olefins to paraffins. Formation and desorption of paraf-
fins is enhanced due to increase in the adsorbed hydrogen on the surface. In order to account for the change
in the production of paraffins due to 𝐸𝑃𝑂𝐶, partial pressure of 𝐻ኼ, (𝑃ፇᎴ ) is multiplied with 𝑒𝑥𝑝(−𝜆 ⋅ ፞ጂፕ

፤ᑓፓ ). The
values of 𝑘፨/𝑘፩ is 4.5005 which is calculated by fitting the equation: 3.10c to the experimental data [50], and
ጂፆᑡᑙᑪ

ፑፓ is taken as 0.2 [94].

Equations derived in sub-sections: 3.2.2, 3.2.3 and 3.2.4 are also used to study the combined effect of 𝐸𝑃𝑂𝐶
with temperature, 𝐻ኼ ∶ 𝐶𝑂 feed ratio and operating pressure. The results obtained from the combined studies
are reported in section: 4.3 in Chapter: 4.

3.2.5 Continuous Stirred Plug Flow Reactor

A 𝐶𝑆𝑇𝑅 plug flow reactor model has been developed to study the influence of pressure along with 𝐸𝑃𝑂𝐶 on
𝐹𝑇. Macro kinetic approach has been adopted. For the overall reaction rate, equation: 3.9. has been used. For
each reactant and product, they are multiplied by their respective stoichiometric coefficients.

𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡
𝜕𝐶።
𝜕𝑡 = 𝑄

𝑉፫፞ፚ፜፭፨፫
(𝐶።፧

። − 𝐶።) − 𝜈። ⋅ 𝜌፜ፚ፭ ⋅ 𝑟 (3.11)

𝑃𝑟𝑜𝑑𝑢𝑐𝑡
𝜕𝐶።
𝜕𝑡 = 𝑄

𝑉፫፞ፚ፜፭፨፫
(𝐶።፧

። − 𝐶።) + 𝜈። ⋅ 𝜌፜ፚ፭ ⋅ 𝑟 ⋅ 𝑚፟ (3.12)

Equation: 3.11 and equation: 3.12 are used to calculate the variations in concentration of the reactants and
products respectively. To calculate the temporal variations in concentration for the products of different carbon
lengths, their respective molar fractions are multiplied to the overall reaction rate.
𝑤ℎ𝑒𝑟𝑒,

𝑄 = 𝑉𝑜𝑙𝑢𝑚𝑒𝑡𝑟𝑖𝑐 𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒, [𝑚ኽ/𝑠]
𝑉፫፞ፚ፜፭፨፫ = 𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑜𝑟, [𝑚ኽ]

𝐶።፧
። = 𝐼𝑛𝑙𝑒𝑡 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑝𝑒𝑐𝑖𝑒𝑠, [𝑚𝑜𝑙/𝑚ኽ]

𝜈። = 𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, [−]
𝜌፜ፚ፭ = 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦, [𝑘𝑔/𝑚ኽ]

𝑟 = 𝑅𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒, [𝑚𝑜𝑙/𝑚ኽ/𝑠]
𝑚፟ = 𝑀𝑜𝑙𝑎𝑟 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛, [−]
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3.3 Application of Periodic Potential

3.3.1 Transport of Ions
For the application of periodic potential, knowing the time scale in which the ions reach the catalyst surface
is vital. This will actually set a limit on the possible magnitude of the frequency for the input waveform. For
this purpose, one dimensional diffusion equation is solved which is shown by equation: 3.13.

𝜕𝐶።
𝜕𝑡 = 𝐷።

𝜕ኼ𝐶።
𝜕𝑥ኼ (3.13)

𝑤ℎ𝑒𝑟𝑒,

𝐶። = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑝𝑟𝑜𝑚𝑜𝑡𝑒𝑟, [𝑚𝑜𝑙/𝑚ኼ]
𝐷። = 𝐷𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑟𝑜𝑚𝑜𝑡𝑒𝑟, [𝑚ኼ/𝑠]

Initial and boundary conditions for equation: 3.13 are given below.

𝐶።(𝑥, 𝑡 = 0) = 0
𝜕𝐶።(𝑥 = 0, 𝑡)

𝜕𝑥 = 𝐽
𝑛𝐹

𝜕𝐶።(𝑥 = 𝐿, 𝑡)
𝜕𝑥 = 0

Also, using equation: 3.1b corresponding catalyst potential can be calculated. In this equation, 𝜃 has to be
calculated first, which is as follows:

𝜃 = 𝐶።
𝑁ፌ

(3.14)

𝑤ℎ𝑒𝑟𝑒,

𝑁ፌ = 𝑇𝑜𝑡𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑖𝑡𝑒𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑝𝑒𝑟 𝑢𝑛𝑖𝑡 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑉፜ፚ፭ፚ፥፲፬፭ = 𝑉፫፞፟ + Δ𝑉 (3.15)

𝑤ℎ𝑒𝑟𝑒,

𝑉፜ፚ፭ፚ፥፲፬፭ = 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙, [𝑉]
𝑉፫፞፟ = 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑏𝑒𝑦𝑜𝑛𝑑 𝑤ℎ𝑖𝑐ℎ 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑠 𝑧𝑒𝑟𝑜, [𝑉]

Δ𝑉 = 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙 𝑤𝑟𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑝𝑜𝑡𝑒𝑛𝑡𝑖𝑎𝑙, [𝑉]

3.3.2 Periodic Electrochemical Promotion of Catalysis for Fischer Tropsch Reac-
tion

This subsection includes the plug flow model to study the effect of periodic application of 𝐸𝑃𝑂𝐶 on 𝐹𝑇 re-
action. This involves the effect of frequency, symmetry of the input signal and its amplitude on the reaction.
Equation for the reactant conversions is identical to equation: 3.11 discussed in subsection: 3.2.5. Equation: 3.12
for formation of product described in subsection: 3.2.5 cannot be used for the periodic application of potential.
Because this equation involves the weight fraction defined by 𝑆𝑐ℎ𝑢𝑙𝑧 - 𝐹𝑙𝑜𝑟𝑦 expression and it is valid only
for steady state adsorption of 𝐶𝑂 and 𝐻ኼ molecules [86].

𝜕𝐶።
𝜕𝑡 = 𝑄

𝑉 (𝐶።፧
። − 𝐶።) + 𝜈። ⋅ 𝜌፜ፚ፭ ⋅ 𝑟፩፫፨፝ (3.16a)

𝑟፩፫፨፝ᑡᑒᑣᑒᑗᑗᑚᑟᑤ/ᐺᐿᎶ
= 𝑘፩ፚ፫ፚ፟፟።፧፬/ፂፇᎶ ⋅ 𝑃ፂፎ

፩ ⋅ 𝑃ፇᎴ
፪ (3.16b)

𝑟፩፫፨፝ᑠᑝᑖᑗᑚᑟᑤ = 𝑘፨፥፞፟።፧፬ ⋅ 𝑒𝑥𝑝(−
Δ𝐺፩፡፲

𝑅𝑇 ⋅ 𝑛) ⋅ 𝑃ፂፎ
፩ ⋅ 𝑃ፇᎴ

፪ (3.16c)
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𝑤ℎ𝑒𝑟𝑒,

𝑘። = 𝑅𝑎𝑡𝑒 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑓𝑜𝑟 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖, [𝑚𝑜𝑙/(𝑘𝑔፜ፚ፭ 𝑏𝑎𝑟፩ዄ፪ 𝑠)]
𝜈። = 𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡, [−]

𝐺፩፡፲ = 𝑃ℎ𝑦𝑠𝑖𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑜𝑙𝑒𝑓𝑖𝑛𝑠, [𝐽/𝑚𝑜𝑙]
𝑝 = 𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑃ፂፎ , [−]
𝑞 = 𝐸𝑥𝑝𝑜𝑛𝑒𝑛𝑡𝑖𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑃ፇᎴ , [−]

Equation: 3.16a is used to calculate the concentrations of the products formed during the reaction. The rate of
formation of individual product is assumed to be a function of 𝑝፭፡ power of 𝐶𝑂 and 𝑞፭፡ power of 𝐻ኼ which is
given by equation: 3.16c. The values of 𝑘። , 𝑝 and 𝑞 are fitted to the data provided by 𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 and 𝐿𝑎𝑚𝑏𝑒𝑟𝑡
[50] using 𝑓𝑚𝑖𝑛𝑠𝑒𝑎𝑟𝑐ℎ function in 𝑀𝐴𝑇𝐿𝐴𝐵. It consists the values of 𝐶𝐻ኾ, 𝐶ኼ𝐻ኾ, 𝐶ኼ𝐻ዀ, 𝐶ኽ𝐻ዀ and 𝐶ኾ𝐻ዂ.
Data for 𝐶ኽ𝐻ዂ and 𝐶ኾ𝐻ኻኺ are calculated using equation: 3.17. The values of these parameters are shown below
in table: 3.4.

𝑟(ፂᎵፇᎺ/ ፂᎶፇᎳᎲ) =
𝑟(ፂᎵፇᎸ/ ፂᎶፇᎺ)

𝑂𝑃 (3.17)

In equation: 3.17, the term 𝑂𝑃 represents olefin-paraffin ratio which is shown in equation: 3.10c.

Table 3.4: Values of the parameters ፤ᑚ, ፦ and ፧ used in equation: 3.16c

Product 𝑘። 𝑝 𝑞
𝐶𝐻ኾ 1.23 ⋅ 10ዅኺ዁ 0.298 1.250
𝐶ኼ𝐻ኾ 2.99 ⋅ 10ዅኺዃ −0.681 −0.199
𝐶ኼ𝐻ዀ 4.6 ⋅ 10ዅኺዃ 0.554 1.837
𝐶ኽ𝐻ዀ 3.17 ⋅ 10ዅኺዃ −0.630 −0.151
𝐶ኽ𝐻ዂ 5.82 ⋅ 10ዅኺዃ 0.594 2.016
𝐶ኾ𝐻ዂ 2.43 ⋅ 10ዅኺዃ −0.098 0.136
𝐶ኾ𝐻ኻኺ 1.04 ⋅ 10ዅኺዃ 0.248 1.45

3.4 Solid Oxide Fuel Cell (𝑆𝑂𝐹𝐶) type Reactor
One of the promising reactor design for 𝐸𝑃𝑂𝐶 is Solid Oxide Fuel Cell. This is because the reactor cell used in
𝐸𝑃𝑂𝐶 is almost identical to that of 𝑆𝑂𝐹𝐶 cell. Therefore, when it comes to scaling up, 𝑆𝑂𝐹𝐶 reactor might
be a good option to analyse.

An 𝑆𝑂𝐹𝐶 reactor consists of the following compartments:

1. Interconnect

2. Gas Channels

3. Fuel Electrode

4. Solid Electrolyte

5. Air Electrode

Interconnect acts as the separator between two consecutive 𝑆𝑂𝐹𝐶 cells. It also contains the gas channels
which carries the reactants and products along its length. As the names suggest, fuel electrode is adjacent to
the gas channel through which fuel passes and air electrode is adjacent to the air channel. In the context of
𝐸𝑃𝑂𝐶, there are working and counter electrodes. Here, working electrode is the catalyst layer and counter
electrode is present on the other side of the electrolyte to complete the electrical connection. Unlike 𝑆𝑂𝐹𝐶, the
𝐸𝑃𝑂𝐶 reactor does not always need a gas to be passed through the channels adjacent to the counter electrode.
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For example, 𝑁𝑎 − 𝛽” − 𝑎𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒 contains 𝑁𝑎ዄ ions which get transferred to the catalyst material on ap-
plication of current or potential. This acts as a elctrolyte. Thus, the solid electrolyte is needed for the transfer
of ions to the working electrode. Reference electrodes are also used in 𝐸𝑃𝑂𝐶 to measure the absolute poten-
tial of the catalyst surface. This is possible as the reference electrode is not electrically connected to the circuit.

In the present study, 𝑁𝑎 − 𝛽” 𝑎𝑙𝑢𝑚𝑖𝑛𝑎𝑡𝑒 is used as the solid electrolyte. It is a conductor of 𝑁𝑎ዄ ions. Ruthe-
nium is used as the catalyst or the working electrode and palladium is considered as the counter electrode. A
square shaped flat plate cell has been considered whose length and breadth are 20 𝑐𝑚. The thickness of the
catalyst is assumed to be 20 ⋅ 10ዅዂ 𝑚. Figure: 3.1 shows the unit reactor cell with the necessary dimensions.

(a) Side View

(b) Top View

Figure 3.1: Side and Top View of ፒፎፅፂ type unit reactor cell for ፄፏፎፂ

Plug flow type reactor has been assumed for this study based on the approach adopted for steam electrolysis
in Solid Oxide Electrolysis, (𝑆𝑂𝐸) reactor by 𝑈𝑑𝑎𝑔𝑎𝑤𝑎 𝑒𝑡 𝑎𝑙 [96]. This has been assumed here because the
reactors are of similar nature. Steady state has been considered and no mass transport limitation has been
taken inside the channel. Mass transport limitations had to be considered if there were liquid products formed
or if any liquid was fed at the inlet of the reactor. This is the case with conventional reactors for 𝐹𝑇 process.
But from the experiments on 𝐸𝑃𝑂𝐶 based 𝐹𝑇 process, it showed that negligible amount of liquid phase prod-
ucts are formed [51], [50]. Also only gaseous reactants are fed at the inlet, devoid of any liquid medium. Based
on these assumptions, the species transport equation has been modelled which is shown by equation: 3.18.

𝑢 𝑑𝐶።
𝑑𝑥 = −𝜈። ⋅ 𝜌፜ፚ፭ ⋅ 𝑟 (3.18)

𝑤ℎ𝑒𝑟𝑒,

𝑢 = 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, [𝑚/𝑠]
𝐶። = 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖, [𝑚𝑜𝑙/𝑚ኽ]

𝜈። = 𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝑖, [−]
𝜌፜ፚ፭ = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡, [𝑘𝑔/𝑚ኽ]

𝑟 = 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒, [𝑚𝑜𝑙/(𝑘𝑔፜ፚ፭ 𝑠)]

Effect of temperature has also been studied. There are two ways to calculate the temperature profile in the
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𝑆𝑂𝐹𝐶 reactor. One can either evaluate separate temperature profiles for all the compartments in the reactor
or can have one lumped equation. These are called local temperature non equilibrium (𝐿𝑇𝑁𝐸) and local tem-
perature equilibrium approach (𝐿𝑇𝐸) respectively [97]. For simplicity, 𝐿𝑇𝐸 approach is used here.

Local Temperature Equilibrium : This approach assumes that the temperature of all the compartments
in the 𝑆𝑂𝐹𝐶 reactor are in equilibrium. An one dimensional lumped temperature profile is assumed whose
variation is along the length of the reactor. This is shown in equation: 3.19.

𝜌፠ፚ፬𝑐፩ᑘᑒᑤ ⋅ 𝑢 𝑑𝑇
𝑑𝑥 = 𝑘፞፟፟

𝑑ኼ𝑇
𝑑𝑥ኼ + Δ𝐻 ⋅ 𝑟 (3.19)

In equation 3.19, 𝑘፞፟፟ is the average thermal conductivity which includes the conductivities of the intercon-
nect, reactant gas, catalyst material, solid electrolyte and counter electrode. This is shown by equation: 3.20

𝑘፞፟፟ =
𝑡።፧፭ ⋅ 𝑘።፧፭ + 𝑡፜፡ ∗ 𝑘፠ፚ፬ + 𝑡፜ፚ፭ ∗ 𝑘፜ፚ፭ + 𝑡፞፥፞፜ ∗ 𝑘፞፥፞፜ + 𝑡፜ ∗ 𝑘፜

𝑡።፧፭ + 𝑡፠ፚ፬ + 𝑡፜ፚ፭ + 𝑡፞፥፞፜ + 𝑡፜
(3.20)

𝑤ℎ𝑒𝑟𝑒,
𝜌፠ፚ፬ = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑔𝑎𝑠, [𝑘𝑔/𝑚ኽ]

𝑐𝑝፠ፚ፬ = 𝑆𝑝𝑒𝑐𝑖𝑓𝑖𝑐 ℎ𝑒𝑎𝑡 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦, [𝐽/(𝑘𝑔 𝐾)]
𝑢 = 𝐼𝑛𝑙𝑒𝑡 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, [𝑚/𝑠]

𝑘።፧፭ = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑖𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡, [𝑊/𝑚 𝐾]
𝑘፠ፚ፬ = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑔𝑎𝑠, [𝑊/𝑚 𝐾]

𝑘፞፥፞፜ = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 [𝑊/𝑚 𝐾]
𝑘፜ፚ፭ = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 [𝑊/𝑚 𝐾]

𝑘፜ = 𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑢𝑛𝑡𝑒𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 [𝑊/𝑚 𝐾]
𝑡።፧፭ = 𝐼𝑛𝑡𝑒𝑟𝑐𝑜𝑛𝑛𝑒𝑐𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠, [𝑚]
𝑡፞፥፞፜ = 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑡𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠, [𝑚]

𝑡፜ፚ፭ = 𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠, [𝑚]
𝑡፜፡ = 𝐺𝑎𝑠 𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠, [𝑚]

𝑡፜ = 𝐶𝑜𝑢𝑛𝑡𝑒𝑟 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠, [𝑚]
𝑇 = 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, [𝐾]

Δ𝐻 = 𝐻𝑒𝑎𝑡 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛, [𝐽/𝑚𝑜𝑙]
The values of the parameters used in equations: 3.19 and 3.20 are listed in table:3.5 and 3.6. Table: 3.5 consists
of the thermal conductivities of the different materials present in the reactor and table: 3.6

Table 3.5: Thermal conductivities for different components of the reactor:3.20

Components Values, [W/(m K)]
𝑘።፧፭ 30
𝑘፠ፚ፬ 0.1638
𝑘፞፥፞፜ 35
𝑘፜ፚ፭ 100
𝑘፜ 70

Table 3.6: Constants for equation:3.20

Components Values, [m]
𝑡።፧፭ 200 ⋅ 10ዅዀ

𝑡፜፡ 2 ⋅ 10ዅኽ

𝑡፞፥፞፜ 50 ⋅ 10ዅዀ

𝑡፜ፚ፭ 20 ⋅ 10ዅዂ

𝑡፜ 20 ⋅ 10ዅዀ
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Equations: 3.18 and 3.19 are solved simultaneously to calculate the variations in reactant conversion and tem-
perature along the length of the reactor. These equations have been used to compare the results for the
reactant conversion between the fitted expression and the original 𝑌𝑎𝑡𝑒𝑠 and 𝑆𝑎𝑡𝑡𝑒𝑟𝑓𝑖𝑒𝑙𝑑 [77] expression.





Chapter 4

Results and Discussions

This chapter deals with understanding of the effect of electrochemical promotion of catalysis on Fischer Trop-
sch reaction which is done through theoretical modelling. Periodic operation of electrochemical promotion of
catalysis has also been studied to investigate if any significant modification could be observed. Further, the
performance of 𝐸𝑃𝑂𝐶 on a square shaped flat plate 𝑆𝑂𝐹𝐶 reactor has been evaluated. 𝑆𝑂𝐹𝐶 type reactors
have been chosen because the basic cell structure of the 𝐸𝑃𝑂𝐶 reactors and 𝑆𝑂𝐹𝐶 cells are similar. Assump-
tions made for the study of reactor have been discussed in section: 3.4 of Chapter: 3.

But before exploring how 𝐸𝑃𝑂𝐶 modifies the 𝐹𝑇 reaction, it is important to understand the effect of the
applied potential on the promoter coverage. This coverage of the ions will modify the reaction.

4.1 Surface Coverage of Promoter Ion

As shown in equation: 3.1 in Chapter: 3, there is a linear relationship between the promoter coverage and the
applied potential. The equation also shows that dipole moment of the ion has a role to play on the coverage.
The value of which changes according to the type of ion. Depending on the dipole moment, one can have
different coverage at the same applied potential.

In this case, sodium has been used as the promoter ion. Figure: 4.1 shows the potential dependent coverage
of ions. 0.4𝑉 has been chosen as the reference potential as this is the lowest potential at which the catalyst
surface is devoid of any promoter ion. This was found experimentally by 𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 and 𝐿𝑎𝑚𝑏𝑒𝑟𝑡 [50] for 𝑁𝑎
promotion for 𝐹𝑇 reaction on Ruthenium (𝑅𝑢) catalyst.

Figure 4.1: Change in surface coverage of promoter ion (ፍፚᎼ) with the catalyst potential.
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From the fig: 4.1, it can be concluded that as the potential is decreased, the promoter coverage increases. This
is because 𝑁𝑎ዄ is a cation and would get transported towards more negative or lower potential. Conversely,
anions like 𝑃ኽዅ or 𝐵ኽዅ would have transported from negative to positive potential. The magnitudes of pro-
moter coverage shown in fig: 4.1 is in range with that experimentally determined by 𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 𝑒𝑡 𝑎𝑙 [98]. At
−0.6 𝑉, they found 6% coverage of 𝑁𝑎 ions on 𝐶𝑜𝑝𝑝𝑒𝑟 surface.

4.2 Electrochemical Promotion of Catalysis on Fischer Tropsch Re-
action

4.2.1 Chain Growth Probability

In this work, the effect of alkali promotion on the chain growth probability has been studied. Figure: 4.2a
shows the variation of the chain growth probability with the catalyst potential. It shows that on decreasing
the potential or equivalently increasing the alkali coverage, the chain growth probability increases. Thus, from
the figure, it can be concluded that the probability of producing longer carbon chains increases with increasing
in alkali loading. The equation: 3.6 is fitted to the experimental data provided by 𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 and 𝐿𝑎𝑚𝑏𝑒𝑟𝑡
[50]. Similarly, figure: 4.2b shows the variation of chain growth probability with the catalyst potential for the
expression provided by 𝑉𝑒𝑟𝑣𝑙𝑜𝑒𝑡 𝑒𝑡 𝑎𝑙 [93]. The expression is fitted to the same set of experimental data [50].

(a) ፒ፨፧፠ ፞፭ ፚ፥ [80] (b) ፕ፞፫፯፥፨፞፭ ፞፭ ፚ፥ [93]

Figure 4.2: Variation of chain growth probability with different catalyst potentials using equations by ፒ፨፧፠ ፞፭ ፚ፥ and ፕ፞፫፯፥፨፞፭ ፞፭ ፚ፥

Both figures: 4.2a and 4.2b shows similar trends after modifying the expressions to account for the effect of the
catalyst potential. The figures depict an increasing trend of chain growth probability with decreasing catalyst
potential or increasing coverage of alkali atoms.
One possible reason for the enhancement in chain growth probability could be due to improved adsorption
and dissociation of 𝐶𝑂 molecules on the catalyst surface. At the same time adsorption of 𝐻ኼ is decreased with
the alkali loading. These changes can be attributed to the electronic nature of the molecules. Here, 𝐶𝑂 acts
as an electron acceptor and 𝐻ኼ acts an electron donor. The alkali atoms on the catalyst surface form dipoles.
They acquire positive charge and the metal catalyst surface aquires negative polarisations. Such an electron
rich surface makes the adsorption for electron acceptors (like 𝐶𝑂) favourable. Increase in the adsorption of
𝐶𝑂 indicates more number of carbon atoms available for chain growth. Thus, alkali promotion is favourable
in increasing the chain growth probability of the 𝐹𝑇 reaction.

4.2.2 Reaction Rate

Even though, the alkalis are coined the term promoters for the 𝐹𝑇 reaction, they actually lower the reaction
rate. Figure: 4.3 clearly shows decreasing trend in the overall rate of reaction with lowering the potential or
increasing the alkali loading on the catalyst surface.
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Figure 4.3: Effect of changing catalyst potential on the overall reaction rate.

Reaction rate is calculated using the expression given by 𝑌𝑎𝑡𝑒𝑠 and 𝑆𝑎𝑡𝑡𝑒𝑟𝑓𝑖𝑒𝑙𝑑 [77] . The values of the
factors a and b in the equation: 3.9 have been calculated by fitting the expression to the experimental data
provided by 𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 and 𝐿𝑎𝑚𝑏𝑒𝑟𝑡 [50]. The reason for doing so is to match the lower activity per unit
mass of the catalyst film compared to those used in original Fischer Tropsch reaction. For identical conditions,
the magnitude of the original reaction rate is higher than that of the modified version. One reason for lower
activity is due to the dense structure of the catalyst film. The catalyst film is needed to be dense, so that the
entire catalyst retains the electrical conductivity. But in the process it loses a lot of active surface area and
consequently, activity of the catalyst face adverse effects.

From the equation: 3.9, it is clear that concentration of 𝐻ኼ acts as a more dominant factor than that of 𝐶𝑂.
Thus, decreasing hydrogen adsorption due to alkali coverage reduces the magnitude of the reaction rate. This
also suggests that the 𝐹𝑇 reaction is electrophobic in nature which means its magnitude increases with in-
crease in the applied potential [22]. Moreover, from the rules of promotion stated by 𝑉𝑎𝑦𝑒𝑛𝑎𝑠 𝑒𝑡 𝑎𝑙 [22], it is
clear that for an electrophobic reaction, the adsorption of electron donor molecules are much lower than that
of the electron acceptor molecules.Therefore, with increase in alkali loading or reducing catalyst potential, 𝐻ኼ
adsorption becomes more rate limiting.

4.2.3 Olefin-Paraffin Ratio

𝑂𝑙𝑒𝑓𝑖𝑛 − 𝑃𝑎𝑟𝑎𝑓𝑓𝑖𝑛 ratio increases with alkali loading as shown in fig: 4.4. Equation: 3.10c has been fitted to
the experimental data [50] for the ratio between 𝐶ኼ𝐻ኾ and 𝐶ኼ𝐻ዀ.

Figure 4.4: Variation of ፨፥፞፟።፧ ዅ ፩ፚ፫ፚ፟፟።፧ ratio for ፂᎴ wrt catalyst potential.
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Figure 4.5: Carbide Mechanism for ፅፓ reaction.

This can be explained using the carbide mechanism for 𝐹𝑇 as shown in fig: 4.5, where olefins and 𝑛-paraffins
are the products. Olefins are formed by the elimination of the 𝛽-hydrogen atom and 𝑛-paraffins are produced
by adding adsorbed hydrogen to the 𝛼 position of the carbon chain. Since, hydrogen adsorption is reduced due
to alkali loading, therefore, formation of 𝑛-paraffins is decreased. As a result olefin to paraffin ratio increases.

However, it is not very certain that olefin production increases with alkali loading. This is because contra-
dicting results are displayed for olefin production in literature. 𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 and 𝐿𝑎𝑚𝑏𝑒𝑟𝑡 showed that even
though selectivity of olefin formation increases, but in reality, the rate of olefin production decreases with
increasing sodium promoter over 𝑅𝑢𝑡ℎ𝑒𝑛𝑖𝑢𝑚 catalyst [50]. Increase in selectivity is backed by the fact that
the decrements in olefin production are lower than that of paraffin production [50]. 𝑈𝑟𝑞𝑢ℎ𝑎𝑟𝑡 𝑒𝑡 𝑎𝑙 reported
an increase in olefin production with decrease in potential or increase in potassium coverage over 𝑅ℎ𝑜𝑑𝑖𝑢𝑚
catalyst [51]. But drop in paraffin production with increasing alkali loading was common to both the works.

Figure: 4.6 shows the 𝑜𝑙𝑒𝑓𝑖𝑛 − 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 ratio for different carbon lengths for 𝐻ኼ ∶ 𝐶𝑂 ratio equal to 2.
It shows that as the length of the carbon chain increases, the magnitude of the 𝑜𝑙𝑒𝑓𝑖𝑛 − 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 ratio de-
creases. This is because the the ratio is inversely proportional to the exponential of carbon number as shown in
equation: 3.10c. This has been backed by experimental evidence reported by 𝐾𝑢𝑖𝑝𝑒𝑟𝑠 𝑒𝑡 𝑎𝑙 [94] and 𝐼𝑔𝑙𝑒𝑠𝑖𝑎
𝑒𝑡 𝑎𝑙 [81]. Moreover, for each carbon number, the ratio decreases with increasing catalyst potential.

Figure 4.6: Variation of ፨፥፞፟።፧ ዅ ፩ፚ፫ፚ፟፟።፧ ratio for ፂᎴ, ፂᎵ and ፂᎷ wrt catalyst potential.

4.3 Combined Effect of Operating Conditions and 𝐸𝑃𝑂𝐶 on 𝐹𝑇
This section deals with the study of the combined effects of 𝐸𝑃𝑂𝐶 and operating conditions on 𝐹𝑇. Mainly,
role of temperature, 𝐻ኼ ∶ 𝐶𝑂 feed ratio and pressure are investigated. The purpose of this section is to see
how the variations in these operating parameters influence the 𝐹𝑇 along with the effect of alkali loading. This
kind of study can help in choosing the right operating conditions for the process.
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4.3.1 Temperature + 𝐸𝑃𝑂𝐶
Effects of temperature on chain growth probability and reaction rate have been studied in this section. Figures:
4.7a and 4.7b show the combined effect of variations in temperature and applied catalyst potential on the chain
growth probability and the reaction rate respectively. The surface plot for chain growth probability suggests
that lower temperature and more negative catalyst potential are favourable for the selectivity towards longer
hydrocarbon chains. Whereas, the surface plot for the reaction rate shows its maximum magnitude towards
higher temperature and more positive potential. The variations in chain growth probability and reaction rate
with temperature are more pronounced than those with the applied catalyst potential or sodium coverage.

(a) Chain Growth Probability (b) Reaction Rate

Figure 4.7: Variation of chain growth probability and reaction rate with different temperatures and catalyst potentials.

Figure 4.8: Variation in Selectivity of ፂᎳ, ፂᎴ and ፂᎵ as a function of temperature at an applied catalyst potential of ዅኺ.ኾፕ.

Even though, the reaction rate is very high towards higher temperature, but chain growth probability tends to
zero in this zone. This means, methane will be the sole product formed at higher temperature. This is shown in
fig: 4.8 where 100% selectivity for methane is observed at 553.15 𝐾. If longer hydrocarbon chains are desired
then one has to compromise with the reaction rate, provided all other operating conditions are fixed.

4.3.2 𝐻ኼ ∶ 𝐶𝑂 Ratio + 𝐸𝑃𝑂𝐶
The influence of 𝐻ኼ ∶ 𝐶𝑂 ratio on reaction rate and chain growth probability has been studied in this section.
Figures: 4.9a and 4.9b show the combined effect of 𝐻ኼ ∶ 𝐶𝑂 ratio and applied catalyst potential on reaction
rate and chain growth probability respectively. From fig: 4.9a, it can be inferred that with increasing 𝐻ኼ ∶ 𝐶𝑂
ratio, the reaction rate first increases, reaches a maximum value and then starts decreasing. Whereas, with
decreasing the catalyst potential, the reaction rate decreases. This suggests that the decrease in reaction rate
due to the 𝐸𝑃𝑂𝐶 effect can be compensated with increase in 𝐻ኼ ∶ 𝐶𝑂 ratio.
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(a) Reaction Rate (b) Chain Growth Probability

Figure 4.9: Variation of reaction rate and chain growth probability with ፇᎴ ∶ ፂፎ ratio at different catalyst potentials.

Chain growth probability decreases with increase in the 𝐻ኼ ∶ 𝐶𝑂 ratio. Whereas, it increases with lowering
the catalyst potential or equivalently increasing the sodium coverage over the catalyst. If longer hydrocarbons
are desired, then the 𝐻ኼ ∶ 𝐶𝑂 ratio should not be high. Otherwise, it will oppose the enhancement in the chain
growth probability caused by 𝐸𝑃𝑂𝐶 on the reaction.

4.3.3 Pressure + 𝐸𝑃𝑂𝐶

Influence of operating pressure can be felt on the reaction rate and the residence time of the reactor. Figure:
4.10a shows an increase in reaction rate with increasing pressure. In lower pressure regime (𝑡𝑖𝑙𝑙 ∼ 4 𝑏𝑎𝑟), a
faster growth in the reaction rate can be observed. Further with increasing pressure, the growth slows down.

(a) Variation of Reaction Rate with pressure and catalyst potential (b) Variation of Residence Time with pressure

Figure 4.10: Variation of reaction rate and residence time as a function of pressure.

Effect of pressure on residence time has been studied using a plug flow reactor configuration. The study is
carried out by varying pressure in the range 1 − 8 𝑏𝑎𝑟. 𝐻ኼ ∶ 𝐶𝑂 ratio is kept at 2 ∶ 1 and isothermal operation
is assumed. The reactor volume is 70 𝑐𝑚ኽ and a flow rate of 10 𝑚𝐿/𝑚𝑖𝑛 is taken. Fig: 4.10b shows an increase
in residence time towards higher pressure. This means that the reactants get more time to participate in the
reaction. Therefore, both the improvement in reaction rate and the residence time will improve the conversion
of the reactants. Thus, higher pressure operation can compensate the decrease in the reaction rate due to the
𝐸𝑃𝑂𝐶 effect.
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Figure 4.11: Effect of pressure on chain growth probability at different catalyst potential.

Unlike the effect of temperature and 𝐻ኼ ∶ 𝐶𝑂 ratio, operating pressure does not decrease the chain growth
probability as can be seen in fig: 4.11. Rather, pressure does not have any effect on the magnitude of the chain
growth probability.

4.4 Dynamic Electrochemical Promotion of Catalysis
This section deals with the periodic application of potential on the 𝐹𝑇 reaction. Periodicity is applied to the
reaction in the form of a square wave. The study of the periodicity can be done using three parameters related
to the wave form. They are frequency, symmetry or duty cycle of the period and the amplitude of the wave.

4.4.1 Effect of Frequency

The effect of frequency will depend on two time scales. One is the diffusion time scale. It is the time taken
by the promoter ions to reach the catalyst surface via diffusion. The second time scale is associated with the
kinetics of the reaction. Both of these time scales have to be taken care of while imposing any kind of period-
icity to the process. Diffusion of ions through metal catalyst film is very slow. Diffusion coefficient can be in
the order of ∼ 10ዅኻ኿, [𝑚ኼ/𝑠] [99] or even lower. Slow diffusive transport can pose significant limitation to
the application of periodicity with higher frequency.

Transport equation (3.13) described in section: 3.3.1 in Chapter: 3 is solved to understand the effect of fre-
quency on the coverage of the ions on the catalyst surface. A square wave with maximum and minimum
current values of 120, 𝜇𝐴 and 20, 𝜇𝐴 respectively is used as an input which will be responsible for the gen-
eration of the promoter ions at the electrode electrolyte interface. The necessary parameters assumed in the
calculation are shown in table: 4.1.

Table 4.1: Constants for equation:3.9

Constants Values
𝐹𝑖𝑙𝑚 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 (𝑡፜) 1, 0.1 [𝜇𝑚]
𝑊𝑎𝑣𝑒𝑓𝑜𝑟𝑚 𝑆𝑞𝑢𝑎𝑟𝑒
𝐼፦።፧ 20 [𝜇𝐴]
𝐼፦ፚ፱ 120 [𝜇𝐴]

Figures: 4.12 and 4.13 show the variation of surface coverage of the promoter species as a function of time due
to the periodic application of current at different frequencies. Results for two catalyst film thickness (𝑡፜) has
been given. They are 0.1 𝜇𝑚 and 1 𝜇𝑚 thick depicted in figs: 4.12 and 4.13 respectively. With increasing film
thickness, the effect of the frequency of the fluctuations on the promoter coverage become less visible. This is
because of the limitations posed by the slow diffusive transport. At 1 𝐻𝑧, the promoter coverage for the 1 𝜇𝑚
thick film show steady state kind of behaviour which is shown in fig: 4.13b. Whereas, for 0.1 𝜇𝑚 thickness,
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still some fluctuations can be observed for the case of 1 𝐻𝑧 frequency. This can be seen in fig: 4.12b. If higher
frequency is needed to be incorporated to the process, then the catalyst film thickness should be made smaller
to avoid diffusion limitations of the promoter ions.

(a) 0.01 Hz (b) 1 Hz

Figure 4.12: Variation of promoter coverage on the surface of a catalyst film of thickness ኺ.ኻ ᎙፦ at frequencies of ኺ.ኺኻ ፇ፳ and ኺ.ኺኻ ፇ፳.

(a) 0.01 Hz (b) 1 Hz

Figure 4.13: Variation of promoter coverage on the surface of a catalyst film of thickness ኻ ᎙፦ at frequencies of ኺ.ኺኻ ፇ፳ and ኺ.ኺኻ ፇ፳.

Figure 4.14: Input signal of catalyst potential

Further, the effect of frequency has been studied for the 𝐹𝑇 reaction. For that, a symmetric square wave
formed by −0.4 𝑉 and 0.4 𝑉 is chosen as the input signal which is shown in fig: 4.14.

Figure: 4.15 represents the effect of frequency on 𝐶𝑂 conversion for 𝐹𝑇 process. For simplicity, the diffusive
transport limitation of the ions have not been considered. Such an assumption is made in order to understand
the sole effect of frequency on the kinetics of the reaction. The graph is based on the modified reaction rate to
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account for the low activity per unit mass of the catalyst. Although, the conversion values are negligibly small
but still slight variations can be seen with changing frequency. It first increases with increasing frequency and
then starts decreasing after reaching a maximum. In the lower frequency range the increment in conversion
is hardly considerable, therefore, it cannot be observed clearly from the graph.

Figure 4.15: Effect of frequency on ፂፎ conversion

The trend observed in fig: 4.15 can be explained in terms of the adsorption of 𝐻ኼ on the catalyst surface. If the
𝐹𝑇 reaction is assumed to be electrophobic, the adsorption of the donor molecules (𝐻ኼ) should be rate limiting.
𝑊𝑖𝑙𝑙𝑖𝑎𝑚𝑠 and 𝐿𝑎𝑚𝑏𝑒𝑟𝑡 found through experiments that increasing the potential, increases the 𝐹𝑇 reaction
rate [50]. This indeed fits to the definition of electrophobic reactions [22]. The trend for the 𝐶𝑂 conversion
is quite similar to the catalytic resonance phenomenon explained by 𝐴𝑟𝑑𝑎𝑔ℎ 𝑒𝑡 𝑎𝑙 [38]. It states that if the
frequency of surface energy oscillations is in the vicinity of the natural frequency of the reaction, then the turn
over frequency is maximum in that frequency. Further increase in frequency tends to decrease the turnover
frequency. Similarly, in this case, 𝐶𝑂 conversion increases until the frequency of the waveform resonates with
perhaps the natural frequency of adsorption of 𝐻ኼ. In this range the conversion is maximum and beyond that,
frequency of oscillations is too high for the adsorption of 𝐻ኼ. Therefore, there is a decline in 𝐶𝑂 conversion.

(a) Selectivity for ፂፇᎶ (b) ፂᎴፇᎶ ∶ ፂᎴፇᎸ ratio

Figure 4.16: Variation of ፂፇᎶ selectivity and ፂᎴፇᎶ ∶ ፂᎴፇᎸ ratio with increasing frequency of oscillations of the catalyst potential
waveform.

Figure: 4.16a shows the variation of the selectivity of 𝐶𝐻ኾ with the frequency of oscillations. It follows the
similar trend as shown by 𝐶𝑂 conversion in fig: 4.15. This is because, 𝐶𝐻ኾ formation is highly dependent on
hydrogenation. Its maximum lies where hydrogen adsorption is maximum. The 𝐶ኼ𝐻ኾ ∶ 𝐶ኼ𝐻ዀ ratio decreases
with increasing frequency, reaches a minimum for a range of frequency and beyond that the magnitude rises.
The minimum is exactly in the range 10ኻ 𝑡𝑜 10ኼ 𝐻𝑧. On the 𝐶ኼ𝐻ኾ ∶ 𝐶ኼ𝐻ዀ ratio is minimum in the region
where the 𝐶𝑂 conversion is maximum or in other words, 𝐻ኼ adsorption is at its highest magnitude. In this
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region, hydrogenation of carbon chains will lead to higher growth in paraffin formation. This will lower the
selectivity towards olefin and as a result olefin-paraffin ratio decreases with frequency.

Even though in the above studies, frequency up to 1000 𝐻𝑧 has been considered, in reality,the corresponding
observations shown above may not be visible. First of all, diffusion limitations of the ions will oppose the of the
influence of higher frequency. In such a case, the reaction will rather be influenced by the average potential
of the wave form. Secondly, due to the extremely low activity per unit mass of the catalyst one may not see
any changes which are of any practical value.

4.4.2 Effect of Duty Cycle

Duty cycle or symmetry is an indication of the fraction of the time period for which a pulse exists. For studying
the effect of duty cycle, the square waveform for the catalyst potential shown in fig: 4.14 is used here with a
frequency of 0.001 𝐻𝑧. An asymmetry is created by changing the fraction of −0.4 𝑉 from 10% to 90% in
each cycle or period of the waveform. Effect of duty cycle on the reactant conversion, 𝑜𝑙𝑒𝑓𝑖𝑛 − 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛
ratio, chain growth probability and selectivity of 𝐶𝐻ኾ are discussed in this subsection.

Figure: 4.17a shows the variation of reactant conversion with duty cycle. Reactant conversion decreases as
the fraction of more negative potential or alkali loading increases. This is because, in the process of increasing
the duty cycle, 𝐻ኼ adsorption on the catalyst surface is reduced. This affects the reaction rate as shown in
subsection: 4.2.2. Figure: 4.17b represents the variations in 𝑜𝑙𝑒𝑓𝑖𝑛 − 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 ratio with the increasing duty
cycle. The 𝑜𝑙𝑒𝑓𝑖𝑛−𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 ratio increases with the increment in the duty cycle. This is because of the pres-
ence of the more negative potential for a larger fraction of the cycle. As a result, 𝐻ኼ adsorption decreases and
consequently rate of formation of paraffins decreases which are formed by hydrogenation. Thus, improving
the selectivity towards olefins.

(a) ፂፎ conversion (b) ፂᎴፇᎶ ∶ ፂᎴፇᎸ ratio

Figure 4.17: Variation of ፂፎ conversion and ፂᎴፇᎶ ∶ ፂᎴፇᎸ ratio with increasing duty cycle.

Figure: 4.18 shows the variation of chain growth probability and selectivity of 𝐶𝐻ኾ with the duty cycle. Chain
growth probability increases with increase in the duty cycle as represented by fig: 4.18a. This because with
increasing duty cycle, more negative potential or higher alkali loading prevails for a longer fraction of the time
period. As a result 𝐶𝑂 adsorption is increased and leads to greater probability for formation of longer carbon
chains. On the other hand selectivity of 𝐶𝐻ኾ decreases with increasing duty cycle as shown in fig: 4.18b. This
is because with increasing the duty cycle, 𝐻ኼ adsorption decreases and it hampers the production of 𝐶𝐻ኾ.
Also, increase in the chain growth probability with duty cycle reduces the fraction of 𝐶𝐻ኾ from the product
distribution.
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(a) Chain Growth Probability (b) Selectivity of ፂፇᎶ

Figure 4.18: Variation of chain growth probability and selectivity of ፂፇᎶ as a function of duty cycle.

Next, for the purpose of comparison between 𝐷𝐸𝑃𝑂𝐶 and 𝐸𝑃𝑂𝐶, the potential waveform shown in fig: 4.14
with 50% duty cycle and a frequency of 0.001 𝐻𝑧 is chosen. The comparison is made with its corresponding
average potential value, i.e., 0 𝑉. or the change in potential (Δ𝑉 = −0.4 𝑉). The comparison is made based on
𝐶𝑂 conversion, 𝐶ኼ𝐻ኾ ∶ 𝐶ኼ𝐻ዀ ratio and 𝐶𝐻ኾ selectivity.

Table 4.2: Comparison between ፃፄፏፎፂ and ፄፏፎፂ.

Parameters DEPOC EPOC
𝐶𝑂 𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛, [%] 0.03981 0.03739
𝐶ኼ𝐻ኾ ∶ 𝐶ኼ𝐻ዀ, [−] 5.157 6.038
𝐶𝐻ኾ 𝑆𝑒𝑙𝑒𝑐𝑡𝑖𝑣𝑖𝑡𝑦, [%] 78.44 77.581

The values are shown in table: 4.2. It can be observed that themagnitudes of 𝐶𝑂 conversion and 𝐶𝐻ኾ selectivity
are higher in the case of 𝐷𝐸𝑃𝑂𝐶 whereas 𝐶ኼ𝐻ኾ ∶ 𝐶ኼ𝐻ዀ ratio is higher in case of 𝐸𝑃𝑂𝐶. This is because with
the introduction of periodicity in case of 𝐷𝐸𝑃𝑂𝐶, 𝐻ኼ adsorption increases. As a result of 𝐶𝑂 conversion
increases and also the selectivity towards 𝐶𝐻ኾ and other paraffins.

4.4.3 Effect of Amplitude

The influence of the amplitudes was investigated by changing the amplitude of a symmetrical potential square
wave fluctuating about 0 𝑉. Amplitudes with magnitudes, 0.4, 0.3, 0.2 and 0.1 𝑉 are considered.The values of
the maximum and minimum catalyst potentials corresponding to each amplitudes are shown in table: 4.3.

Table 4.3: Maximum and minimum catalyst potentials corresponding to different amplitudes for a symmetrical square wave.

𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 [𝑉𝑜𝑙𝑡] 𝑉፦ፚ፱ [𝑉𝑜𝑙𝑡] 𝑉፦።፧ [𝑉𝑜𝑙𝑡]
0.1 0.1 −0.1
0.2 0.2 −0.2
0.3 0.3 −0.3
0.4 0.4 −0.4
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(a) ፂፎ conversion (b) ፂᎴፇᎶ ∶ ፂᎴፇᎸ ratio

Figure 4.19: Variation of ፂፎ conversion and ፂᎴፇᎶ ∶ ፂᎴፇᎸ ratio as functions of the amplitude of the input potential square wave.

Figure: 4.19a shows the effect of increasing amplitude on 𝐶𝑂 conversion. From the figure, it is evident that
increasing the amplitude of the input wave leads to an increase in the 𝐶𝑂 conversion. This can be explained
through the fact that Fischer Tropsch exhibits electrophobic nature. Being an electrophobic reaction, adsorp-
tion of the donor molecules should be rate limiting which is 𝐻ኼ molecule for this case [22]. The adsorption
strength of 𝐻ኼ is proportional to 𝑒𝑥𝑝(𝜆ፇᎴ ⋅ ፞ጂፕ

፤ᑓፓ ), i.e., it exponentially depends on the change in catalyst poten-

tial, (Δ𝑉). Therefore, when the potential is periodically varied between a maximum and minimum value, on
an average, the effect of adsorption will be more inclined towards the maximum value of the potential. There-
fore, as the magnitude of the amplitude or equivalently maximum potential increases, hydrogen adsorption
increases. The change is not very high because of the low value of the charge transfer coefficient (𝜆ፇᎴ ) which
is multiplied to the catalyst potential as shown above. As a result of this small improvement in 𝐻ኼ adsorption,
𝐶𝑂 conversion increases. This is because the reaction rate for 𝐹𝑇 depends on the adsorption of 𝐻ኼ molecules.

Because of the improvement in 𝐻ኼ adsorption, the hydrogenation of the carbon chains increases too. This
results in the growth of paraffin formations. Consequently, selectivity towards olefins decreases. Thus, the
olefin paraffin ratio also decreases. This has been shown in fig: 4.19b. It shows a decreasing trend in the ratio
of 𝐶ኼ𝐻ኾ and 𝐶ኼ𝐻ዀ with the increase in the amplitude.

(a) Chain Growth Probability (b) Selectivity of ፂፇᎶ

Figure 4.20: Variation of chain growth probability and selectivity of ፂፇᎶ as functions of the amplitude of the input potential square wave.

Figure: 4.20a shows the variation of chain growth probability as a function of amplitude. Chain growth prob-
ability decreases with increase in the amplitude. This is again because of the improvement in the hydrogen
adsorption which will lead to increase in the termination of carbon chains via paraffin formation. Further,
there is obvious improvement in the selectivity of methane formation as it is highly dependent on hydrogena-
tion. This is shown in fig: 4.20b.
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In all of these cases, the variations observed are not very high. This has to do with the charge transfer co-
efficient of hydrogen (𝜆ፇᎴ = 0.05). If a higher value was assumed, the variations could have been more
significant.

4.5 Reactor Design Philosophy

Reactors generally used for the study of 𝐸𝑃𝑂𝐶 are well mixed reactors. But other reactors like monolith
have also been used to study the phenomenon. Monolithic reactors have been used in the study of the effect
of 𝐸𝑃𝑂𝐶 on 𝑁𝑂 reduction [100]. Apart from this, 𝑆𝑂𝐹𝐶 type reactors are also explored for understanding
the phenomenon [101]. These reactors come with their own advantages and disadvantages. For example,
considering 𝑆𝑂𝐹𝐶 as a possible reactor means, all the inherent issues with such reactors will add up to the
limitations of the 𝐸𝑃𝑂𝐶 effect. Issues like temperature variation, cell degradation, have to be taken into
account while designing an 𝑆𝑂𝐹𝐶 type reactor [102].

4.5.1 Catalyst for 𝐸𝑃𝑂𝐶

One of the issues that have hindered commercial application of 𝐸𝑃𝑂𝐶 is the use of a highly dense catalyst
film to maintain electrical connectivity within the material. For a desired amount of production under same
operating conditions, a larger amount of catalyst material will be required compared to any classical system.
This makes the material cost highly expensive. Therefore, search for cheaper catalyst material and much
thinner catalyst films are desired. Nano structured films formed by metal sputtering techniques provide the
advantage of small thickness and at the same time higher dispersion (> 10−20%) [100]. They are comparable
to the commercially available catalysts [103].

4.5.2 Wireless Configuration

Another issue in reactor design for 𝐸𝑃𝑂𝐶 is the involvement of wired connections. An efficient current col-
lection system is necessary to minimise the number of wires used in the reactor [103]. This is because the
competition of 𝐸𝑃𝑂𝐶 is with classical reactors rather than the electrochemical ones [103]. In order to over-
come this, bipolar configurations are developed where the catalyst material is not electrically connected. 𝐶ኼ𝐻ኾ
oxidation is being studied in such a configuration [104]. In bipolar configuration there are electrode materi-
als on either sides of the catalyst to complete the electrical connectivity [104]. The rate enhancement will
be lower compared to a normally used reactor as the two halves of the catalyst are oppositely polarised due
to the presence of the two electrodes adjacent to it. Another wireless configuration studied is using mixed
ionic electronic conducting supports [105]. These structures can conduct both ions and electrons. Therefore,
it eliminates the requirement of any wired connections [105]. Here, a sweep gas (e.g., 𝑂ኼዅ) is used. Because of
chemical potential difference, oxygen ions are transferred to the catalyst through the electrolyte membrane.
These ions will act as promoters over the catalyst.

The next two subsections are about the possible issues which affects the scaling up of the electrochemically
promoted Fischer Tropsch process.

4.5.3 Reactant Conversion for Fischer Tropsch reaction

For the study of the reactant conversion, an 𝑆𝑂𝐹𝐶 type cell has been considered. A flow rate of 400 𝑚𝐿/𝑚𝑖𝑛
is used in a cell of 0.2 𝑚 𝑋 0.2 𝑚 dimension with channel height of 2 𝑚𝑚. Figure: 4.21 shows the consumption
of the reactants along the length of the reactor.
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(a) Modified reaction rate (b) Original reaction rate

Figure 4.21: Consumption of reactants along the length of the reactor using modified reaction rate to account for the low catalytic
activity in the case of ፄፏፎፂ and the original ፘፚ፭፞፬ and ፒፚ፭፭፞፫፟።፞፥፝ expression.

In fig: 4.21a, modified reaction rate for 𝐸𝑃𝑂𝐶 is used and in fig: 4.21b, original 𝑌𝑎𝑡𝑒𝑠 and 𝑆𝑎𝑡𝑡𝑒𝑟𝑓𝑖𝑒𝑙𝑑 ex-
pression is used. From experimental evidence, it is clear that the original expression cannot be used in the
study of 𝐸𝑃𝑂𝐶 [50]. The reason for this has been mentioned several times which is the lower activity per unit
mass of the catalyst. Clearly, higher conversion is achieved in the second case. Conversion for the case with
low catalytic activity is only 0.0212%, whereas in the second case, it is 50.15%. Hence, due to extremely low
conversion, scaling up of the process at this stage does not seem to be feasible.

4.5.4 Importance of Heat Management in Fischer Tropsch

If the activity per unit mass of the catalyst can be improved, then one needs to think about isothermal oper-
ation. This is extremely necessary for the 𝐹𝑇 reaction as it is highly exothermic in nature. It releases about
170 𝑘𝐽/𝑚𝑜𝑙 of heat at around 200 °𝐶 [71]. As a result, the temperature along the length of the reactor can
increase significantly. This will have an impact on the selectivity of the reaction. As an illustration, variation
of temperature and consequent changes in the chain growth probability are calculated along the length of the
reactor. For this purpose, the original 𝑌𝑎𝑡𝑒𝑠 and 𝑆𝑎𝑡𝑡𝑒𝑟𝑓𝑖𝑒𝑙𝑑 expression [77] has been used. If the modified
expression for reaction rate is used then due to its low conversion temperature will not rise significantly.

(a) Temperature (b) Chain Growth Probability

Figure 4.22: Consumption of reactants along the length of the reactor using catalyst common to ፄፏፎፂ and that used in conventional
ፅፓ reactors.

Figure: 4.22a shows that there can be significant increase in temperature along the length of the reactor. As
a result the chain growth probability also changes which perturbs the original nature of selectivity of the
reaction. The decrease in chain growth probability along the length of the reactor has been depicted in fig:
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4.22b. This will eventually lead to the generation of higher amount of methane. Therfore, controlling the
temperature will be highly necessary to utilise the full potential of 𝐸𝑃𝑂𝐶 effect on 𝐹𝑇 reaction.





Chapter 5

Conclusion and Future Outlook

This study focused on the understanding of the effect of electrochemical promotion of catalysis on Fischer
Tropsch reaction. It involves the studying the modifications that take place in the reaction due to the appli-
cation of sodium as a promoter over Ruthenium catalyst. The work was carried using a theoretical approach
which involved deriving analytical or semi empirical expressions to account for the phenomenon. Further,
plug flow reactors were used to study the effect of dynamic electrochemical promotion of catalysis on Fischer
Tropsch. Dynamic study was performed by periodic application of input potential or current to the reactor.
Also, possibility of reactor designs were investigated.

5.1 EPOC in Fischer Tropsch
Effect of 𝐸𝑃𝑂𝐶 on 𝐹𝑇 was studied based on three important parameters of the reaction, i.e., chain growth prob-
ability, reaction rate and olefin-paraffin ratio. Chain growth probability increases with alkali promotion. This
implies selectivity towards higher Carbon number increases with alkali promotion. Even though throughout
this work and in literature [50], [51], the process has been termed as alkali promotion but in reality, reaction
rate decreases with increasing alkali concentration on the catalyst surface. In other words with increase in
negative potential(𝑉ፖፑ), reaction rate decreases. Thus, Fischer Tropsch shows electrophobic behaviour. This
conclusion is based on the rules provided by 𝑉𝑎𝑦𝑒𝑛𝑎𝑠 𝑒𝑡 𝑎𝑙 [22].Improvement in 𝑜𝑙𝑒𝑓𝑖𝑛−𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 ratio has
been observed with alkali promotion. This could be because of low hydrogen adsorption due to the presence
of the sodium ions on the surface of the catalyst. Reduced adsorption of hydrogen affects the production of
𝑛-paraffins as they require addition of adsorbed hydrogen to their 𝛼 carbon atom.

Next, the influence of 𝐸𝑃𝑂𝐶 along with the operating parameters was studied. This was done in order to
understand whether changes on the operating conditions can overcome any limitation posed by the 𝐸𝑃𝑂𝐶
phenomenon. First, the combined effect of temperature and 𝐸𝑃𝑂𝐶 was investigated. It was found that with
increase in temperature, the chain growth probability decreases. Thus, at higher temperature, products with
low carbon numbers will be majorly formed. As shown in fig: 4.8, at temperature around 553.15 𝐾, methane
could be the only product. On the other hand temperature enhances the reaction rate. This can be helpful as
alkali coverage on the catalyst reduces the magnitude of reaction rate. But, there is a trade off between reac-
tion rate and chain growth probability. If one has to increase, the other will decrease. Increasing the operating
temperature can be considered if products with low carbon number are desired.

Secondly, the influence of 𝐻ኼ ∶ 𝐶𝑂 ratio is studied on the reaction rate and chain growth probability. As-
suming the 𝑌𝑎𝑡𝑒𝑠 and 𝑆𝑎𝑡𝑡𝑒𝑟𝑓𝑖𝑒𝑙𝑑 (eq: 3.9) expression is valid, it has been found that increasing the 𝐻ኼ ∶ 𝐶𝑂
ratio initially increases the reaction rate till it reaches a maximum and then it starts decreasing with further
increase in the ratio. An intermediate ratio, where reaction rate is maximum can compensate to some extent
the reduced magnitude of reaction rate due to 𝐸𝑃𝑂𝐶. On the other hand chain growth probability is observed
to be continuously decreasing with increasing 𝐻ኼ ∶ 𝐶𝑂 ratio. Reduction in the magnitude of the chain growth
probability is due to the decrease in 𝐶𝑂 concentrations in the reactant feed. Thus, there are less number of
carbon atoms available for chain growth. Reduction in chain growth probability can be improved with the
application of more negative potential or higher alkali loading.

51
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Next, effect of pressure has been studied in combination with 𝐸𝑃𝑂𝐶. Increasing the pressure improves the
reaction rate and at the same time increases the residence time of the reactor. This leads to an increase in the
conversion of the reactants. But there is no influence of pressure on the chain growth probability. Increase in
operating pressure will be helpful in improving the reaction rate which was reduced due to alkali loading.

5.2 Dynamic Electrochemical Promotion of Catalysis
The effect of periodic application of potential has been studied to investigate whether the periodicity affects
the reactant conversion, selectivity of carbon chains and olefin-paraffin ratio. Influence of the frequency, sym-
metry or duty cycle and amplitude of the periodic wave has been studied.

Influence of frequency of the input potential signal on the coverage of the promoter ions on the catalyst
surface have been studied. The application of high frequency can be limited by the slow diffusive transport of
ions to the catalyst surface. At very high frequency, the promoter ions will not be able to capture the effect of
frequency. But, with smaller thickness of the catalyst, higher frequency of periodicity can be applied. This is
because the diffusive time scale gets reduced with decreasing catalyst film thickness.

Next the effect of frequency has been studied on 𝐹𝑇 reaction. It has been observed that with the increase
in frequency, 𝐶𝑂 conversion and 𝐶𝐻ኾ selectivity increases first, on reaching a maximum, their corresponding
magnitudes start descending. This could be due to the improvement in 𝐻ኼ adsorption with initial increment in
frequency. The decreasing values of 𝐶𝑂 conversion and 𝐶𝐻ኾ selectivity at higher frequency could be because
of the mismatch between the time scale for the adsorption of 𝐻ኼ and the frequency of the variation in the pe-
riodic potential. When compared to 𝐶𝑂 conversion and 𝐶𝐻ኾ selectivity, olefin-paraffin ratio for 𝐶ኼ molecules
showed exact opposite behaviour. A minima in the trend is observed where 𝐻ኼ adsorption is possibly the
highest. This is because with the increase in hydrogen adsorption, formation of paraffins increases.

Next, the influence of the duty cycle or symmetry has been studied. Here, the duty cycle was increased
from 10% to 90%. Increasing the duty cycle means increasing the fraction of −0.4 𝑉 within each cycle of
the waveform. 𝐶𝑂 conversion decreases with the increase in the duty cycle. This is because, 𝐶𝑂 conversion
depends on 𝐻ኼ adsorption which decreases with the duty cycle. Similarly, the 𝐶𝐻ኾ selectivity decreases. This
is because 𝐶𝐻ኾ is a hydrogenated product. Also, the production of paraffins decreases. As a result, selectivity
of olefins increase which further increases the olefin paraffin ratio. Increasing the duty cycle increases the
magnitude of chain growth probability. Thus, longer carbon chains can be expected to form. This happens
because of enhancement in 𝐶𝑂 adsorption with increasing duty cycle. Also a comparison was made between
𝐷𝐸𝑃𝑂𝐶 and 𝐸𝑃𝑂𝐶 by choosing a symmetrical periodic potential wave with a frequency of 0.001 𝐻𝑧 and its
corresponding average potential. Higher 𝐶𝑂 conversion and 𝐶𝐻ኾ selectivity were observed in 𝐷𝐸𝑃𝑂𝐶 case
as 𝐻ኼ adsorption increases. Consequently, the 𝐶ኼ𝐻ኾ ∶ 𝐶ኼ𝐻ዀ ratio was higher for the 𝐸𝑃𝑂𝐶 case. Thus, it is
difficult to say which case is better. Everything will depend on the requirement.

Finally, the effect of amplitude has been investigated. With the increase in the amplitude, hydrogen adsorp-
tion increases slightly. This happens because, each time the amplitude is increased, the maximum potential of
the wave form increases. This value has a greater influence because the adsorption of 𝐻ኼ has an exponential
dependence on the applied potential. Increasing the amplitude, increases the 𝐶𝑂 conversion and 𝐶𝐻ኾ selec-
tivity but reduces the olefin paraffin ratio and chain growth probability. The variations are not significantly
large which is due to the assumption of a lower value of charge transfer coefficient of 𝐻ኼ.

5.3 Reactor Design
Since, the basic structure of the reactor cells used in EPOC are identical to 𝑆𝑂𝐹𝐶 cells, these type of reactors
are promising candidate for scaling up. Another possibility is the monolith type reactors. Even hybrid combi-
nations of flat plate 𝑆𝑂𝐹𝐶 type cells arranged in a monolithic structure have been studied for the reduction of
𝑁𝑂፱ using ethylene in presence of 𝑂ኼ [100]. But the main challenge is the extremely low activity per unit mass
of the catalyst compared to the catalyst designs used in conventional reactors. To overcome this research on
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thin nanostructured catalyst films have been researched [100]. Another issue is the presence of many wired
connections in the reactor. For this designs of the reactors can get complicated. Therefore, wireless design
concepts like bipolar configuration [104] and the use of mixed ionic conducting membranes [105] for transfer
of ions have been researched.

Comparison between the reactant conversion in 𝐸𝑃𝑂𝐶 and conventional case for 𝐹𝑇 has been shown in fig:
4.21. With such low activity in the case of 𝐸𝑃𝑂𝐶, it will be difficult to think about scaling up of the process.

If the activity of the catalyst is improved then, another crucial issue will be heat management. Fischer Trop-
sch is a highly exothermic reaction, because of which it releases large amount of heat. This leads to rise in
temperature along the length of the reactor which affects the selectivity of the reaction. This is because with
increase in temperature, chain growth probability will decrease. Thus, non isothermal operation will lead to
the formation of low carbon number products.

5.4 Future Outlook
There are very few literature on the effect of 𝐸𝑃𝑂𝐶 on 𝐹𝑇 reaction. Further studies on this topic is necessary.
Understanding the mechanism of the reactions taking place on the promoted surface is important. Detailed
theoretical analysis is required to elucidate these mechanisms. Moreover, the works on electrochemical pro-
motion for 𝐹𝑇 are mostly based on alkali promotion. Investigating the effect of anionic promoters could be an
interesting topic.

For the case of periodic application of the 𝐸𝑃𝑂𝐶 effect, more elaborate analysis is required. Most importantly,
proper experiments are needed to understand the phenomenon.It is also crucial to thoroughly understand the
limitations on the application of high frequency caused by the diffusive time scale. At the same time, micro-
kinetic analysis needs to be done for understanding the changes taking place in the elementary reactions due
to the periodic variations in the applied potential.

Another aspect is to perform a detailed study of reactor design for electrochemically promoted 𝐹𝑇 process
and also in general for 𝐸𝑃𝑂𝐶. Concepts from already proven technologies like batteries, electrolysers and fuel
cells can be adopted [106]. Also, challenges like lower activity per unit mass of the catalyst, complications in
designing due to large number of wired connections have to be dealt with while considering reactor design.

Prefeasibility studies are necessary to understand the opportunities and limitations of this phenomenon at
commercial scale. This should include system level studies, taking into account for all the operating processes.
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