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Abstract

The continuing increase in energy demands requires more fossil fuel consumption
to feed our traditional means of energy generation. COz2 is the main product of
burning fossil fuel, and its increase in concentration in our atmosphere has led to
global warming. This will result in the changing of the climate pattern, possibly
resulting in numerous disasters and loss of human life. In order to reduce the COz2
emissions and minimize its side effects, scientists around the world are developing
techniques and methodologies such as carbon capture and storage to tackle this
problem.

The process of capture, purification, and utilisation of CO2 as a raw material in the
synthesis of feedstocks is gaining much attention, however, the challenges of any
method employed are to make it cost-effective, energetically efficient and

environmentally friendly.

The use of electrochemical processes to incorporate CO:2 into organic compounds
has been well explored. As a vital condition in electrochemistry, the use of a
sacrificial electrode as an electron donor is essential which reflects as one of the
main drawbacks in terms of cost and sustainability, the sacrificial electrode results
in oxidized material requiring its replacement and a further purification process to
remove the oxidized material from liquid, as a result, such technology has not yet

fully been seen as an effective alternative to combat CO2 reduction.

In this research thesis | introduced the development of a DC atmospheric-pressure
plasma jet which in contact with liquid at room temperature containing organic
compounds and CO:z enable the synthesis of carboxylic acid, largely
commercialized worldwide. The beauty of this method is the fact that there is no

need for a sacrificial electrode or reducing agent to carry the reaction.

The investigation of plasma carboxylation of alkene and alkyne in the formation of
its corresponding carboxylic acid were presented in chapter three with the highest
conversion reported (68.1 %). This chapter also includes the investigation of
greener solvents, electrolytic salt, current applied, designs of the plasma jet, the
interaction of plasma channels in contact with liquids and nature of gas employed
in plasma formation, all with NMR and GC-MS data provided.
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1.0 Introduction

1.1 Aims and Objective

The aim of this research project is to develop a plasma jet enable to harness free
electrons formed in the plasma state at atmospheric pressure and room
temperature to drive electrosynthesis of organic compounds with carbon dioxide
suppressing the need for sacrificial electrode or reducing agent. Up to now, not
many chemical interactions have been carried out employing plasma; for instance,
the variation of pH measurement was achieved by Go and his team' or the
reduction of ferricyanide to ferrocyanide was demonstrated by Richmonds.? At the
beginning of this work, plasma carboxylation had, to the best of my knowledge not

been successfully achieved.

The use of electrons in electrochemistry to incorporate CO2 into organic
compounds has been widely studied.®>’ The drawback of the majority of
electrocarboxylation reactions is the fact that in a redox system the oxidized
material (usually a metal) ends up forming toxic compounds®. Despite the fact that
some improvements have already been made, such as the use of an oxidative
agent that discards the need for a sacrificial electrode and the conversion at
atmospheric pressure and room temperature achieved by Buckley and coworkers,®

there is a need for more improvements.

The application of an atmospheric plasma source at room temperature would
overcome the disadvantage of traditional electrochemical processes using a
sacrificial electrode or chemical agent since the plasma provides free electrons to

the system.

The first step is the replication of electrocarboxylation reaction already carried out
successfully and the selection of a suitable substrate. The second step is the
design of a plasma jet able to substitute the cathode. After proof of concept, a range
of optimization of the process is conducted in order to increase the efficiency of the
method and clarify the mechanism of plasma carboxylation. Finally, the
identification and characterization of the product formed by NMR and GC-MS.

10



1.2 Environmental Considerations

The 20t Century was marked by a growing world population resulting in the need

for more energy and this resulted in an expansion of the global economy.

Since the beginning of the industrial revolution in the 1760s until nowadays, the
need for energy, with a growth rate in the order of 1.9% per year,® along with
chemical raw materials has increased exponentially. The main source of energy
use is based on the combustion of carbonaceous fuel, which consists mainly of
fossil fuels such as coal, natural gas, and petroleum. The combustion of these fossil
fuels generates a large amount of carbon dioxide that is released into the
atmosphere.™ Figure 1.1 shows the constantly yearly growth of global emissions
of COz2 from fossil fuel and industry reaching 36.2 Gt CO2 in 2017, 63% over 1990.
Emissions in 2018 are projected to grow at a rate of 2.7% (range: 1.8%—3.7%)
reaching 37.1 + 1.8 Gt CO2."

40 Gt -
CO: 2010-17
+1 .O%/yr Projection 2018
o 37.1 Gt CO.
A 2.7% (1.8%—-3.7%)
35 1
2000-10
+3.1%/lyr £
30
1990-2000
+1.1%/yr
25 1 o

20 { | w

1990 1995 2000 2005 2010 2015 18

Figure 1.1 Global emissions from fossil fuel and industry from 1990 to 2017 and projection for 2018 .

Petroleum boosted chemical industry development and due to a lack of knowledge

of the effect of carbon dioxide and other greenhouse gases, coupled with a large
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amount of cheap fossil fuel available on the market, it was used freely without any
thought of the consequences. However, since 1977, Marchetti'? suggested that
rising atmospheric CO2 levels were a result of the burning of fossil fuel. It is now
known that a variety of gases that are released into the atmosphere will cause a

negative effect on human health and global warming.'3

Despite the world’s population continues to grow by 1.1% annually,' global
emissions almost stalled in 2014 with an increase of only 0.5% to 35.7 Gt CO2
which was the lowest global growth rate since 1998, excluding the recession in
2009. Since the global temperature measurement began in 1880, 2014 was the
warmest winter in Europe which helped limit fossil-fuel demand for space heating
(Figure 1.2).

China, United States, EU-28 and India account for 61% of all emissions, of which
30% is emitted by China, this large increase in Chinese emissions is mainly due to
energy demand after economic reforms since 2000 with growth rates above two
digits.™®

1000 million tonnes CO2

40 7 International transport
. Other countries
30 Other large countries

China

Other non-OECD1990

European countries
20 —

Russian Federation

Other OECD1990 countries

10 — Japan
European Union (EU28)

United States

BECLE DHNOE

pbl.nl/ ec.europa.eu/jrc

-
O
O

o

1995 2000 2005 2010 2015

Figure 1.2 Global CO2 emissions per region from fossil-fuel use and cement production.'®

1.2.1 Greenhouse Gases (GHG)

In the natural greenhouse effect, the greenhouse gases (water vapour, carbon

dioxide, methane, NOx and chlorofluorocarbons) present in the atmosphere, have
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the ability to trap some of the heat gained by the sun, keeping the Earth’s average
surface temperature at around 14°C; without this effect it would be at approximately
-19°C. However, the more GHG (greenhouse gases) that are released into the
atmosphere the more heat is retained which in turn affect the clime of the planet.

These effects are termed anthropogenic (human-caused) climate change.'3

For hundreds of thousands of years, the snow has been accumulating on the
Antarctic and Greenland ice sheet. The pressure of overlying snow has
compressed buried layers of snow into ice, trapping pockets of air. Drilling into the
ice sheets and extracting the gas from the air pockets, for composition
measurement, has proven that the concentration of greenhouse gases has been

increasing significantly since the pre-industrial era as displayed in Figure 1.3.7°

T T T 2000 T T T T

400 2000

T T T
B - 2 £ ] 1500
3 +3s0 ol m
i —o04
= 1500 - A
30 1= B 300 Qraﬁ*/
Lol @ 4
Ye

LE

| L
o 1800 1900 2000
Year

—0.2

2
g
Nitrous Oxide (ppb)

Carbon Dioxide (ppm)
Radiative Forcing (W/m°)
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Radiative Forcing (W/m?)
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Figure 1.3 Atmospheric concentrations of CO2, CH4, and N20 over the last 10,000 years (large panels) and
since 1750 (inset panels). Measurements are shown from ice cores (symbols with different colours for different
studies) and atmospheric samples (red lines). The corresponding radiative forcings relative to 1750 are shown
on the right-hand axes of the large panels. '

2.2 Global Warming

In addition to the rising of GHG concentration, it has been reported by the IPCC
(Intergovernmental Panel on Climate Change) that the Earth’s surface has also
been warming. Analysis of the temperature data record since 1850 highlights that
the last three decades have been successively warmer, providing a correlation

between global warming and the concentration of GHG (Figure 1.4)."7

According to the WMO (World Meteorological Organization) report, the hottest
years occurred in the 21t century, the global average surface temperature
increased by about 0.89 °C (0.69 °C-1.08 °C) in the period 1901-2012."8

13
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Figure 1.4 Observed globally averaged combined land and ocean surface temperature anomaly 1850-2012
2012 from three data sets."”

Colours indicate different data sets. Anomalies are relative to the mean of 1961-1990. Observed surface
temperature change from 1901 to 2012 derived from temperature trends determined by linear regression from
one dataset (orange line). Bottom panel: decadal mean values including the estimate of uncertainty for one
dataset (black line).

Global warming will certainly bring some serious consequences for the human
population.’® Research has predicted potential natural disasters due to global
warming, for example, increased temperature will cause ice sheets to melt and
ocean level to rise, In the period 1901-2010, the average global sea level already
increased by 19 cm with an average increase of 1.7 mm per year while only In the
past two decades, in the period of 1993-2010, the average global sea level
increased by 3.2 mm/year.?° As half of the world population are living in coastal
regions, all of them will be affected by the flooding. More frequent and severe
weather, dirtier air, higher wildlife extinction rates, more oceans with higher acidity

along with other problems are predicted.?’

There have been some controversial statement saying that the temperature has
not been steady over the time.?? Thousand of years ago, the planet was going

through an ice age, with glaciers covering much of Europe and North America and

14



before that, one hundred million years ago, the Earth was very warm which means

that climate variations are not unusual.

But first, we already know that COz2 traps heat and since 1900 after the industrial
revolution, COz2 levels in the atmosphere have been steadily climbing as we burn
more, fossil fuel reaching levels that are unprecedented over hundreds of
millennia.?? The relationship between global temperature and CO2 concentration is
exemplified in Figure 1.5, for thousands of years the level of carbon dioxide has
been fluctuating followed by the changes in temperature, however, for the first time

the level of carbon dioxide increased above 280 ppm and continue to rise.?3

10
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Figure 1.5 Global average temperature and CO2 concentration changes over 800,000 years.?

The interesting aspect is that the fastest natural shifts out of ice ages saw CO,
levels increase by around 35 ppm (parts per million) in 1,000 years, while humans
have emitted the equivalent amount in just the last 17 years, so not only our
activities are contributing to warming the planet but we are seeing this change

occurring very rapidly.
1.2.2.1 Positive Feedback

The amount of warming that occurs because of increased greenhouse gas

emissions depends in part on feedback loops. Positive (amplifying) feedback loops

15



increase the net temperature change from a given forcing (Figure 1.6 Climate
Feedback Loops.), while negative (damping) feedbacks offset some of the
temperature change associated with a climate forcing. Positive feedback is more
problematic as the effect can drastically increase global warming.?* When modeling
the carbon cycle, researches have indicated that for every degree Celsius
increased of the earth’s surface, mechanisms which reflect or reduce heat
decrease their effectiveness resulting in increased rate of surface warming. A
vicious cycle of decreasing reflection of heat and therefore accelerating global
warming occurs. The various different environmental factors which create positive

feedback are further described in Figure 1.6 Climate Feedback Loops.?

TEMPERATURES RISE

#ARCTIC SEA

AS REFLECTIVE ICE MELTS

ICE DISAPPEARS,
DARKER OCEAN
WATER ABSORBS
MORE HEAT

Figure 1.6 Climate Feedback Loops. As the ice melts, less sunlight is reflected back to space and more is
absorbed into the dark ocean, causing further warming and further melting of ice.?*

1.2.2.2 Arctic Sea

Ice on the Arctic sea reflects sunlight, keeping the polar regions cool and thereby
moderating the global climate.?® Figure 1.7 shows that during the last 30 years, the
area covered by Arctic sea ice has declined dramatically from 7.0 million km? in
1979 to 4.6 million km? in 201827 with the most extreme decrease seen in the

summer melt season. By exposing the sea to the sun, the fraction of sunlight that
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is reflected is significantly reduced, thus more solar energy is absorbed by the sea
causing the positive feedback effect, described in the section 1.2.2.1.

8

million square km

3
1980 1985 1990 1995 2000 2005 2010 2015 2020

YEAR
Figure 1.7 NASA satellite observation of average monthly Arctic sea ice extent each September since 1979.%"

1.2.2.3 Permafrost

Beneath the frozen depths of the artic, the icy soil stores an estimated 1.5 trillion
tons of carbon, methane and other hydrocarbons.?® These greenhouse gases are
locked up in permafrost, frozen ground that covers 24 percent of exposed land in
the high latitudes of the Northern Hemisphere, as well as parts of Antarctica and
the Patagonian region of Argentina and Chile in the Southern Hemisphere. Such
greenhouse gases are escaping the permafrost and entering the atmosphere due
to global thawing.?” This thawing process will accelerate the rising of the GHG level

in the atmosphere and thus speed up global warming.

1.2.2.4 Sea Temperature

It is known that the ocean absorbs part of the CO2 from the atmosphere through
photosynthesis by plant-like organisms (phytoplankton), as well as by simple
chemistry on the formation of bicarbonate. Scientists have discovered that the
concentration of carbon dioxide in water depends on the amount of COz2 in the
atmosphere and the temperature of the water.?® Researches indicate that as
atmospheric COz2 increases from pre-industrial levels, the ocean CO2 concentration
also increases. Nevertheless, as water temperature increases, its ability to dissolve

CO2 decreases (Figure 1.8). This means that global warming is expected to reduce
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the ocean’s ability to absorb CO2, which in turn will be left in the atmosphere leading
to even higher temperatures.3°
high

pre-ndusinal atmospheric Cf

CO, Concentration in Water

Temperature (" C)

Figure 1.8 Relation of CO2 available and the ability of water to retain it according to the temperature.?®

1.2.3 Petroleum Lifetime

Besides the issues related to GHG emissions, our chemical industry is highly
dependent upon oil. Today there are more than 6.000 3! different products that are
made from petroleum, for example, plastics, pesticides, building materials, medical
materials, solvents, oil, ink, automotive components, motor gasoline, and distillate
fuel besides a wide range of other products.®’ However, the world's reserves are

shrinking, and oil has become harder and harder to find.3?

In 1940, five times as much oil was discovered as consumed. Forty years later, in
1980, the amount of petroleum discovered was just about equaled the amount
consumed, as shown in Figure 1.9. By the end of the 21s' century, world
consumption of petroleum is predicted to be three times the amount that is
discovered if current trends continue.® It is, therefore, necessary to develop new

sustainable raw materials to substitute this fossil fuel.
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Figure 1.9 World crude oil production and forecast.3?
* Conventional crude oil is oil pumped from wells on land or in water less than 500 metres deep.
* Unit is given in gigabarrel (GB) of oil.

.2.4 Proposals to Minimize Climate Change While Reducing the

Dependence of Petrochemical Products

There is no one single solution but a combination of techniques, which promise to

reduce or stop climate change due to global warming. Some are feasible and

depend upon political effort, while others face controversy regarding their

efficiency. Some of the techniques illustrated in Figure 1.10 are briefly explained.
Place giant

reflectors
in orbit

Grow -

engineer crops

\N\ Shoot aerosols

Iron femhzaunn to stratosphere

Figure 1.10 Geoengineering solutions to climate change.?!
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1.2.4.1 Solar Shield and Aerosol

This method involves deploying “solar shields” in space that reflect sunlight away
from the Earth. Shooting sulfate aerosols into the atmosphere to mimic the cooling
impact of volcanic eruptions. It is less costly than other methods that are presented
here but could be more dangerous and exacerbate the problem of ozone

depletion.3

1.2.4.2 Ocean Iron Fertilization

Ocean iron fertilization is a method in which iron is added to increase and therefore
fertilize photosynthetic uptake of CO2 by phytoplankton, in regions of the ocean
where iron is a limiting nutrient. As iron is a trace element necessary for
photosynthesis, scientist advocates the idea that by adding iron to the upper ocean
would enhance biological productivity, which can benefit the marine food chain,
increasing carbon dioxide removal from the atmosphere.3® However, it is uncertain
how large an iron addition can be without causing environmental change and also
additional effects, such as the resurfacing of nutrient-depleted, low-oxygen waters,

which could appear years after an experiment.3¢

In 1990, Martin suggested that “the phytoplankton growth in major nutrient-rich
waters is limited by iron deficiency” and that could offer an approach to mitigating
climate change, this theory was supported by the eruption of Mount Pinatubo in
1991 in the Philippines. Watson stated that due to that eruption, approximately
40,000 tons of iron dust was deposited into oceans worldwide. This single
fertilization event preceded an easily observed global decline in atmospheric CO..
A study from 2010 in an oceanic high-nitrate, low-chlorophyll environments (50° N,
145° W) have been highlighted for potential large-scale iron fertilization.3” Iron
fertilization stimulated the growth of oceanic Pseudonitzschia (nontoxic marine
planktonic diatom genus), however, Pseudonitzschia produces the neurotoxin

domoic acid, causing detrimental marine ecosystem impact.?’

1.2.4.3 CCS (Carbon Capture and Storage)

CCS (Carbon Capture and Storage) is a technology in which most of the COz2
emissions produced from the use of fossil fuels, electricity generation, and
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industrial processes are captured, then transported as a liquid through a pipeline
or ship into porous geological formations. These formations are typically located
several kilometers under the earth’s surface, with pressure and temperatures such
that carbon dioxide will be in the liquid or ‘supercritical’ phase.®® The drawback of
this method is the fact that it is a palliative solution and may solve the problem for
now but in reality, the definitive solution will be left for the future generation to

resolve.

Besides just storage carbon dioxide that is captured, CCS can also be used for
EHR (Enhanced Hydrocarbon Recovery). This includes EOR (Enhanced Oil
Recovery) and EGR (Enhanced Gas Recovery).®®* The current process of oil
extraction production consists of pumps and in a secondary process injecting water
into an oil reservoir to increase the pressure and drive the oil towards the
production wells however about 40% of oil is still left behind. EOR is a tertiary
method of oil recovery and can enable significant additional quantities of oil to be
extracted, in this method only CO2 or CO2 mixed with water is injected into the
existing oil reservoir pushing the remaining oil towards production wells, this

process increases the production while storing carbon dioxide underground.

A similar process can be used to enhance natural gas production, since COz is
heavier than natural gas, by injecting it into the base of a depleted gas reservoir
causing any remaining natural gas to “float” on top of it driving the natural gas

towards the production wells.3°

CDU (Carbon Dioxide Utilisation) is also another way which tends to deal with an

issue related to COz2, however, will be thoroughly explained in the next section.

1.3 CDU (Carbon Dioxide Utilisation)

1.3.1 Introduction

Due to the fact that carbon dioxide is a non-polar, thermodynamically and
chemically stable molecule under standard conditions, the molecule is difficult to
break down and utilize for other uses and is therefore treated as a waste product.

Like CCS, CDU also aims to capture CO2 emissions from point sources such as
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power plants and industrial processes, to prevent release into the atmosphere, with
the difference in the destination of the captured COa.

In this method, carbon dioxide is transformed into different chemicals which
contain the carbon of CO2 or make use of the active ‘oxygen atom’. An example
would be using CO2 as a reactant to produce commercially valuable chemical
feedstocks. Feedstock production would therefore no longer rely on petrochemical
sources, reducing the demand for fossil fuels. Additionally, in order to be even more
efficient, the energy used in this process could be derived from a renewable source.

Figure 1.11 illustrates the COz2 utilisation cycle.
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released after CO,from
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sources
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Figure 1.11 The CDU Cycle: Carbon dioxide is captured from the atmosphere or from the industrial exhaust.
It is utilized with other materials in manufacture, potentially driven by renewable energy. This delivers valuable
products while reducing or avoiding associated emissions to the atmosphere.*°

Finding a source of COz2 is easy, only power plants account for roughly 35% of all
CO2 emissions by burning fossil fuel.*' However, one of the challenges in CDU is
the fact that besides the COz2, flue gas also brings a variety of other gases and
impurities (Table 1.1). Dealing with these impurities is somewhat difficult and
expensive, the costs are largely influenced by the concentration of CO2 in the

exhaust gas. Table 1.1 summarizes current data on the global largest point of
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sources of CO2 describing emission volumes, concentrations, potential capture
volume, and benchmark cost. Common impurities encountered in flue gases may
include nitrogen oxides (NOx), sulfur oxides (SOx), water vapour (H20), and
particulate matter (PM), and to address these impurities it is important to know the

fundamental mechanisms behind CO2 42

Table 1.1 Potential sources of waste CO2 (most recent available estimates).*®

Benchmark
Global CO, Capturable enenmat
. . a L. capture cost
CO; emitting source emissions content emissions € 2014/t CO
(Mt CO,/year)  (vol%) (Mt CO,/year) 2)
[rank]
Coal to power 9031¢ 12—-15 7676 34 [6]
Natural gas to power 2288¢ 3-104 1944 63 [9]
Cement production 2000 14—33 1700 68 [10]
Iron and steel 1000 15 500 40 [7]
production
Refineriese 850 3-13 340 99 [12]
Petroleum to power 765¢ 3-8 Not available Not available
Ethylene production 260 12 234 63 [8]
Ammonia production 150 100 128 33 [5]
Bioenergyt 734 3-8d 66 26 [2]
Hydrogen productionf 548 70—90h 46 30 [4]
Natural gas 50 5—70 43 30 [3]
production
Waste combustion 60! 20 Not available Not available
Fermentation of 184 1004 18 10 [1]
biomassf
Aluminium 8 <1 7 75 [11]
production

aData from Wilcox (2012) if not indicated otherwise.

°Data from IEA (2014) based on the largest point sources suitable for capture and not including the emissions of
the large amount of emissions that are caused by small decentral point sources in the mobility and residential
sector.

9Data from Metz et al. (2005).

®Refineries could include ammonia and hydrogen production. A separate listing is nevertheless interesting to
differentiate this two high purity from general refinery CO: streams. The capturable emission data based on the
estimated capture rates should ensure that emissions are not included twice.

fUndlisclosed technological assumptions for emissions volumes and CO: content, if not indicated otherwise. For
bioenergy and fermentation, emission estimates are only for North America and Brazil.

9Data from Mueller-Langer et al. (2007).

hData for hydrogen from steam methane reformer from Kurokawa et al. (2011).

'Data from Bogner et al. (2007).

iData from Jilvero et al. (2014), Jordal et al. (2014).

The table above provides general insight into the potential large-scale supply of
CO2 as a commodity. Capture costs are defined as the cost of separation and

compression at a single facility disregarding costs of transportation, storage, and
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conversion.** It is also recommended that any utilisation technology should follow
a study of LCA (Life Cycle Analysis) which evaluates the environmental impacts of

all production steps.*3

Some industrial process such as ammonia production and fermentation of biomass
emits very pure COz2 requiring only small steps to capture, therefore their emission
account for only 2.6% of total 12.7 Gt of capturable emissions (Table 1.1) while

coal and natural gas for power generation are responsible for 76% of the 12.7 Gt.*3

As shown in Figure 1.12, CO2 may be used as a gas, liquid, and solid. Today it is
used as a refrigerant for food preservation, beverage carbonation, as fire
extinguishers, supercritical solvents, and chemical reactant to produce urea,

salicylic acid, and dry ice.*®

For this method to be successful, the whole process needs to have an efficient
integration of energy resources, low-cost facility, and high value of chemicals
produced as well as the development of new C1 chemicals. Processes that can be
used for CO2 conversion and utilisation include non-catalytic chemical processes,*6
heterogeneous or homogeneous catalysis,*” photochemical and photo-catalytic
reduction,*® biochemical and enzymatic conversion, electrochemical 4° and

electrocatalytic conversion.'°
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Figure 1.12 - Uses of carbon dioxide.*
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An overview of possible known conversions is shown in Figure 1.13, where the
easer transformations and those most likely to happen are positioned on the left of
the figure and as the reactants move to the right of the figure it becomes more
stable and difficult to synthesize. The reactant highlighted in red was already
successfully being explored by Buckley's group in electrochemical synthesis so it
was chosen as substrate in this research due to know reactions and will be

thoroughly explained in this report.
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Figure 1.13 - Representative examples using CO2 as C1 building block in organic synthesis.
Along with the rapid development of organometallic chemistry and catalysis, various types of efficient CO2
transformations have been discovered in the past decades. However, in general, the substrates’ scope and

efficiency of these reactions are still limited due to the requirement of reactive agents for CO2 activation. As a
result, only a few processes have been industrialized until now (marked by $).5°

.3.2 Applications of CDU

.3.2.1 Mineral Carbonation

Mineral carbonation is a process where CO: is reacted with metal oxides to form
carbonates. Calcium and magnesium carbonates are poorly soluble in water and
are environmentally harmless minerals that could provide a permanent storage
solution for CO2. Mineral carbonation encompasses a series of reactions that can
take place in a single or a multi-step process, in a single-step the extraction of the

metal from the mineral matrix and the carbonate precipitation can occur
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simultaneously in the same reactor at high pressure. This can take place in a dry

or aqueous environment, as follows.5"
Mg5Si,05(OH), + 3C0, - 3MgCO05 + 2Si0, + 2H,0
In a multi-step process, first, the metal is separated from the mineral matrix, and

then the metal in hydroxide form is obtained and reacted with CO2 to form a

carbonate, as shown below.

Mg3Si,05(OH), + 6HCL —» 3MgCl, + 25i0, + 5H,0 (T = 100 °C)
MgCl,.6H,0 - MgCl(OH) + HCl + 5H,0 (T = 250 °C)
2MgCI(OH) » Mg(0OH), + MgCl, (T = 80°C)

Mg(OH); + CO, » MgCOs + H,0 (T = 375°C; Po, = 20 atm.)

Some of the advantages of the use of this method include:

> leak-free fixation with no need for long-term monitoring;

> The large potential capacity of COz2 fixation.5’
.3.3 Biofuel from Microalgae

By cultivating microalgae under COg, it can be used for biofuel production, since
microalgae need CO2 to complete their photosynthesis. Cultivation of microalgae
can be carried out in open raceway ponds and photo-bioreactors, however, a large
area is required, and it is still difficult to control the production. The biomass
produced needs to be dried and then converted to biofuel through thermochemical
or biochemical conversion, including gasification, liquefaction, and pyrolysis.5?
Microalgae tolerates high CO2 content in feeding air streams (CO2z content 5-15%),
In comparison to terrestrial plants, which normally absorbs COzin the order of 0,03
to 0,06% which.%3

3.4 Carboxylation Reactions

A carboxylation reaction is a reaction in which carbon dioxide is fixed to another

carbon atom to form a new carbon-carbon bond. There are two purely chemical
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carboxylations, which are very common. One is the reaction of an organometallic
compound with CO2 to form a new carbon-carbon bond, in which the carbon-
oxygen group of the COz is presumably inserted between the carbon and the metal
of the organometallic compound. The other type involves the carboxylation of the
metal salt of an enol or phenol. For instance, sodium phenolate 1, when treated
with carbon dioxide at elevated temperatures and pressure will produce the salt,

sodium salicylate 2 (Scheme 1) used in the production of aspirin.>*

-+
_ O\\ /O Na
ONa c
OH
+ CO,
1 2

Scheme 1 Carboxylation of a metal salt of phenol.>*

Research and development of technologies for both sequestration and utilisation
of carbon dioxide are urgently necessary. Today there are roughly 750 billion tons
of COz2 in the atmosphere and a net of 13,000 million tons of more carbon dioxide
is added annually. The challenge of addressing carbon dioxide is that it is diluted
and represents only 0.04% of our atmosphere.>® Also CO2 has high thermodynamic
stability ( AGf° = -396 kd/mol) which demands for an energy-intensive activation to
drive the desired transformation. Possible energies source that could to be
exploited for this purpose includes high temperature, extremely reactive reagents,

electricity, pressure or even energy from photons.

The use of cheap and abundant carbon dioxide as chemical feedstock has been
widely investigated as an alternative pathway to close the carbon cycle.5456-58 One
of the largest uses of carbon dioxide is for the production of urea, which is one of

the most important nitrogen fertilizers in the world.®

Salicylic acid 4, a common medication to help remove the outer layer of the skin
was directly synthesized by Takayuri and co-workers from phenol 3 and COz2 in the

presence of potassium carbonate as catalyst.®° (Scheme 2)
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Scheme 2 Carboxylation of phenol.t°

Formation of cyclic carbonates 6 using carbon dioxide is also another area of
research that is growing rapidly 6% due to their applications as polymer
precursors, fuel additives or electrolytes in batteries, and their uses as aprotic high-
boiling point solvents,®® cyclic carbonates can be obtained by direct coupling
between CO2 and oxiranes 5, also offering a route to produce polycarbonate 7.
Oxiranes are activated by interaction with a Lewis acid (a catalyst which acts as an
electron pair acceptor to increase the reactivity of the substrate) through M-O
coordination patterns, followed by a nucleophilic attack and subsequent ring-

opening, key steps of carboxylation of epoxides are shown in Scheme 3.2
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R 1 O
R1 R1 - ZI 7T\ R )k
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R o) ™M _['ri0O | X2} o0 | _,| O 0
1
@ ° © L R
Lewis acid metal-alkoxide metal-carbonate cyclic carbonate
catalyst 6

l l CO,/epoxide

polycarbonate

Scheme 3 Key steps for the coupling of CO2 and oxiranes to yield cyclic carbonate or polycarbonate.??
Nu = nucleophile, M = metal complex

CO2 can also be converted to fuels, fuels have high energy content, is easy to
transport and store, nowadays liquid fuel is majority petroleum-based and
contributes with 14% of CO2 emission if consider only transportation.#’ Direct
hydrogenation is a promising alternative, carbon dioxide can be converted into

fuels by reduction to methanol ¢’ or methane.®
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1.3.5 Electrochemical Reactions

An electrochemical reaction is any process either caused or accompanied by the
passage of an electric current and involves in most cases the transfer of electrons

between two substances.?®

Under normal conditions, the chemical reaction is followed by liberation or
absorption of heat, however, when allowed to proceed in contact with two electronic
conductors and separated by conducting wires, this liberates electrical energy
forming an electrical current. Conversely, the energy of an electric current can
cause or accelerate any chemical reaction that would not normally occur

spontaneously.

The electrochemical cell is defined as two or more half-cells in contact with a
common “electrolyte”, it leads to a redox reaction which involves a change in
oxidation states of the elements. In one of the cells, called the anode, oxidation will

occur as follows (using aluminium as a representative example).
Algy = ALES ) + 3¢
In the other cell called the cathode, the reduction will proceed as follows:
Ag,0¢s) +2° - Agpy + 0%

The oxidation and reduction reaction must occur concurrently because the
electrons released in the oxidation process will be required in the reduction
process. Faraday’s law, states that the rate of electrochemical reaction at an
electrode (expressed in terms of gram moles per second per square centimeter of
electrode surface) is directly proportional to the current density (expressed in
amperes per square centimeter) - i.e. current flowing through the cell divided by

the electrode surface area.>*

Faraday’s first law: The number of moles of a species formed at an electrode during
electrolysis is directly proportional to the quantity of electricity transferred at that
electrode. Quantity of electricity refers to electrical charge, typically measured in

coulombs, which can be defined as: 7°

m = (QF) - (M2z) eq. 1.1
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Where m is the mass of the substance altered at an electrode, Q is the total electric
charge, F=96.485C mol™'is the Faraday constant (the amount of charge
required to convert 1 mol of substance),”’ M is the molar mass of the substance
and z is the valance number of ions of the substance (electrons transferred per

ion).”® As Q@ = /-t (/= current and ¢= time) the eq 1.1 can be replaced by:
m=(l-tF)-(Mz) eq. 1.2

Note that M, £ and z are constants, so that the larger the value of /or ¢the larger

will m be.
.3.6 Electrocarboxylation

As explained above, carboxylation or carbonation is a chemical reaction that
involves the introduction of carbonyl group (C=0O) into organic and inorganic
compounds to form products such as aldehydes (-CHO), carboxylic acids (R-
COOH), esters (RCO2R), alcohols (-OH) etc...”? Electrocarboxylation is the
carboxylation reaction where electrons are generated to reduce
electrochemically/catalytically carbon dioxide. Solvents with a high solubility for
CO2, such as DMF (N,N-Dimethylformamide), are used in the non-aqueous
electrochemical reduction of CO2. The CO2 concentration in DMF is about 20 times
higher than in aqueous solutions, in propylene carbonate and methanol the
CO:2 solubility is about eight and five times higher, respectively.”

The number of reports published on the electrocarboxylation of alkenes and
alkynes has been increasing substantially.”*~"” A carboxylic acid is an organic
compound that contains a carboxyl group RC(=0O)OH with the general formula of
R-COOH, with R referring to the rest of the molecule.”® Carboxylic acids are widely
used in industry, the global market in 2017 was of 14 billion USD and is forecasted
to reach 19 billion USD by 2023. They make up a series of fatty acids which are
extremely good for human health such as omega-6 and omega-3. They are also
used in the food industry to produce soft drinks, and in the pharmaceutical industry
to produce drugs such as aspirin.”® The potential of carboxylic acids on the global
market and the possibility of synthesizing it using CO2 at atmospheric pressure and

room temperature are one of the reasons of the products produced in this research.
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The formation of valuable carboxylic acids by reduction processes of CO2 and
fixation into organic compounds is claimed as means of an energy-efficient method,
where only one or two electrons per CO:2 are required as shown in Scheme 4 for

olefins 8 where COz2 is incorporated to form its corresponding carboxylic acid 9.7”

HO
RUA g2 +COz + 21 v & —— R&

@)
R2
8 9
Scheme 4 - General carboxylation of olefins.””

3.6.1 Use of Sacrificial Electrode in Electrocarboxylation

The majority of researchers have been focused on the fixation of CO2 in an
electrochemical process using sacrificial anodes such as magnesium or aluminium

80.81 where high efficiency has been demonstrated.

Anodic and cathodic reactions are necessary in all electrocarboxylation process in
order to close the electron cycle, an oxidation reaction at the anode is a must to
supply electrons to the cathode where the reduction of carbon dioxide will take
place, Scheme 5 exemplifies an electrocarboxylation of alkene 8 to form carboxylic
acid 9 using a sacrificial anode.

Anode Cathode
-- [ Power Supply }— %1
:?e_ 2e_
1
8 R\/‘%RZ
+
CO, +2H"
©
Q|
=
HO._ _O

RKIRQ l
Metal®* 9

Scheme 5 Overview of electrocarboxylation setup using a sacrificial anode.””

Although the use of a sacrificial electrode is widely employed,”? its oxidation leads

to the dissolution of the metal as metal ions, and the gradual consumption of the
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material represents not only an extra cost for industrial application but hinders its
use in continuous processes. From the viewpoint of green chemistry, the resulting
oxidized metal contaminates the reaction mixture, hence besides the
environmental liabilities, an additional purification process is necessary to deal with

the waste.”7.82

As an alternative to a sacrificial electrode, there have been some researchers who
employed what is called sacrificial reagent or reducing agent which donates
electron in a redox reaction. The use of tetraalkylammonium salt, for instance, is
considered as a sacrificial process since its ions are released into the solution and

the salt is consumed during the process.

De Vos and co-workers reported a net incorporation of carbon dioxide in
conjugated dienes using tetraethylammonium trifluoroacetate working as either
supporting electrolyte and to acetoxylated a conjugated diene, which is also a

substrate for cathodic carboxylation.®3

1.3.6.2 Electrocarboxylation of Alkynes

The electrochemical fixation of CO:zinto unsaturated hydrocarbons to form new
carbon-carbon bonds is an interesting topic because it could afford valuable fine
chemicals. Chuanhua and co-workers 8 have produced saturated carboxylic acid
11 and phenylsuccinic anhydride 12 through electrolysis of phenylacetylene 10 with
CO:z2 in presence of common metal salts as catalysts (Scheme 6) and Al was used

as a sacrificial electrode. This work has shown that the catalyst and electrode play

an important role in the conversion achieving up to 70% yield of carboxylic acid 11

on nickel cathode when employing Cul as catalyst.

w
o} o}
Ni Al Q Q
__ 4Mpa, r.t. e) o)
— + CO s +
<::> 2 0.07mol.L""

COOH
n-BuyNBr
10 4 1 12

Scheme 6 Carboxylation of phenylacetylene to form its corresponding carboxylic acid and phenylsuccinic
anhydride.?*
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Table 1.2 shows the utilisation of different metal salts and their yield in the

experiment described above.?

Table 1.2 Effect of various metal salt catalysts on the electrocarboxylation of phenylacetylene.*

Catalyst® Yield of 11°/, Yield of 12°/, ne</v
Cul 70 27 73
FeCl; 61 30 68
CuCl, 52 26 59
FeCly 50 27 58
Pd(OAC); 31 5 27

Experimental conditions: phenylacetylene (2 mmol), DMF (35 mL), CO2 4 MPa, room temperature, n-BusNBr
(2.5 mmol), electricity (4 Femol~), current density 10 mA-cm—2, Ni cathode, and Al anode.

@ Metal salt catalyst (0.1 equiv.);
b Total isolated yield based on phenylacetylene and the yield of 11 and 12 were determined by GC/MS;

°n=Q1/Q2 (n: Current efficiency; Q1: Quantity of electricity consumed in forming product; Q2: Total electricity
quantity in the electrolysis).

Nickel complexes have proved in many reports to be an excellent catalyst for
carbon dioxide fixation in alkynes but the product formation rely heavily on the
nature of the ancillary ligands.8-%7 In 1989 Dufiach and co-workers catalyzed the
reaction of carbon dioxide with alkynes to yield selectively a-substituted acrylic acid
13 (Scheme 7) employing Ni(bipy)s(BF)4)2.8¢ A magnesium rod was employed in
this reaction as a sacrificial anode.

.y R
R-C=CH + CO Ni(bipy)s(BF)4)2 (10%)
? DMF Mganode ™ nooc” O

13

Scheme 7 Electrocarboxylation of alkyne to form alpha-substituted acrylic acid.®®

Later Xueqgiang and co-workers found out cocktail consisting of NiClz.glyme (5
mol%), neocuproine (L5, 6 mol%) and i-PrOH (1.5 equiv) in the carboxylation of
diphenylacetylene 14 to yield a-phenylcinnamic acid 15 with 94% isolated yield
(Scheme 8).88 In most of the formation of carboxylic acid through carboxylation
process, the source of proton is still not completely clarified, in this study i-PrOH

was added to guarantee this source.
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Scheme 8 Carboxylation of diphenylacetylene employing nickel complex.®8

1.3.6.3 Electrocarboxylation of Unsaturated Hydrocarbons

Nickel was also shown to be effective as a cathode, in the electrocarboxylation of
2,3-dimethyl-butadiene 16 reported by Steinmann and co-workers.8% This reaction
revealed a highly activated process around the potential of -1.3 V and a change in

mechanism around the potential of -2.3 V.

Steinmann explored this reaction using a Ni foam cathode and Al as a sacrificial
electrode, although it was necessary to run the experiment under high pressure,

hexadienoic acid 17 was obtained (Scheme 9).8°

S ®
’/—\‘ o
)\H/ . 2co, N DMF NBugr A HOMOH
o)

-1>U>-2,5V
16 25°C, 30 bar, 66 h 17

Scheme 9 Electrocarboxylation of 2,3-Dimethyl-butadiene.®5
The various potentials applied in this work provides evidence of selectivity and side
product formed, for instance, traces of oxalate were formed at very low potential
while carbonate and CO are formed at a high potential as they are basically formed
on the metal surface and not through a “free” COz2 radical .8

1.3.6.4 Electroreduction of CO2 to Form Formic Acid

Formic acid (HCOOH) is the simplest carboxylic acid, it can be formed by the
composition of H2 and CO2 or decomposed catalytically into hydrogen and carbon
dioxide according to the equation as follow:

HCOOH & H, + CO,

This reversible process makes formic acid a promising energy storage and as a

liquid, could provide a means of H2 transport and delivery to Hz refueling stations
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using existing infrastructure, but nowadays, the principal use of formic acid is as a
preservative and antibacterial agent in livestock feed.8°

Xiangjing and co-workers electrochemically reduced carbon dioxide to formic acid
in ionic liquid [Emim][N(CN)z]/water system. The water was introduced to facilitate
the high reaction rate by providing protons (H*) via water electrolysis at the counter
electrode.

In this experiment by employing a [Emim][N(CN)z] concentration of 0.5 M, the
maximum faradaic efficiency of 81.9% was achieved for the production of formic
acid from COz2 electrolysis at a fixed potential of -1.2 V vs RHE (Reversible

Hydrogen Electrode).®°

3.6.5 Electrocarboxylation of benzyl chlorides

Carboxylation of benzyl chlorides using silver cathode and aluminium sacrificial
anode in COz-saturated solvent was reported by Gernarro and coworkers .9 The
reduction potentials of PhCH2Cl depend on electrode material and it was found
that, compared to other cathode materials, the reduction of benzyl chlorides was
lowered when silver cathode was used, besides de fact that it occurs at potentials
more positive than Ep (peak potential) of CO2 so the carboxylation of benzyl
chlorides takes places with very good yield (94%) without any interference from

reduction of COa.

S) ®
Cl, co K\‘ 2
2 Ag Al oH

25°C, MeCN, Et,NCIO,

Scheme 10 Electrocarboxylation of benzyl chlorides employing silver cathode and aluminium sacrificial
anode.®’

.3.6.6 Electrocarboxylation of Alkenes

Probably one of the first work of electrocarboxylation of alkene was reported by
Vasil'ev and coworkers in 1991.%2 various long and short-chain dicarboxylic acid
were obtained by electroreduction of CO2 in DMF in the presence of acceptors of
radical anions. The introduction of ethylene as an acceptor of COz revealed the

formation of succinic acid, adipic acid, suberic acid, and oxalic acid. This report
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also showed that the selectivity and current efficiency were influenced by
experiment parameters, an increase of current density, for instance, lowers the
current efficiency with respect of dicarboxylic acids which was increased on the

other hand, when the pressure of ethylene is increased.®?
1.4 Previous Buckley Group Findings

As mentioned in the introduction, the Buckley group has achieved several
improvements in electrochemistry increasing the conversion yield and reducing the
environmental impact of the experiment. Overall the electrocarboxylation of organic
substrates were followed by the formation of a precipitate at the anode which was
overcome by replacing the electrode material by a stable carbon rod and further
optimization brought the addition of reducing agent, these achievements will be

explained later in this section.

1.4.1 Electrosynthesis of Cyclic Carbonates from Epoxides and

Atmospheric Pressure Carbon Dioxide.

The production of polycarbonates and cyclic carbonates 19 from epoxides 18 and
CO2 is an important approach due to the large range of manufacturing products
such as solvents, paint-strippers, biodegradable packaging and other chemical
industry including commercial application, however, current methods show some
drawbacks such as the use of high-energy input, high pressure and high

temperature (Scheme 11).5

R O
" 0.0, & R 0 &» OJ<
\[f Catalyst d Catalyst O
18 19

Scheme 11 Current processes for COz2 incorporation into epoxides.
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1.4.2 Electrocarboxylation of Epoxides: Catalysed by Ni(II) Complexes

In order to improve the current processes of synthesis of cyclic carbonates 19 by
incorporating CO2 into epoxide, the substrate 18 was catalyzed by

[Ni(CH3CN )4][(BF4)2] in acetonitrile at atmospheric pressure (Scheme 12).

T

SS Mg o
o INICHsCN)I(BF,),], CO, BusNBr, CHaCN oA
Ph—< -
60 mA, 7 h o AP
18 19

Scheme 12 Electrocarboxylation of styrene oxide employing Ni(ll) Complex

The electrochemical setup involved the use of magnesium anode, stainless steel
cathode and BusNBr supporting electrolyte (2 eq.), at constant current: 60 mA (7
h), constant CO2 flow (471 mL-min-"), in the presence of the nickel catalyst (10
mol%) followed by heating at 50 °C (12 h), forming cyclic carbonate 19 in moderate

conversion (50%).%¢

1.4.3 Electrocarboxylation of Epoxides: Catalysed by Cu(I) Coordinate

Complex

Due to the poor conversion of cyclic carbonate employing nickel catalyst, In the
same research involving the electrocarboxylation of epoxides,®® the nickel complex
was switched by copper catalyst [Cu(CH3CN)4][BF4], which was cheaper and less
toxic when compared to some nickel complexes, it was used in the carboxylation
of epoxide 18 yielding cyclic carbonate 19 reaching 75% conversion (Scheme 13).
The electrocarboxylation was conducted in acetonitrile employing magnesium
anode, stainless steel cathode and BusNBr supporting electrolyte (2.4 eq.), at a
constant current of 60 mA (7 h), constant CO2 flow (471 mL-min") in the presence

of a copper catalyst (10 mol%).
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Scheme 13 Electrocarboxylation of styrene oxide employing Cu(l) complex.

Buckley and co-workers have achieved high conversion of epoxide 18 to cyclic
carbonates 19 through electrosynthetic incorporation using a copper
cathode/magnesium anode combination in a single cell under atmospheric

pressure applying a current of 60 mA (Scheme 14).

7
O
o Cu COz (1 atm) l\ﬂg OJ<

Ph—< -
MeCN, 60 mA P
Ph
19

18

Scheme 14 Use of Cooper cathode/magnesium anode in electrochemical reaction to incorporate CO: into
cyclic carbonate

This work also showed that the type of electrode played an important role when
referring to conversion, for instance only 5% was achieved with copper

cathode/zinc anode and above 99% using copper cathode/Magnesium anode
(Table 1.3).6

Table 1.3 Electrode screening, conversion of epoxide using different electrodes.

Entry Cathode Anode Conv. (%)*
1 Cu Mg >99
2 Steel Mg 75
3 Graphite Mg 80
4 Cu Al 75
5 Cu Sn 10
6 Cu Zn 5

@ Conversion evaluated from the "H NMR spectrum by the integration of epoxide vs. cyclic carbonate peaks.’??
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1.4.4 Carboxylation of Epoxides Without Electrodes

In order to investigate the reaction under control conditions, the carboxylation was
also carried without electrodes. At low concentration of epoxide, no conversion was
observed in this experiment, therefore, the reaction only takes places at high
concentration. The epoxide 18 (1M) was added to a solution of supporting
electrolyte (BuaNl) in acetonitrile (1:1) and heated to 75 °C under constant COz2 flow
at atmospheric pressure, after 48 h the respective cyclic carbonate 19 was formed
(Scheme 15). In the reaction employing the substrate fluorostyrene oxide, for
instance, the conversion reached 92%.°% Among the substrates, chlorostyrene
oxide, allyl glycidyl ether, and 1,2-epoxyhexane were tested resulting conversions
which vary from 42% to 92%.

o}
o) CO, 1at
R/<, 2, @m > OJ<O
ACN, 75 °C
BuyNI R
18 19

Scheme 15 Carboxylation of epoxide without electrode.
R=Fluorobenzene, 92.1% conversion
R=Chlorobenzene, 70.4% conversion

R= 3-methoxypropene, 7.4% conversion
R= n-butane, 41.8% conversion

The influence of the molarity of the catalyst (BusNI) on the performance of cyclic
carbonate formation was also studied. Phenyl glycidyl ether 20 (1.0 mmol) as
starting material was added into a solution of BusNI in MeCN (acetonitrile) to form

4-(Phenoxymethyl)-1,3-dioxolan-2-one 21. (Scheme 16)

The concentrations studied varied from 0.1 M to 2.0 M of BusNI in MeCN (Table
1.4). The conversion employing 0.1 molar reached only 12.7%, however, when
increasing the concentration to 2.0 molar the conversion reached 100%. The
experiment concludes that the higher the concentration of the catalyst the higher
the conversion to carbonate. However, at a concentration of 2.0 molar, BusNI was
not completely soluble in acetonitrile at 75 °C. This process was later developed

into a catalytic system employing as little as 1 mol% of BusNI as a catalyst.%
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Scheme 16 - Carboxylation of Phenyl glycidyl ether without electrode

Table 1.4 Molarity study of the cyclic carboxylation of Phenyl glycidyl ether reaction.%

Entry MeCN:Bu,NI (mol) C(,Z‘?Z"fﬁ;e
1 0.1 12.7
2 0.5 85.0
3 1.0 93.5
4 2.0 100

Although this method overcomes the issue related to the use of the sacrificial
electrode, the energy input to keep the reaction at 75 °C during the reaction is

relatively high and needs to be taken into consideration.

4.5 Development of a Non-sacrificial Electrode System

Volodymyr Tabas previously investigated the flow of electrons and the mechanism
of the electrochemical reaction. An initial carboxylation test of styrene 22,
aluminium anode as a sacrificial electrode and copper as a counter electrode at 60
mA for 12 h in MeCN yielded the corresponding dicarboxylic acid 23. (Scheme 17)

As expected, the target molecule was reduced at the cathode while complimentary
oxidation took place at the anode. A corrosion process occurred with the aluminium
anode itself to form free metal ions, which provides electrons to the system. The
replacement of the aluminium anode by carbon would cease the oxidation of the
electrode due to its stability, therefore an electron donor was required to provide

an effective substitute.
3+ _
o ® Al o
e or
©/\+ co, CU_ DMF, 50 °C, BuNI A|= HO 5

12 h, 60 mA,
22 - 23 -

Scheme 17 - Carboxylation of styrene employing Al as a sacrificial electrode
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By consulting the literature, Tabas found out that TEOA (triethanolamine) would be

a promising reducing agent and should be able to succeed as an electron donor.

The reaction was then repeated but at this time the aluminium anode was replaced
by carbon followed by addition of TEOA (2 equiv.). The experiment worked but not
as expected, no dicarboxylic acid was observed but instead, the carboxylation was
achieved regioselectively at the terminal B-carbon and as a result monocarboxylic
acid 3-phenylpropanoic acid 24 was synthesized followed by formation of cyclic
carbonate 19 in a 3:1 ratio, with >99% conversion of the substrate (Scheme 18).

Further optimization of this reaction achieved 70% vyield of 24 and eliminated the

Q ® 0
X
©/\+ co, Cu MeCN,50°C, BuNI C OH .
TEOA (2 equiv.), 12 h

formation of 19.

Scheme 18 Electrocarboxylation employing TEOA as reducing agent

4.5.1 Photochemical Reduction of CO:

Photochemistry is the branch of chemistry concerned with the chemical effects of
light, it naturally occurs through photosynthesis and supplies carbon for all organic
compounds on Earth. In chemistry generally, this term is used to describe a
chemical reaction caused by absorption of ultraviolet (wavelength from 100 to
400 nm), visible light (400 to 750 nm) or infrared radiation (750 to 2500 nm).%
Photocatalytic reduction of CO2 into CO or formic acid are inefficient or require the
use of sacrificial electrode or reducing agent. Solar energy can be used directly as
photochemistry or indirect which would require a device to convert solar energy

into another mean of energy.

Figure 1.14 represents an experiment conducted by Buckley’s group where cyclic
carbonate was formed employing Mg sacrificial electrode in a single compartment
cell under the COz2 balloon. In this experiment, a photovoltaic panel was used to
convert sunlight into electricity which was then used to drive the reaction.
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Figure 1.14 Carboxylation of olefins using solar panel. (Buckley B,R.)

Mul and his coworkers have carefully investigated carbon sources in the
photocatalytic CO2 reduction with copper oxide promoted TiO2 (Cu(l)/TiO2),% they
reported various metals deposited on TiO2 accelerating the reduction of COz2, and
that Pd-deposited on TiO2 (Pd-TiO2) working as the most efficient photocatalyst for
producing CH4.%°

Tatsuto and co-workers® reported photocatalyst formation of CH4 under CO2 and
N2 showing high formation rate of CH4 using Pd(2%)-TiOz2, when compared it with

nitrogen still showed a little conversion but stopped after 4 h. (Figure 1.15)

25

—o— Under CO;

20 ——&— Under N,
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CH, / 108 mol

Irradiation Time / h

Figure 1.15 Photocatalytic CH4 formation by Pd(2%)-TiOz under COz and N2z atmospheres.®®
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There has been a significant effort to develop a sustainable way to convert CO2
into an organic product and mimic nature through artificial photosynthesis, it seems
to be the dream for a few scientists. Sodium acrylate is commonly used as a
monomer in the production of superabsorber polymers and theoretically could be
synthesized from COz2 and ethylene (Figure 1.16, equation “b”) but yet, represents

a very challenging reaction.

The reductive methylation of more widely available arenes to generate toluene and
xylenes is also a green alternative and highly interesting (Figure 1.16, equation
“d”).50 NASA recently launched a big challenge of converting COz into sugar (Figure
1.16, equation “a”) and is offering USD 1 Million for whoever succeeds.®” So,
photocatalytic or electrocatalytic could be a way to achieve this reaction and make

those dreams come true.

6CO, 4 6H,0 %, CeHi,05 + 60, @ a
\%
COZ =+ = &» /\ COZH b

t. t.
2 CO, C—:> HO,C =CO,H C—Ha> Ho/\/OH + 2H,0 Cc

2 2
3H Cab 2H0 d
+ 2 + e CH; + 2

670)

N

Figure 1.16 (a) Photosynthesis reaction process. (b) Direct synthesis of acrylic acid from ethylene and CO..
(c) Ethylene glycol synthesis via reductive coupling of COz. (d) Reductive methylation of benzene using Hz and
CO2.%0

1.5  Plasma Technology

1.5.1 Introduction

Plasma is known as the fourth state of matter where part of the particles in a gas
or a liquid are ionized. When the temperature of matter increases at a fixed
pressure, its state changes from solid to liquid and from liquid to gas. In the gas
state, the atoms of the gas move freely in random directions, but when the

temperature further increases the atoms decompose into freely moving charged
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particles. This occurs in equilibrium with the temperature of the ions or the bulk gas
and is called the plasma state, where the main feature is the commonly charged

particle density.

Furthermore, when a gas flow is exposed to an electric field, the free electrons are
accelerated acquiring Kinetic energy. If the gas has either low pressure or if the
electric field is high enough then a dissociation upon collision of the electrons to a
certain point occurs, where the gas becomes electrically conductive. At this point,
the non-equilibrium plasma and discharge phenomena are seen in the form of
spark or lightning.®® Following dissociation of the gas molecule, there is also radical
dissociation which is produced as a by-product. The type of radical produced will
rely on the gas phase present, for example in the presence of hydrogen, the

radicals are atomic hydrogen (H*).%8

Plasma encompasses the majority of matter in the universe; for instance, the sun
is made of plasma, the majority of stars are made of plasma, lightning is also a
form of plasma occurring in nature as well as the Aurora Borealis. The Aurora
Borealis is formed at near-space altitude, the Earth’s magnetic field interacts with
the charged particles from the Sun. The particles which are denser in the pole
region, are trapped by the magnetic field causing ionization of neutral particles in

the atmosphere emitting light of the aurora (Figure 1.17).%°

Figure 1.17 Northern lights in Iceland. (Picture taken by A.Randi at Aurora Reykjavik Exhibition Center —
Iceland, 2018)
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Although plasma occurs naturally it can also be effectively made-man and is
already employed in industry as light source, in material processing, nuclear fusion,
propulsion of spacecraft and much more. These forms of equilibrium plasma are
very hot in the order of 10.000 K but can reach up to 20.000 K. In the coatings
industry, for instance, powder material is introduced into a plasma jet where is
melted and accelerated towards a surface to be coated, the droplets rapidly solidify
and form a deposition layer. On the contrary, non-equilibrium plasma can be as
cold as room temperature.’® Non-equilibrium atmospheric pressure plasmas are
non-thermal meaning that the temperature of the electrons is not in equilibrium with
the temperature of the ions or bulk. In the laboratory, discharges are electrically
driven heating the mobile electrons and the ions efficiently exchange energy with
the background gas. Hence Te >Ti where Te is the temperature of electrons and Ti

is the temperature of ions.%8

One of the main features that make plasma a very interesting technique for
applications in chemistry is the ability to generates active species such as, free
radicals and metastable species allowing reactions to occur at a much lower
temperature than in conventional methods.'" The radicals formed dissolve in the
media altering its composition, molecules have electrons removed or added in
presence of plasma making them positively or negatively charged, for instance in
the presence of air, the plasma formed can produce NO, HNO2, HNOs3, H202, etc.
In solution, Nitric Oxide reacts with other species to form nitrogen dioxide (NO2)
which in the presence of aqueous solution dissolves to form nitrous and nitric

acid.102

Another big advantage of plasma is the fact that the discharge can operate at
atmospheric pressure, which discards the necessity of expensive and complex
vacuum system. This results in a rector or plasma jet that is easy and simple to
design. Although this field is still in its infancy, there are several different types of
plasmas and applications. Varying gas composition, electrode, wall configuration,
and electric characteristic, including DC (Direct Current) or AC (Alternating Current)
and high-frequency power supply, more energy can be channeled into specific
excitation and reactions. Table 1.5 illustrates some but not all-important non-

thermal plasmas along with their energization and typical application.%3
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Table 1.5 Overview of non-thermal discharge types and their most common applications.%3

Type of plasma (S;I;) Plasma Energization  Typical Application
Corona 10 - 300 Filaments Pulsed/DC Ga;rcii?;ii;%igzust
Corona with batrier | 10-30  Filaments Pulsed Gas and water

cleaning
Es(ririer with packed 3-10 Filaments AC Chemical conversion
Plates with barrier 1-5 Difuse AC Surface treatment
Surface discharge 1-5 Filaments AC Surface treatment
Plasma jet 0.5-10 Diffuse AC/RF Local surface
Microdischarge 0.1-1 Diffuse AC/RF Chemical conversion

.5.2 Gas Breakdown

In 1889 Frederich Paschen published what is today known as Paschen’s law where
the breakdown voltage (the voltage necessary to start a discharge or electric arc)
between two electrodes is a function of gap distance in metres 4 and pressure in
Pascals pof the medium gas, A4is the saturation ionization in the gas at a particular
E/p (Electric field/pressure) B is related to the excitation and ionization energies.
The constants 4 and B were found to be constant for any given gas where 4=
112.50 (kPa:-cm™") and B= 2737.50 V/(kPa-cm™') which can be described as
follows: 104

. B pd

B In(A pd)—ln[ln(l +(1YSLE )]

eq. 1.3

To fully understand this mechanism imagine a vacuum chamber without any

plasma, when the voltage is applied across this tube free electrons will be released
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which will be moving towards the anode, according to the density of the inner gas
the electrons may collide with neutral atom, this is when the ionization begins
creating positive ions which are accelerated towards a cathode, when the ions
collide with the electrode, there is a finite probability y that a secondary electron
will be emitted which in turn, will ionize more neutral atoms, this process is called
“secondary electron emission”. This secondary electron emission will depend on
the cathode material, the state of the surface, the type of gas and electric field.
Typically values of y in discharge range from 0.001 to 0.1.'% The positive ions will
appear in a form or a stream or spark towards the cathode. When each electron
creates enough ions to release a secondary electron from the cathode, the

mechanism becomes self-sustaining and the breakdown occurs.

Paschen found that each type of gas responded at a different breakdown voltage
due to its metastable state, also at normal pressure, the voltage needed to cause
an arc reduced as the gap size was reduced but only to a certain point. As the gap
was reduced further, the voltage required to cause an arc began to rise and again
exceeded its original value. This lead to Paschen’s curve showed in Figure 1.18.1%°
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Figure 1.18 Paschen ionization curves obtained for helium (He), neon (Ne), argon (Ar), hydrogen (H2), and
nitrogen (N2). VB (breakdown voltage, in volts) as a function of pd (pressure-distance, in torr-cm™). Assumes
parallel plate electrodes.%®
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The Paschen’s curve was developed studying the breakdown voltage of
various gases between parallel metal plates varying the gas pressure and gap

distance. The breakdown voltage is a minimum Vmin at some intermediate value pd
= (pd)min.

At higher pressures (above a 760 torr) the breakdown characteristics of a gap are
a function (generally not linear) of the product of the gas pressure and the gap
length, usually written as V= f (pd), where p is the pressure and d is the gap

distance.
.5.3 Plasma in and in Contact with Liquids

Probably the first work involving plasma-liquid interaction was published by Henry
Cavendish in 1785, in his experiment, he reported the production of nitric acid by
an electric spark in the air.’” The interaction of plasma with liquids is an
increasingly important topic in the field of plasma science and technology. The
complex physical and chemical processes that occur when plasma contacts liquids
offer a rich source of many short-lived chemical species that are critical for many
applications. Biomedical, water treatment, chemical conversion, material science,
and environmental remediation are all areas where non-thermal plasma in and in
contact with liquid is bringing more attention each year. However, as discussed
above, different design, electrical characteristic, and carrier gases are employed
for each specific application. Essentially, non-thermal plasma in and in contact with
liquids takes place in the gas phase, even when referring to plasma formation in
liquid, it needs to be formed in bubbles. Initially, the high energy delivered by the
power supply is first used to evaporate the liquid surrounding the high voltage
electrode, generating gas bubbles, which in turn are ionized by the electric field.
One of the possible mechanisms for the production of bubbles at the initial stage
of electrical breakdown is through Joule heating by ionic conduction inside the
liquid, the power of one joule heating can be calculated as P = ¢E? where ¢ is the
electrical conductivity of the liquid and £'is the electrical field.'® The temperature
near the electrode is usually high due to energy dissipated in the liquid. Freedman
and his colleagues are conducting some research on the formation of plasma in

liquids without bubbles as it is promising to be more energy-efficient besides the
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fact that the production of in situ active species reduces the transportation losses

and eliminates storage and residual remediation of external chemical sources.'®

Discharge in and in contact with liquids can be subdivided into three different

groups:

a) Direct liquid phase discharge
b) Discharge in the gas phase with a liquid electrode.

c) Discharge in bubbles in liquids.

Non-thermal discharge direct in the liquid is known as a “direct liquid streamer” or
“corona discharge”, generally, the pin-to-plate or plate-to-plate configuration is the
most common. Discharge in the gas phase with liquid electrode typically consists
of a metal pin suspended over a water electrode and can be excited by DC, arc
or pulsed excitation, in this case, a current is transported through the water
electrode by ions. For the bubble discharge in liquids, a pulsed excitation must be
used as the displacement current and should be larger than the conduction
current. If this is not the case, the liquid in the reactor will act as a pure resistor.'%®
Figure 1.19 illustrates the reactor commonly designed for these three types of

plasma generator.

HV
| |
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Figure 1.19 Typical configurations for the discharges in and in contact with liquids. (a) Direct liquid phase
discharge (b) gas phase discharge with liquid (c) bubble discharge reactor.'"®

Electrical discharge in liquids is also divided into partial discharge (or pulsed corona
discharge) this type of discharge does not reach the second electrode and its

branches are called streamers, and full discharge (Arc or pulsed spark discharge)
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is when the discharge reaches the second electrode, Figure 1.20 shows the full

discharge in water.'®

Figure 1.20 Pulsed arc plasma discharge in water (IOP Science).!"

For a liquid with high electrical conductivity more current will freely move through it
resulting in higher power density in the channel, higher plasma temperature and
higher ultraviolet (UV) generating more acoustic waves so just by changing the
conductivity all these parameters mentioned are changed, nevertheless, the
electric field (current density) tends to be the same, one technique to increase the
electric field is simply by changing the thickness of the tips of the needle electrode,
as the electric field is inversely proportional to the radius of the needle tip."® The
electric field at the tip of the needle can be calculated as:

74
E ~-— 1.4
T eq

Where ris the curvature of the needle tip and V is the voltage. However, as

demonstrated by Sunka and his team,''? a sharper needle tends to erode quicker
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due to the high temperature.'’? The erosion of an electrode with pulse electric
discharge in water results in particles of metal and metal oxide being formed in the
liquid.!"3

.5.4 Other Plasma Applications

5.4.1 Plasma Water Treatment

Today the population growth, economic development of developing countries and
the continual increase of safe clean water consumption is a concern, mainly due to
poor water treatment and distribution. According to the WHO (World Health
Organization), diarrhoeal disease is responsible for the death of 1.5 million people
per year of which 58% could be averted through safe drinking water, sanitation and

hygiene.4

Water contamination can be attributed to several factors such as chemical fouling,
lack of wastewater treatment and deficient clean water treatment and distribution.
In 2010, more than 500 million eggs were recalled after dangerous levels of
Salmonella were detected, it is believed that were caused by groundwater

contaminated by animal feces.'®

Traditional chemical treatment, UV (ultraviolet) radiation and ozone have been
implemented to inactivate these bacteria, however, these approaches have some
drawbacks; chlorination can render some toxic species in potable water, UV and
ozone application although proved to be practical in inactivating bacteria in water,
the effectiveness depends on the adherence to a regimented maintenance
schedule. Plasma methods combined with UV radiation, chemicals, and a high
electric field have been shown to be an effective alternative to conventional
methods. Sunka and co-workers have shown that for low concentrations of organic
contaminants dissolved in water, lower-energy corona and glow discharge
processes are useful, and for high concentrations of organic compounds in the
liquid phase, larger energy-arc and pulsed-arc type processes may be more

effective.!16

Due to the discharge of industrial process among other activities, phenol and its

derivatives are widely distributed contaminants in groundwater and surface water.
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Phenols are harmful contaminants at very low concentration.'’” Chlorine is
normally used as a disinfectant in water treatment plants, and undesirable
chlorophenols will consequently form when phenols are present. Other methods
such as activated carbon extraction and chemical oxidation suffer from low
efficiency, high cost, and formation of by-products. Low-temperature plasma
generates active species such as OH, H, O, H202, Os, etc.''® With its strong
oxidation ability, it can effectively remove the organic pollutants from water.''® Sato
and his colleagues have successfully removed phenol from contaminated water
employing gliding arc discharge above a water solution, the decomposition is
shown in Figure 1.21. Figure “A” illustrates the removal of phenol as a function of
treatment time where after 12,7 min 100 % of phenol was removed, also in the

figure “B” the removal of phenol is faster when bubbling oxygen due to the radicals

formed.20
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Figure 1.21 experiment results for the removal of phenol by a streamer corona discharge in the solution
(A) Dependence of phenol removal on residence time for peak-pulse voltages of +17.2 and +20 kV
(B) Effect of gas bubbling on the phenol removal efficiency at a +17 kV peak-pulse voltage.'?°

The mechanism proposed for phenol removal from water solution starting with

oxidation provided by OH radicals is as follows:120
C.HsOH + OH - C4Hs(OH),

The dihydroxy cyclohexadienyl radical decays to form phenoxyl radical CsHsO.
Phenoxyl radical can also be directly formed under the activation of ultraviolet light
produced by the discharge.
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CoHsOH + hv > C,HsO + e~ + H*

CeHsO will further react with OH forming hydroquinone and pyrocatechol
(dihydroxybenzenes).

CsHsO + OH — C4H,(OH),
Dihydroxybenzenes are also attacked by OH radicals to form CsH4(OH)s.

CsH4(OH)s further reacts with oxygen to form 1,2,4-trihnydroxybenzenes. According
to Sun and co-workers, the opening of the aromatic rings leads to the formation of
low molecular weight compounds which are also oxidized through hydroxylation
and hydration which will form carbon dioxide.'?°

VOC Removal

VOCs (Volatile Organic Compounds) are carbon-containing organic chemicals that
have low water solubility and high vapour pressure. The most common VOCs found
in drinking water are chlorinated solvents (carbon tetrachloride, 1,2-dichloroethane,
methylene chloride, etc.) and fuel components (benzene, toluene, xylenes, etc.).
These pollutants contaminate the water through gasoline or oil spills, as well as
underground tank and pipe leakage. In addition, there are many chlorinated
solvents present in household products as well as adhesive and cleaning products

have find their way into the water supply.1°0

As mentioned before, chlorination is the most widespread technique used as an
oxidative agent, nevertheless, chlorine is likely to produce chlorinated organic
compounds such as dioxins and dioxin-like compounds, which are toxic to humans,
and plants. RO (Reverse Osmosis) and active carbon are frequently used
approaches to purify water, but these are high-cost technologies and are not as
efficient for low concentrations. The application of non-thermal plasma directly into
aqueous solution generates reactive chemical radicals and molecular species,
together with shock waves and UV radiation. This process is effective even for
large volumes at low concentrations. Pulsed corona and DBD (Dielectric Barrier
Discharge) have been successfully applied for removal of volatile hydrocarbons,

aromatic compounds and chlorine-containing compounds.'?!
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1.5.4.2 Chemical Interaction

With the continuous development of plasma medicine'?? and materials synthesis,
the interaction of reactive species generated at the surface of liquids in contact with
non-thermal plasma and the liquid has become an important research topic.'? The
wide variety of active species formed at plasma state can be dissolved and react
at the interface or bulk of the liquid. The main advantage of non-thermal plasma
related to chemical interactions is the high chemical efficiency, as there is only a
litle or no thermal loss, most of the input energy is harnessed into chemical
conversion. The fast electrons and the energetic photons can, therefore, trigger
many different chemical processes.'®® Two classes of reactions can be observed
when plasma is formed at the surface of a liquid. Reaction initiated by electrons
which are short-lived species and those reactions initiated by gaseous neutral
species. In the end, the species formed will be a combined reaction with electrons
and the stable species present. A good example of a combined reaction is the
production of ozone by non-thermal plasma generated in air; as illustrated below
when at an initial stage free oxygen is produced by electron impact, then ozone is
created by reaction with the free radicals.

O,+e” > 0"+ 0+ 2e”
O,+e">0+0+e”
0O, +e" >0 +0
O0+0,+M-0;+M M = 0, or N,

Indeed, ozone has been produced by DBD’s since 1857 by Siemens'?* and many
other types of DBD ozone generators have been developed and investigated.'?®
The reactive species formed will rely mostly on the background gas and can be
tracked by measuring the pH. With oxygen or argon as the background gas, the
electrolytic reaction between plasma electrons and the gas will yield ions of
hydroxide (OH") in excess making the solution more basic. While the reaction under
nitrogen and oxygen gas will form NO by the Zeldovich Mechanism (production of
active nitrogen from molecular nitrogen in the gas phase).'?® Which will react with
oxygen to form NO:2 (nitrogen dioxide) and by dissolving in aqueous solution will
form HNO2 (nitrous acid) and HNO3 (nitric acid) making the solution more acidic.'%”
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Variation of pH measurement was carried out by Go and his team, where plasma
formation under different gases was conducted in a 0.34 M of NaCl solution using
Pt (platinum) foil as counter electrode, in the experiment the same voltage and
current was applied so that the net number of electrons transferred was the same,
the measurement was taken as a function of plasma exposure time as can be seen
in Figure 1.22."
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Figure 1.22 pH of the NaCl solution in direct contact with the microplasma jet measured as a function of time
for various ambient gases.’

Under Ar and Oz gas, the pH increased, as you would expect, a conventional cell
with Pt cathode would also do. This suggests that the plasma electrode causes the
dissociation of Cl2 and generation of OH-, but when operating in air or N2 the
solution became acidic which could explain the production of HNO2 and HNOs as

mentioned above.

Traditionally in an electrochemical system, charge-transfer reactions take place
between solid-liquid interfaces'?” where two electrodes are immersed in an
electrolytic solution, the electric potential differences lead to a charge-transfer
reaction, nevertheless, the electrochemical reaction is not limited by solid-liquid

interfaces, insulators have been charged and introduced to a range of charge-
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transfer reactions.'?® Also, previous studies demonstrate charge transfer reaction
though glow discharge electrolysis.'?® Richmonds and co-workers reported a
reduction of [Fe(CN)e*] (ferricyanide) to [Fe(CN)e*] (ferrocyanide) using DC non-
thermal atmospheric plasma discharge. In addition, the group were able to
demonstrate the relationship between the current employed and the conversion

rate, as demonstrated in Figure 1.23.2
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Figure 1.23 (A) UV-vis absorbance spectra of solutions of ferricyanide after exposure to the plasma for 0 min,
5 min, and 15 min (discharge current, id = 6 mA), (B) percent of ferricyanide reduced in solution as a function
of time at discharge currents (id) of 3 and 6 mA.?

5.4.3 Plasma Medicine

Low-temperature atmospheric dielectric-barrier discharge jets have been shown to
be effective on the sterilization of surgical instruments that are often contaminated
by both bacteria and proteinaceous matters.'>® Quasi-thermal plasmas (thermal
plasma) have been used in medical practice for blood coagulation in wound
treatment and surgery in the form of cauterization devices (argon plasma
coagulators, argon beam coagulators and so forth).'3' However, studies conducted
by Fridman and co-workers'3? and undependably by Kalghatgi'3? Indicate that high
temperature is not a prerequisite for plasma-induced blood coagulation. Plasma
stimulation of in vivo blood coagulation was conducted with live hairless SKH1 mice
(the hairless type of mice used to conduct skin research). Applying DBD plasma
treatment for 15 s could coagulate the blood at the surface of a cut saphenous vein

and a vein of a mouse as shown in Figure 1.24.
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Figure 1.24 Blood coagulation of a live animal, (left) Saphenous vein, (middle) if left untreated following a cut
the animal will bleed out, (right) cut treated with DBD plasma. Plasma processes and polymers (2008).122

The picture on the left shows the saphenous vein, which is the major vein vessel
for a mouse, when leaving the cut untreated (middle) the animal will continue
bleeding out but after 15 s of treatment using 0.8 W-cm? of DBD plasma (right) the

animal stopped bleeding completely.'??

It has also been shown that plasma can be employed efficiently to combat fungal
diseases, experiments with Candida albicans (common fungi present in a hospital
as well as public places) were carried out and after 5 s of plasma treatment, the
fungi were reduced to about 10™ of the original level.’®* Even for cancer therapy,
CAP (Cold Atmospheric Plasma) interaction with tissue allows targeted cell
removal without necrosis such as cell disruption, CAP affects cells via a
programmable process called apoptosis which is a multi-step process leading to

cell death and this process is the one inherent to cells in the human body.'3°

.5.5 Electrical Measurement

Although considerable effort has been devoted to the investigation of atmospheric
pressure discharge, the physics of this discharge is still not completely understood.
Especially in the case of plasma in contact with liquid where the discharge occurs
between a metal pin and a liquid anode, only some phenomenological properties
have been reported.’® When the high voltage anode is in contact with liquid, the
anode becomes the whole liquid and not the electrode alone so any calculation
should consider this theory. An important observation is that the interaction of
plasma with liquid does not change significantly the pH of the electrolyte, for

instance in a solution of sodium hydroxide with pH 11.6, the drop in pH is only 0.6
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with plasma discharge at 50 mA for 2.5 h.'3” However, in the case of distilled water
the change in pH is noticeably more evident and will heavily depend on the gas
nature. A recent investigation showed that the lower the pH the conductivity is
higher.'38

When generating any type of plasma, it is important to record various electrical
features of the system. In some cases, the information is simply collected through

specific equipment while others can be calculated.

5.5.1  Current, Current Density and Power Dissipation

Electric current is a flow of electric charge. In electric circuits, this charge is often
carried by moving electronsin awire. It can also be carried by ionsin

an electrolyte, or by both ions and electrons such as in ionized gas (plasma).’ It
can be simply calculated using Ohm's law, Ohm's law states that I =£ where

I=current in units of Amperes, V is the potential difference in units of Volts and R is

the resistance in units of Ohms.

Current density is a measure of the density of an electric current. It is defined as
a vector whose magnitude is the electric current per cross-sectional area. In Sl
units, the current density is measured in amperes per square meter, as considering
that all reaction takes places at the electrode surface, we can calculate the current

density as follows:
I=[].dA eq. 1.5

Where [ is the current in amperes, /is the current density per unit area in a material

with finite resistance and A is the area in meter, from this equation we can rewrite
as:

I
J = " eq. 1.6
Any resistor in a circuit that has a voltage drop across it dissipates electrical power.
The cathode/anode voltage drop is measured by extrapolating the linear curve of
the burning voltage as a function of the inter-electrode distance to zero. The voltage

drop in the liquid can be calculated by calculating the resistance of the water
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electrode between the cathode spot and the metal electrode at the bottom of the
liquid cathode.’#® Where

(p=i?xR) or (p = V—Z) eq. 1.7
1.6 Summary

In conclusion, we can see that greenhouse gases present in our atmosphere,
mainly carbon dioxide, trap some of the heat gained by the sun, and, since the
industrial revolution, anthropogenic activities are in fact increasing significantly the
concentration of these gases, resulting in what is known as global warming. In
addition, the industry is heavily dependent on limited source of petrochemical
resources. All these data are attracting the attention of scientists around the world
to find solutions to shift our industry to non-petroleum-based products and also to
reduce the concentration of carbon dioxide in the atmosphere. Global warming and
climate change are a long process and with the amount of COz2 that has already
been released into the atmosphere there is nothing we could do to avoid its effects;
however, it is still possible to mitigate the effect and actions are urgent. If is not to
be concerned with the effects which we are already witnessing, with the positive
feedback, the global warming process will accelerate to a point where it will be out

of control and the future will be unprecedented.

In face of this issue, researchers around the world are working on the development
of ways to stop carbon emission or to reduce the concentration of those gases in
our atmosphere, such as solar shield, iron fertilization, carbon capture and storage,

and carbon dioxide utilisation.

Carbon dioxide utilisation has been widely approached and in the electrosynthesis
field, excellent results have been achieved. For instance, the carboxylation of
phenol to make salicylic acid was reported by Takayuri.?® The incorporation of
carbon dioxide in conjugated dienes reported by Vos and co-workers or the
electrocarboxylation of phenylacetylene presented by Chuanhua are also other
examples. All of these reports were presented with a good conversion and energy
efficiency and was claimed to be a good alternative to address the issue related to
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carbon dioxide, but what all of them have in common, is the use of a sacrificial
electrode to generates free electrons which is vital in an electrochemical reaction.
The drawback of the use of sacrificial electrodes is the resulting oxidized metal
requiring its collection and disposal or recycling if possible. As an alternative, an
inert electrode along with a reducing organic agent can sometimes be employed
which again requires a further process to be separated from the products and

disposed of.

Plasma technology has been known since 1785 but its industrial use has brought
more attention in the last 20 years. For example: Application in medicine,
automotive industry, surface material modification, water treatment and chemical

interaction of the active species formed at plasma state.

Nevertheless, the possibility of using a plasma jet in contact with liquid, harnessing
the free electrons to interact with other substrates, like the reduction of [Fe(CN)e*]
to [Fe(CN)e*] reported by Richmonds and co-workers, aroused interest of
Buckley’s group and opens a new research area employing it in the traditional
electrochemical process as alternative of sacrificial electrode or reducing agent in

the carboxylation process.
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2.0 Experimental

2.1 General Experimental

2.1.1 Reagents and Apparatus

All "H and '3C NMR spectra were measured at 400 and 100 MHz respectively using
a Jeol ECZ spectrometer and analyzed with Delta software. The solvent used for
'H and '*C NMR spectroscopy was CDCI3 using TMS (tetramethylsilane) as the
internal reference. For polar compounds, deuterated dimethyl sulfoxide was used.
Chemical shifts are given in ppm (parts per million) and J values are given in Hz
(Hertz).

All chromatographic manipulations used silica gel as the adsorbent. Reactions
were monitored using TLC (Thin Layer Chromatography) on aluminium-backed

plates. TLC was visualized by UV radiation at a wavelength of 254 nm.

DMF (N,N-dimethylformamide) was obtained from Sigma Aldrich at 299% although
some experiments were conducted under dried DMF from the same supplier and
were used without further purification. To obtain dry DMF, the solvent was stored
over activated molecular sieves 3A for at least 24h before use. In order to activate
the molecular sieves, they were taken into the microwave and exposed to 600 °C

for 20 min, then stored under nitrogen.

Gas Chromatography was employed to monitor the experiments. An Agilent HP
GC system 6890 series fitted with an SPB®-5 Capillary GC Column 30 m x 0.25
mm (L x 1.D.), df 0.25 ym or a GC/MS (Gas Chromatograph Mass Spectrometry)
from Shimadzu GC-2010 Plus with Restek Rtx®-5Sil MS Column 30 m x 0.25 mm
(L x1.D.) was used. Programmed was developed during this research with an initial
oven temperature of 60 °C for 1 min, oven program rate of 10 °C-min-! up to 260
°C for 1 min and injection temperature of 220°C. The shift is given by retention time
(min) and Voltage (V).
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2.1.2 Determination of % Yield and Calculation of Current Efficiency

GC/MS is somewhat rapid and reliable analysis and was used to determine the
percentage of conversion and to calculate the current efficiency of carboxylation
experiments not only in electrochemistry but also in plasma experiments. Once the
parameters were set, it was found to be an easy way to evaluate the conversion

rate and work out the optimization of the experiment.

The percent yield is equal to the actual yield divided by the theoretical yield of the
product multiplied by 100:

GC Yield(%)z( Aol Vieldeg) )100 eq. 2.1

Theoretical Yield(g)

Where the theoretical yield is the maximum amount of product that can be

produced in a reaction which can be calculated as follow:

mass of substrate g

Theoretical Yield g = ( )MW Product g mor eq. 2.2

Mw substrate g/mol)

The actual yield is the concentration of the product in mol/L obtained by the GC

calibration curve and calculated as follow:

Actual Yield 4y = Conc.Productnei ). Volyy. Mw Product g /moery €q. 2.3

CE (Current efficiency) describes the efficiency with which charge (electrons) is

transferred in a system and can be calculated as the formula below.

CEw = (Thei:::j;”g;“jun) 100 eq. 2.4
Where:
Theoretical gproqucty = MoleSproduct)- MW (product) eq. 2.5
Moles proguct) = (w) eq. 2.6
Molesctccirons) = (Faraay conseant) eq.27

Faraday Constant = 96,485 and

n = n?ofelectrons
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2.1.2.1 GC/MS Calibration Curves

Both the Agilent HP GC or the Shimadzu GC/MS used to identify and quantify the
concentration of chemicals present in the experiments, has a FID (Flame lonization
Detector). As any normal flame, the flicker is not constant and so the ionization
might produce some variation in the integrated area of the spectra. To overcome
these variations and generate more accurate quantitative analysis, an IS (Internal
Standard) is required. An IS is a known concentration of a known substance which

is added in every sample and its purpose is to behave like the analyte.

As the spectra will only provide the integrated area of the injected compound, a
calibration curve of each known substance is necessary, so any specific area is
related to a specific concentration. The calibration curve utilized was prepared as
follows: For each substrate or product, 0.2 mol/L of stock solution was prepared,
from the stock solution, 5.0 mL of solutions (0.01, 0.02, 0.04, 0.06, 0.08 and 0.1)
mol/L were prepared, the preparation of different concentrations of solutions are
arbitrary and the more data collected, more accurate will be the calibration curve.
Subsequently, 500 pL of each one of the prepared solutions was added into a 2.0
mL GC vial along with 50 uL of I.S. naphthalene 0.05 mol/L in methanol.

All these samples were injected in the GC under the same conditions. To produce
the calibration curve, the integrated area of the substrate was divided by the
integrated area of the IS, and, for each of these ratios a corresponded
concentration was plotted in excel forming a curve which gives a formula, the
formula is then used to calculate the concentration of each product. The R?
generated along with the formula is the “proportion of variance in y attributable to

the variance in x” so the closest R? to 1.0 means that the GC is more accurate.

It is extremely important that the analyte is injected following the same conditions
stated in the calibration curve procedure such as the volume of the sample, volume,

and concentration of the IS and the calculus of the ratio.

Figure 2.1 below shows the calibration curve of the trans-Stilbene 28 followed by
the calibration curve of methyl-2,3-diphenylpropanoate (Figure 2.2) which is the
corresponding product of carboxylation and methylation of trans-Stilbene.
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Figure 2.1 Calibration Curve of trans-Stilbene
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Figure 2.2 Calibration Curve of Methyl-2,3-diphenylpropanoate

2.1.2.2 Methylation Procedure and Injection Parameter.

When the reaction was being monitored by GC/MS, the SPB®-5 Capillary GC
Column was used, as this column is mainly made of dimethyl siloxane (95%) by
injecting polar compounds as the carboxylic acid, it will likely be adhered on the

wall of the column and not produce reliable results. To overcome this scenario,
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TMSCHN:2 (trimethylsilyldiazomethane) was employed as an efficient reagent for
methylation of carboxylic acids.'' Although there are other methods of methylation
available, TMSCHN: is easier, efficient and quick to use. The carboxylic acid with
a methyl group attached is easier to quantify and fully integrate. In face of this, the
product identified by GC/MS spectra and reported here is the methyl ester of the
specific acid. The same methylation technique was used when the product was
purified through the column chromatography using silica gel and then characterized

by 'H NMR spectroscopy.

As standard method for sampling and analysis using GC/MS, 500 pL of the
reaction mixture is injected in a 2.0 mL GC/MS vial along with 50 pyL of internal
standard naphthalene 0.05 mol/L in methanol and the addition of TMSCHN:2
dropwise (roughly 3 drops). This methylation is followed by every experiment in this
research. Preparation of methyl ester was achieved by the addition of TMSCHN:2
dropwise until a yellow colour persisted. This method was tested and showed that
to get complete methyl-2,3-diphenylpropanoate, the reaction needs to be stirred for

at least 30 min, the methylation was completed as shown in Table 2.1.

Table 2.1 - Time of reaction to complete the methylation of carboxylic acid

Product Time of stirring Formation of methyl
(min) ester (mmol)
10 0.92
Methyl-2,3-
diphenylpropanoate 30 2.06
45 2.07

Before the injection, the GC/MS was conditioned as follows:

Table 2.2 - GC/MS injection parameters

Oven Temp. Program

Rate (°C /min) Temperature(°C) Hold Time(min)
) 60 1.00
20 140 0.75
8.0 200 1.00
25 260 1.35
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Injection temperature: 220 °C
Injection mode: Split

Total Flow: 64.3 mL/min
Column Flow :1.20 mL/min

Column oven initial temperature of 60 °C for 1 min
2.1.3 Electrical and Physical Properties

Some important calculations considered in this research are explained in this

section as follows:

2.1.3.1 The Velocity of Gas in a Tube

In this calculation, | neglected the internal rugosity of the tube and the density of
the air and simply used as a reference for future comparison, for the pressure |
considered 1 atm, so the velocity of a gas in a tube when the plasma strikes is

calculated as follows:

a
v = Q— eq.2.8

607 (%)2

Where v is the velocity of the gas in the unit of m-s7; Qa is the flow of the gas in

the unit of m3-min-? and d is the diameter of the tube in m.

2.1.3.2 Surface Area of Cylindrical Electrode

The maijority of the electrodes used in this research are cylindrical so to calculate
the area in contact with the liquid | considered one base circle nr? plus the side

area of the cylinder which is a parallelogram of height h:
A= mr?+2nr.h eq.2.9

Where the area A is given in m2, r is the radius of the cylinder in the unit of m and

h is the height of the cylinder in the unit of m.
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2.1.3.3 V'oltage Measurement

The high voltage applied in the system was measured using Brandenburg 507R
DC power supply connected to an electrode. The low voltage was measured using
an oscilloscope Tektronix 1012 connected across a 2.166 KQ resistor, this
technique allows the calculation of the current through the system, current density.

and power dissipation using ohms law.

2.2 Individual Electrochemical Experimental Procedures

2.2.1 Electrochemical Setup

In order to conduct the electrochemical reaction, the equipment should be set up

according to Figure 2.3

Figure 2.3 - Electrochemical setup equipment

It consists of an anode (1) where the oxidation takes place; Cathode (2) where the
reduction takes place, the electrodes are immersed in the liquid at 1.0 cm with a
distance of 3 cm of each other; 100 mL single compartment cell with three-neck
(3); DC The power supply (4); Inlet CO2 needle (5) and the magnetic stirrer (6). The

compartment is sealed with suba-seal rubber septa with an outlet gas needle to
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keep the positive pressure. The connectors of the electrodes were properly sealed.
Some of the characteristics of this setup are variable and were changed during the
optimization of the experiment, for instance, the size of three-neck compartment
cell was adjusted according to volume of solvent employed and the size and

material of anode and cathode were also changed.

2.2.2 General Procedure for Carboxylation Using a Sacrificial Electrode

S) ©) o
K’-\\ OH 0
@{ Cu A|= HO 5 WOH

10 23 24

In a single compartment cell of 100 mL with three-neck a solution containing
phenylacetylene 10 (0.10 g, 1.0 mmol), BusNI (Tetrabutylammonium iodide)
(0.18g, 0.5 mmol), and DMF (N,N-dimethylformamide) (50 mL) was prepared. A
stream of CO2 (10 SCCM) was continuously introduced into the mechanical stirred
homogeneous solution. Copper cathode and aluminium anode were placed into
the three-neck flask and a constant current of 60 mA was maintained during the
reaction. After 2 h of reaction, the power supply was turned off and 500 pL of
sample was injected in a 2.0 mL GC vial along with internal standard in methanol
(50 pL), this solution was methylated according to injection parameters 2.1.2.2.
Identification and quantification of the products were done by GC/MS. The resulted
mixture of the experiment was acidified by addition of HCI (37%)/H20 (1:1, 10 mL),
extracted with diethyl ether (3 x 20 mL) and washed with brine (5 x 20 mL) until DMF
is completely removed. Traces of water from combined organic layer were removed
with MgSO4 and the solvent was evaporated to dryness to afford an amber oil.

(99% of conversion with a ratio of dicarboxylic acid: monocarboxylic acid of 3:1).

These experimental conditions were used to extract carboxylic acid throughout the
electrochemical experiments carried out by Buckley group and as the group
achieved great extraction results | decided to keep the methodology.

68



2.2.3 General Procedure for Electrocarboxylation Using a Non-Sacrificial

electrode

In a single compartment cell of 100 mL with three-neck, a solution containing
phenylacetylene 10 (0.10 g, 1.0 mmol), TEOA (Triethanolamine) (0.30 g, 2.0
mmol), BusNI (0.18 g, 0.5 mmol) and DMF (50 mL) was prepared. A stream of COz2
(10 SCCM) was continuously introduced into the mechanical stirred homogeneous
solution. Carbon fiber cathode and carbon fiber anode were placed into the three-
neck flask and a constant current of 60 mA was maintained during the reaction.
After 2 h of reaction, the power supply was turned off and 500 pL of sample was
injected in a 2.0 mL GC vial along with internal standard in methanol (50 uL), this
solution was methylated according to injection parameters 2.1.2.2. Identification
and quantification of the products were done by GC-MS. The resulted mixture of
the experiment was acidified by addition of HCI (37%)/H20 (1:1, 10 mL), extracted
with diethyl ether (3 x 20 mL) and washed with brine (5 x 20 mL) until DMF is
completely removed. Traces of water from combined organic layer were removed
with MgSO4 and the solvent was evaporated to dryness to afford an amber oil.

(99% of conversion with a ratio of dicarboxylic acid: monocarboxylic acid of 3:1).
2.2.4 Electrode Properties Experiment

The purpose of this experiment is to understand the variations of current for a
specific potential applied employing electrode of different materials, and the effect
of electrolytic salt, this result is essential for the optimization process. In a single
compartment cell of 100 mL with three-neck flask, BusNI (0.18 g, 0.5 mmol) was
dissolved in DMF (50 mL). Under constant stirring, carbon fiber anode and carbon
fiber cathode were placed into the tree-neck flask and the solution was electrolysed
at a constant current of 50 mA and the potential (V) was recorded. Different types
of anode and cathode along with the concentration of solute were tested and for

each of those tests, the potential measurement was recorded. (Table 2.3)
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Table 2.3 — Electrical properties of electrodes vs electrolyte concentration

a ~
Q 'g ~ E €
Fg "8 E g S ~ )
< 2 3¢ E g P
§ < &zE g 2
S 3
C C 0.0 1 60
Ni Ni 0.0 1 60
Cu Cu 0.0 1 60
C C 0.5 50 22.3
Ni Ni 0.5 50 29.8
Cu Cu 0.5 50 24.2
C C 1.0 50 13.8
N1 N1 1.0 50 15.9
Cu Cu 1.0 50 16.3
C C 1.5 50 10.9
Ni Ni 1.5 50 12.6
Cu Cu 1.5 50 16.8
C C 2.0 50 9.3
N1 N1 2.0 50 114
Cu Cu 2.0 50 10.7
C C 2.5 50 7.8
Ni Ni 2.5 50 10.3
Cu Cu 2.5 50 12.3
C C 3.0 50 7.6
Ni Ni 3.0 50 8.6
Cu Cu 3.0 50 12.3

The outcome of this experiment can be seen in section 3.2
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2.3 Individual Plasma Experimental Procedures and

Characterization

2.3.1 Plasma Apparatus and Gases

The apparatus of plasma experiment will be detailed in section 2.3.2. Gases were
obtained from BOC Group Limited as listed in Table 2.4.

Table 2.4 - List of gases used in plasma experiment

Product CAS n° Purity %

Argon 7440-37-1 99.999

Helium 7440-59-7 99.996
Carbon Dioxide 124-38-9 99.8

2.3.2 Plasma Setup

The initial system was designed according to Figure 2.4, it consists of a carbon
dioxide cylinder (11) connected into 3 necks round bottom flask of 100 mL (8).
Argon (1) is connected into the grounded (6) microplasma jet (7) which operate as
the cathode. The microplasma jet was manufactured with a 3D printer at Wolfson
School of Mechanical/Loughborough University it works at direct current (D.C.)
under atmospheric-pressure and has 4 channels to allow up to 4 simultaneous jets
(the channels are necessary to investigate the optimal numbers of channels striking
during the reaction aiming the best conversion efficiency) and a 0,8 mm stainless-
steel grounded needle which features as cross-field plasma jet, this type of plasma
generation was chosen because allows the electrons to be driven towards the liquid
more efficiently than linear field.'*> MKS PR4000B gas flow controller (2) is
connected at both cylinders, background gas (1) and, COz2 (11) in order to control
gas flow. Brandenburg DC power supply model 507 R (500 V to 5 kV, 5 mA) (10)
is connected to the carbon fiber anode (9) through high voltage wire. Surface mount
resistor 4 x 470 kQ £5% 3W (3) is connected in parallel with each of the plasma
channels to limit the current and a 2.166 kQ £5% 0.25W (4) current measuring

resistor placed along the ground wire. An oscilloscope Tektronix model TSD1012
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(5) is connected at both output side of the current measuring resistor (4) which
measure the voltage drop upon it, the information provided by oscilloscope is
further used to calculate the current (mA). Stirring plate (12) was placed underneath

the flask to keep the solution constantly homogeneous.

During the research, this design has slightly changed allowing the optimization of
the experiment, for instance, argon cylinder was temporarily exchanged by helium,
and the design of the microplasma jet also changed which will be detailed in the

session 0.

1

2
) Argon
o/ \ J

5 s e
X (O—E0)]
10
o s |

Figure 2.4 - Plasma System Setup

1-Argon cylinder, 2-gas flow controller, 3-surface mount resistor, 4-current measuring resistor, 5-oscilloscope,
6-grounding, 7-microplasma jet, 8- three-neck flask, 9-anode, 10- DC power supply, 11-CO:2 cylinder, 12-
stirring plate.

2.3.3 Microplasma Jet Design

The plasma device consists of a DC atmospheric pressure microplasma jet
manufactured at Wolfson School of Mechanical/Loughborough University. It is
cross-field plasma jet type (where the electric field is perpendicular to the flow of
gas) designed in a such way where the height of the 0.8 mm needle and the height
of the body the of the jet could be adjusted by twisting the screw on the top of the
jet body, by changing the position of the needle in relation to the dielectric tube and
the gap between the tip of the needle and the surface of the liquid, result in a

variation of the resistance of the system and by doing so change the characteristic
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of the plasma, as seeing in the section 1.5.3 There are two different options of gas
flow which is through the center of the needle and around the outside of the needle
through the tube. The plasma jet works as cathode and the electrode connected to
the high voltage is the anode, although the whole liquid will be potentialized with
high voltage, this configuration would allow the current to flow from anode towards
the cathode and as the electrons flow in the opposite direction of the current, it will
bombard the solution with electrons, which will be needed for the reaction to occur.

The design of the jet is shown in Figure 2.5.

Jetheight
adjustm Needle height
adjustment
Plasma gas
inlet
Retraction
spring

Fitting to

-~
glassware |

Needle gas
inlet

Ring
electrode

0.8 mm
<«—— sainlessstel
needle

925 mm

Figure 2.5 - First DC plasma jet used in this research, the computational design on the left and the picture on
the right.
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As mentioned in the previous section, the design of the plasma jet changed
significantly (Figure 2.6). We tried to make something which could be simple to the

point of being 3D printed, with a connection in the body making it easy to switch.

30 cm PVC Jet body with
grounding ring electrode
around a 5 cm length
adjustable single needle.
1.19 MQ resistor

Body of plasma jet 3D printed
(Stereolithography or SLA)
with  2x15 cm ceramic
channel and 19 cm stainless
steel needle grounded. 0.46
MQ resistor in each channel

10 cm glass Jet channel with
13 cm stainless steel needle
grounded. 0.51 MQ resistor

Body of plasma jet 3D printed
Stereolithography or SLA)
with 15 cm ceramic channel
and 19 cm stainless steel
needle grounded. 0.24 MQ
resistor in each channel

Body of plasma jet 3D printed
(Polylactic Acid or PLA) with
10 cm glass channel and 13
cm stainless steel needle
grounded. 0.51 MQ resistor

Body of plasma jet 3D printed
(Polylactic Acid or PLA) with
20 cm glass channel and 26
cm stainless steel needle
grounded. 0.51 MQ resistor

Body of plasma jet 3D printed
(Stereolithography or SLA)
with  3x15 cm ceramic

channel and 19 cm stainless

steel needle grounded. 0.46

MQ resistor in each channel

Body of plasma jet 3D printed
(Stereolithography or SLA)
with  4x15 cm ceramic
channel and 19 cm stainless
steel needle grounded. 0.46
MQ resistor in each channel

Figure 2.6 Variety of designs of plasma jet. The green box is the plasma jet used in the optimized experiment.

With a collaboration of my co-workers from electrical engineering, Alexander
Wright and Alexander Shaw, the plasma jet used in the optimized experiments was
designed and one of the new features was the possibility of connecting up to 4 jets
simultaneously (Diagram 1, green box). In the design of the first jet, there was
accumulation of the evaporated solvent during an experiment, the condensation of
solvent at the tip of the plasma body was due to the large flat surface at the tip,
which ended up damaging the plastic body. The diameter of the new body was
reduced from 25 mm to 7 mm with 150 mm length and the material selected was

ceramic (Figure 2.7).
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With this plasma jet, we could explore some different experiments such as needle
materials and dimensions, and, split the current into multiple jets. Moreover, the

design along with material made it more resistant.

Needle 5
Plasma —~> 0.8lénm o -
gas inlet neece 3 3
v @15 33
— mm
60mm
150 mm .

Figure 2.7 - DC plasma jet 3D printed

2.4 Plasma Carboxylation in Wet Solvent

HO
O
H — O .—<\ .
14 27

In a single compartment cell of 100 mL with three-neck, a solution containing
diphenylacetylene 14 (0.18 g, 1.0 mmol), TEOA (0.30 g, 2.0 mmol), BusNI (0.55 g,
1.5 mmol) and DMF:H20 (5:1, 50 mL) was prepared. A stream of CO2 (10 SCCM)
was continuously introduced into the mechanical stirred homogeneous solution.
Carbon fiber anode (0.09 cm d. x 0.50 cm length) was placed in the three-neck
flask and argon cathode single streamer microplasma jet (1.0 SLM) connected to
a 1.19 MQ resistor was positioned 5 mm above the surface of the liquid and ignited
in the exit flow. DC power supply was adjusted to 1.6 kV giving 1.74 V across
measuring resistor (2.17 kQ) to get a constant current of 0.8 mA. After 3 h of
reaction, the power supply was turned off and 500 uL of the sample was injected
in a 2.0 mL GC vial along with internal standard in methanol (50 uL), this solution
was methylated according to injection parameters 2.1.2.2. ldentification and
quantification of the product was done by GC/MS. For 'H NMR analysis, the
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resulted mixture of the experiment was acidified by addition of HCI (37%)/H20 (1:1,
10 mL), extracted with diethyl ether (3 x 20 mL) and washed with brine (5 x 20 mL)
until DMF is completely removed. Traces of water from combined organic layer
were removed with MgSO4 and the solvent was evaporated to dryness to afford an

amber oil. No carboxylation reaction was observed.

2.5 General Plasma Carboxylation in Anhydrous Solvent

HO

(@]

14 27

According to the plasma carboxylation in wet solvent procedure (section 2.4) |
modified the following parameter as: Anhydrous DMF (50 mL); Argon cathode with
single streamer microplasma jet (1.0 SLM) connected to a 239.9 KQ resistor; DC
power supply was adjusted to 1.0 kV giving 4.0 V across measuring resistor (2.17
kQ) to get a constant current of 1.85 mA. 'TH NMR spectra showed 0.66% of
conversion of the starting material diphenylacetylene into 2,3-diphenylpropanoic
acid 27.

2.6 Plasma Carboxylation Without Reducing Agent

HO

(@)

14 27

Following the general plasma carboxylation in anhydrous solvent (chapter 2.5), two
experiments were carried out (employing TEOA and without TEOA) the following
parameters were modified as: BusNI (0.37g, 1.0 mmol); Argon cathode with single
streamer microplasma jet (0.5 SLM); DC power supply was adjusted to 1.15 kV
giving 8.0 V across measuring resistor (2.17 kQ) to get a constant current of 3.7
mA. The reactions were monitored by GC/MS and the results are shown in Table
2.5
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Table 2.5 - test of plasma carboxylation with and without reducing agent

Product Product Product Product
. (% yield) (% yield) (% yield) (% yield)
Experiment 90 min 180 min 270 min 360 min
reaction reaction reaction reaction
Without
TEOA 0.06 1.2 2.2 4.3
Employing
TEOA 0.17 1.8 3.1 3.8

2.7 Use of Catalyst During Plasma Carboxylation

HO

(@)

14 27

According to the plasma carboxylation in wet solvent procedure (section 2.4) |
modified the following parameter as: Single compartment cell of 25 mL with three-
neck; Diphenylacetylene 14 (0.09 g, 0.5 mmol); Removed TEOA; EtNI
(Tetraethylammonium iodide) (0.13 g, 0.5 mmol); Catalyst (5% mmol); Anhydrous
DMF (10 mL); Argon cathode with single streamer microplasma jet (0.5 SLM)
connected to a 0.24 MQ resistor; DC power supply was adjusted to 1.35 kV giving
10 V across measuring resistor (2.17 kQ) to get a constant current of 4.6 mA; 2 h
of reaction. The reaction was monitored by GC/MS and the results of the variety of

catalysts tested in this experiment are shown in Table 2.6.

Table 2.6 - Screening of catalyst employed in the plasma carboxylation of diphenylacetylene

Catalyst GC/MS Yield (%)
No Catalyst 3.2
RuCl; - 3H,O 2.2
MgBr, 1.4
CuBr2 1.4
NiCl, glyme 0.6
NiCl-6H,O 1.9

% yield of carboxylic acid was monitored by GC/MS and calculated according to section 2.1.2
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2.8 Formation of 2,3-diphenylpropanoic Acid,

Investigation, and Optimization.

HO
(@]
- () e ()
18t Step 2"d Step O

28
27

14

According to the plasma carboxylation in wet solvent procedure (section 2.4) |
modified the following parameter as: Single compartment cell of 50 mL with three-
neck; Substrate (0.5 mmol); Removed TEOA, EtsNI (0.13 g, 0.5 mmol); Anhydrous
DMF (25mL); Argon cathode with single streamer microplasma jet (0.5 SLM)
connected to a 0.24 MQ resistor; DC power supply was adjusted to 1.35 kV giving
10 V across measuring resistor (2.17 kQ) to get a constant current of 4.6 mA; 2 h
of reaction. The reaction was monitored by GC/MS and the results of the variety of
catalysts tested in this experiment are shown in Table 2.7. After extraction of the
product, the combined organic extracts were purified by column chromatography

on silica affording 2,3-diphenylpropanoic acid 27'43.

H-NMR (400 MHz, CDCl) & 7.33-7.04 (m, 10H, 10 x Has), 3.81 (dd, J = 9.1, 6.6
Hz, 1H, H5), 3.59 (s, 3H, H12), 3.38 (dd, J = 13.8, 9.1 Hz, 1H, H6), 2.98 (dd, J =
13.8, 6.6 Hz, 1H, H6’) ppm

13C-NMR (101 MHz, CDCls) & 174.0 (C11), 139.2 (C4 or C7), 138.8 (C4 or C7),
129.1 (2 x CHar), 128.8 (2 x CHar), 128.5 (2 x CHar), 128.1 (2 x CHar), 127.5 (C1
or C10), 126.5 (C1 or C10), 53.7(C5), 52.1 (C12), 39.9 (C6) ppm
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Table 2.7 Comparison of plasma carboxylation of alkene and alkyne with and without CO2

. Gas . ttzms—Stll.bene B1ben?y1 GC Yield
Substrate dissolved in formation formation (% product)
the solvent (mmol /L) (mmol /L) °P
Diphenylacetylene CO» 0.58 0.01 1.7
Diphenylacetylene He 1.78 0.81 0.0
trans-Stilbene CO» - 0.78 4.0

Experiment conditions: Single plasma jet, 4.6 mA, 2 h reaction, 0.5 mmol of solute, 25 mL of DMF
% yield of carboxylic acid was monitored by GC/MS and calculated according to section 2.1.2
When He was employed in the carboxylation of the alkyne, no carboxylic acid formation was observed.

2.9 Determination of Reaction Performance by Splitting

Plasma Jet.

HO
O \ O — Q °
28 27 O

According to the plasma carboxylation in wet solvent procedure (section 2.4) |
modified the following parameter as: Single compartment cell of 25 mL with three-
neck; trans-Stilbene 28 (0.04 g, 0.2 mmol); Removed TEOA, EtsNI (0.03 g, 0.1
mmol); Anhydrous DMF (10 mL); Argon cathode microplasma jet (0.35 SLM, 1.9
m/s) with 1, 2, 3, and 4 streamers, connected to a 0.47 MQ resistor; DC power
supply was adjusted according to the number of plasma streamer discharge giving
18.0 V across measuring resistor (4.99 kQ) to get a total constant current of 3.6
mA; 1 h of reaction. The reaction was monitored by GC/MS (Retention time of
product 27: 16.5 min, MW = 240) and the results are shown in Table 2.8.
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Table 2.8 Reaction of trans-Stilbene employing different jet configurations.

Number of bC Voltage GC
microplasma power across Current Yield
channels input 4.99 kQ (mA) %)
(KV) resistor °

1 1.65 18 3.6 7.3

2 1.10 18 3.6 8.3

3 0.75 18 3.6 7.0

4 0.65 18 3.6 5.6

Experiment conditions: Argon single plasma jet, 3.6 mA, 1h, 0.1 mmol solute, 10 mL
% yield of carboxylic acid was monitored by GC/MS and calculated according to section 2.1.2

2.10 Screening of Applied Current

HO
O \ O — Q °
28 27 O
According to the plasma carboxylation in wet solvent procedure (section 2.4) |
modified the following parameter as: Single compartment cell of 50 mL with three-
neck; frans-Stilbene 28 (0.18 g, 1.0 mmol); Removed TEOA, EtNI (0.13 g, 0.5
mmol); Anhydrous DMF (25.0 mL); Argon cathode with double streamer
microplasma jet (0.35 SLM, 1.9 m/s) connected to a 0.47 MQ resistor; DC power
supply was adjusted to (0.60, 0.80, and 0.9) kV to give currents of (2.50, 3.50, and
4.57) mA respectively; Measuring resistor of 5.03 kQ; 2 h of reaction. The reaction
was monitored by GC/MS (Retention time of product 27: 16.5 min, MW = 240) and

the results are shown in Table 2.9.
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Table 2.9 Screening of applied current in plasma carboxylation of trans-Stilbene.

DCpgerimmit Mg ey SOV
0.90 23.0 4.57 2.97
0.80 17.6 3.50 2.13
0.60 12.6 2.50 1.24

Experiment conditions: Argon double plasma jet, 2 h, 1.0 mmol solute, 25 mL
% yield of carboxylic acid was monitored by GC/MS and calculated according to section 2.1.2

2.11 Effect of Current Density

According to the plasma carboxylation in wet solvent procedure (section 2.4) |
modified the following parameter as: Single compartment cell of 25 mL with three-
neck; trans-Stilbene 28 (0.04 g, 0.2 mmol); Removed TEOA, EtsNI (0.03 g, 0.1
mmol); Anhydrous DMF (10 mL); Argon cathode double streamer microplasma jet
(0.35 SLM, 1.9 m/s) connected to a 0.47 MQ resistor; DC power supply was
adjusted to 1.10 kV giving 18 V across measuring resistor (4.99 kQ) to get a

constant current of 3.6 mA; 1 h of reaction.

The size of carbon fiber anode varied, where the larger the area of the electrode in
contact with liquid, the lower the current density. The reaction was monitored by
GC/MS, (Retention time of product 27: 16.5 min, MW = 240) and the results are
shown in Table 2.10.

Table 2.10 Interference of current density in the % of yield in plasma carboxylation of trans-Stilbene

Surface area of Curre‘:nt GC Yield (%
2 density
electrode cm (mA/cm?) product)
0.97 3.70 9.03
0.50 7.17 9.17
0.19 19.13 9.39

Experiment conditions: Argon double plasma jet, 3.6 mA, 1 h, 0.2 mmol solute, 10 mL
% yield of carboxylic acid was monitored by GC/MS and calculated according to section 2.1.2
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2.12 Plasma Carboxylation of 1-Methoxy-4-

(phenylethynyl)benzene

O
Q f\ o

2 plasmas 1 atm, CO, 34

Et,NI, DMF

r.t, 7 h, Argon
o O
‘/\,/ O O O\
35

According to the plasma carboxylation in wet solvent procedure (section 2.4) |

modified the following parameter as: Single compartment cell of 25 mL with three-
neck; 1-methoxy-4-(phenylethynyl)benzene 31 (0.21, 1.0 mmol); Removed TEOA;
EtsNI (0.03 g, 0.1 mmol); Anhydrous DMF (10 mL); Carbon fiber anode (0.19 cm?);
Argon cathode double streamer microplasma jet (0.35 SLM, 1.9 m/s) connected to
0.47 MQ resistor; DC power supply was adjusted to 1.10 kV giving 18 V across
measuring resistor (4.99 kQ) to get a constant current of 3.6 mA; 7 h of reaction.
The reaction was monitored by GC/MS, (Retention time of product 27: 15.6 min,
MW = 270) and the results are shown in Figure 2.8.

After extraction of the product, the combined organic extracts were purified by
column chromatography on silica affording a mix of 2-(4-methoxyphenyl)-3-
phenylpropanoic acid 34 and 3-(4-Methoxyphenyl)-2-phenylpropionic acid 35
(0.037g, 17.8% isolated yield). '"H-NMR (500 MHz, CDCI3) & 7.33-6.74 (m, 20H, 20
x Har), 3.84-3.80 (1H), 3.79-3.77 (2H), 3.76-3.74 (1H), 3.40-3.31 (1H), 3.03-2.94
(1H). C-NMR (125 MHz, CDCl3) 207.2, 130.0, 129.2, 129.0, 128.8, 128.4, 128.2,
127.6,126.5,114.1,113.8,77.6,77.4,77.1,76.8, 55.3, 55.3, 53.5, 52.3, 39.5, 38.6,
311,11
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Figure 2.8 - GC-MS spectra of plasma carboxylation of 1-methoxy-4-(phenylethynyl)benzene before purification
Experiment conditions: Argon double plasma jet (0.35 SLM), constant CO2 (10 SCCM), 3.6 mA, 7 h, 1.0 mmol solute,
0.1 mmol of EtsNI, 10 mL of DMF

2.13 Conversion Rate and Current Efficiency Study

HO
I\ O O ;
28 27 O
According to the plasma carboxylation in wet solvent procedure (section 2.4) |
modified the following parameter as: Single compartment cell of 25 mL with three-
neck; trans-Stilbene 28 (0.04 g, 0.2 mmol); Removed TEOA, EtsNI (0.03 g, 0.1
mmol); Anhydrous DMF (10 mL); Carbon fiber anode (0.19 cm?) ; Argon cathode
double streamer microplasma jet (0.35 SLM, 1.9 m/s) connected to a 0.47 MQ
resistor; DC power input was adjusted to (1.0, 1.1, 1.2, and 1.25) KV to give
currents of (2.8, 3.4, 4.0, and 4.6) mA respectively; 2 h of reaction. The reaction
was monitored by GC/MS, (Retention time of product 27: 16.5 min, MW = 240) and
the results are shown in Table 2.11.
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Table 2.11 - Interference of current density in the percentage of yield in plasma carboxylation of trans-Stilbene

DC power Voltage Current GC Yield (% Cur.rent
input (KV) across 4.99 (mA) roduct) Efficiency
pu KO resistor procu (%)
1.0 14.0 2.8 15.0 28.6
1.1 17.0 3.4 18.5 29.1
1.2 20.0 4.0 21.6 28.8
1.25 23.0 4.6 23.1 26.8

Experiment conditions: Argon double plasma jet (0.35 SLM), constant CO2 (10 SCCM), 2.8 mA, 2 h, 0.2 mmol
solute, 0.1 mmol of EtsNI, 10 mL of DMF.

2.14 Plasma Carboxylation Solvent Optimization

HO
O \ O — Q °
28 27 O
According to the plasma carboxylation in wet solvent procedure (section 2.4) |
modified the following parameter as: Single compartment cell of 25 mL with three-
neck; trans-Stilbene 28 (0.04 g, 0.2 mmol); Removed TEOA, EtsNI (0.03 g, 0.1
mmol); Solvent (10 mL); Carbon fiber anode (0.19 cm?) ; Argon cathode double
streamer microplasma jet (0.35 SLM, 1.9 m/s) connected to a 0.47 MQ resistor; DC
power input was adjusted to 1.15 KV giving 18 V across measuring resistor (4.99
kQ) to get a constant current of 3.6 mA; 1 h of reaction. The reaction was monitored
by GC/MS, (Retention time of product 27: 16.5 min, MW = 240). Over 9 different
solvents were tested in this experiment, the solvents were chosen because they
are claimed to be less harmful to the environment than DMF. The results are shown
in Table 2.12.
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Table 2.12 Alternative solvent study on plasma carboxylation of trans-Stilbene

GC Yield (%

Entry Solvent product)
1 DMF 10.4
2 DCM® <0.1
3 THF*" <01
4 Cyrene = 0.1
5 Methanol*® <0.1
6 Acetonitrile” <0.1
7 DMSO <0.1
8 Propylene Carbonate 0.2
9 D-Limonene <0.1

@ The substrate was dissolved in DMF (1.0 mL) before dissolution with solvent
b Condenser Graham connected to the three-neck flask

2.15 Study of Gas lIonization Efficiency

HO
Wan o — O ’
28 27 O
According to the plasma carboxylation in wet solvent procedure (section 2.4) |
modified the following parameter as: Single compartment cell of 50 mL with three-
neck; trans-Stilbene 28 (0.18 g, 1.0 mmol); Removed TEOA, EtsNI (0.13 g, 0.5
mmol); Anhydrous DMF (25 mL); Carbon fiber anode (0.19 cm?) ; Argon cathode
double streamer microplasma jet (0.35 SLM, 1.9 m/s) connected to a 0.15 MQ
resistor; DC power input was adjusted to 0.65 KV giving 23 V across measuring
resistor (5.03 kQ) to get a constant current of 4.6 mA; 2 h of reaction. The reaction
was monitored by GC/MS, (Retention time of product 27: 16.5 min, MW = 240).

The results are shown in Table 2.13.
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Table 2.13 Carboxylation of trans-Stilbene under helium and argon background plasma gas

Entry Background GC Yield C}Jttent
plasma gas (% product) Efficiency (%)
1 Helium 2.4 14
2 Helium 1.7 10
3 Argon 5.3 31
4 Argon 5.8 34

Experiment conditions: Double plasma jet (0.35 SLM), constant CO2 (10 SCCM), 4.6 mA, 2 h, 1.0 mmol solute,
0.5 mmol of EtsNI, 25 mL of DMF, carbon anode.

2.16 Complete Reaction Conversion

2.16.1 Reaction “A”

According to the plasma carboxylation in wet solvent procedure (section 2.4), the
reaction was repeated with the modification of the following parameter: Single
compartment cell of 25 mL with three-neck; trans-Stilbene 28 (0.04 g, 0.2 mmol);
Removed TEOA, EtsNI (0.03 g, 0.1 mmol); Anhydrous DMF (10 mL); Carbon fiber
anode (0.19 cm?); Argon cathode double streamer microplasma jet (0.35 SLM, 1.9
m/s) connected to a 0.46 MQ resistor; DC power input was adjusted to 1.05 kV
giving 18 V across measuring resistor (4.99 kQ) to get a constant current of 3.6
mA; 21 h of reaction; The reaction was monitored by GC/MS, (Retention time of
product 27: 16.5 min, MW = 240). (GC Yield: 43.4%, C.E: 6.1%).

2.16.2 Reaction “B”

The experiment described in section 2.16.1 was repeated, therefore, with
substitution of electrolytic salt EtaNI by LiBF4 (Lithium Tetrafluoroborate) (0.009 g,
0.1 mmol) at a constant current of 3.6 mA for 13 h and the result obtained was:
(Yield: 35.3%, C.E: 8.0%).

2.16.3 Reaction “C”

The experiment described in section 2.16.1 was repeated for the third time with the

modification of the following parameters: Employed the electrolytic salt LiBF4
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(0.009 g, 0.1 mmol) in substitution of EtaNI, DMF was prepared with 2-propanol
(IPA) making a solution of DMF:IPA (10 mL) (95:5), at a constant current of 3.6 mA
for 14 h (Yield: 57.2%, C.E: 14.0%).

2.16.4 Reaction “D”

The experiment described in section 2.16.1 was repeated for the fourth time with
the modification of the following parameters: All glassware dried in the over at
125°C for 24 h, solvents were dried with activated molecular sieves 3A for 24 h.
Argon was connected into drying column filled with silica gel previously dried in the
oven at 125 °C for 24 h and CO2 was connected into drying column filled with
molecular sieves 3A previously activated in microwave at 600 °C for 20 min. The
substrate was carboxylated for 5 h (Yield: 49.3%, C.E: 29.1%) (0.037 g, 17.8%
isolated yield).

2.17 Plasma Carboxylation of Alternative Substrate

According to the Reaction “B” procedure (section 2.16.4), the reaction was
repeated employing a variety of substrate listed in Table 2.14, the carboxylation
was carried for 1 h and monitored by GC/MS. The reaction time of 1 h conducted
in this experiment is intended only to observe the possibility of carboxylation of

different substrates.

Table 2.14 List of more substrates exposed to plasma carboxylation

Entry Substrate (0/?;:11?1::10 ‘Mass-spectrum
1 Styrene 22 3.1 Figure 2.9
2 Phenylacetylene 10 3.9 Figure 2.10
3 4-tert-Butylstyrene 38 6.4 Figure 2.11
4 1,1-Diphenylethylene 36 6.4 Figure 2.12
5 4-Methoxystyrene 40 6.6 Figure 2.13
6 cis-Stilbene 30 0.4 Figure 2.14

Experiment conditions: Double plasma jet (0.35 SLM), constant CO2 (10 SCCM), 3.6 mA, 1 h, 0.1 mmol solute,
0.1 mmol of LiBF4, DMF:IPA (10 mL) (95:5), carbon anode.
a js the GC spectra of GC/MS analysis and mass-spectrum of corresponding methyl ester of carboxylic acid.
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Substrate Styrene 22 and the retention time of its corresponding carboxylic acid
methyl 3-phenylpropanoate (6.2 min, MW = 164) (Figure 2.9).
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Figure 2.9 - GC-MS spectra of plasma carboxylation of Styrene and the mass-spectrum methyl 3-
phenylpropanoate.

Substrate Phenylacetylene 10 and the retention time of its corresponding

carboxylic acid methyl 3-phenylpropanoate (6.2 min, MW = 164) (Figure 2.10).
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Figure 2.10 - GC-MS spectra of plasma carboxylation of Phenylacetylene and the mass-spectrum of methy!
3-phenylpropanoate.
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Substrate 4-tert-Butylstyrene 38 and the retention time of its corresponding
carboxylic acid methyl 3-(4-tert-butylphenyl)propanoate (9.9 min, MW = 220)
(Figure 2.11).
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Figure 2.11 - GC-MS spectra of plasma carboxylation of 4-tert-butylstyrene and the mass-spectrum of 3-(4-
tert-butylphenyl)propanoate.

Substrate 1,1-Diphenylethylene 36 and the retention time of its corresponding
carboxylic acid Me 3,3-Diphenylpropanoic acid (15.7 min, MW = 240) (Figure 2.12).
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Figure 2.12 - GC-MS spectra of plasma carboxylation of 1,1-Diphenylethylene and the mass-spectrum of Me
3,3-Diphenylpropanoic acid.
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Substrate 4-Methoxystyrene 40 and the retention time of its corresponding

carboxylic acid Methyl 3-(metoxyphenyl)propanoate (9.1 min, MW = 194) (Figure

2.13).
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Figure 2.13 - GC-MS spectra of plasma carboxylation of 4-Metoxystyrene and the mass-spectrum of Methyl!
3-(metoxyphenyl)propanoate.

Substrate cis-Stilbene 30 and the retention time of its corresponding carboxylic acid
Methyl 3-phenylpropanoate (12.6 min, MW = 240) (Figure 2.14).
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Figure 2.14 - GC-MS spectra of plasma carboxylation of cis-Stilbene and the mass-spectrum of Methyl 3-

phenylpropanoate.
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3.0 Results and Discussion

3.1 Original Research: Investigation

To begin this research, a replication of reactions conducted by Buckley’s group was
carried out in order to become familiar with the reaction setup. The traditional
method of electrochemical reactions was taken using two-compartment cells, a salt
bridge or exchange membrane to allow the electron transfer, and a sacrificial
electrode which as discussed before, oxidizes providing electrons.'** However the
drawback of the use of sacrificial electrode is the waste oxidized material that is left

after the complete process.’#®

This experiment was carried in a single compartment cell (Figure 3.1 -
Electrochemical cell setup). Styrene 22 was chosen due to known reaction
mechanism, using copper cathode and aluminium anode, the reaction with carbon
dioxide was carried out under atmospheric pressure at 60 mA to yield dicarboxylic
acid 23. ( Scheme 17)

+ I: -
‘L DC Power ‘L

Supply 60 mA

——

Aluminium anode
Copper cathode

DMF, 50 °C,
BusNI CO2

1 atm

o /

Figure 3.1 - Electrochemical cell setup

Although DMF is harmful and not environmentally friendly solvent, it is widely used
in electrochemistry due to its high dielectric constant (36.7 at 25 °C), low vapour
pressure (3.7 Torr at 25 °C),'#® high potential window, and relatively low cost.

3.1.1 Test of Reducing Agent

Following familiarization with the cell setup, | moved on the study of carboxylation
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of alkynes. the need for a sacrificial electrode was removed, employing
phenylacetylene 10 (1.0 mmol) wunder the general procedure for
electrocarboxylation using a non-sacrificial electrode (section 2.2.3) in the
presence of supporting electrolyte BusNI (0.5 mmol), DMF (50 mL) at 60 mA and
TEOA (2.0 mmol) for 2 h resulting in the formation of dicarboxylic acid 23 and
monocarboxylic acid 24.

Two experiments were carried in this test, where in one of the experiments TEOA
(2.0 mmol) was added as reducing agent with carbon fiber rod anode and cathode,
in the second experiment there was no addition of reducing agent, copper cathode
and Al anode were selected as an electrode, all the others parameter were kept
identical. (Scheme 19)

S} ® 5
OH o
@—: C  DMF, r.t. BuyNI C= HO X WOH
2 h, 60 mA, TEOA (2 mmol) "

CO,(1 atm)
10 23 24

Scheme 19 - Test of carboxylation employing a reducing agent
The results of those short tests reactions are shown in Table 3.1. The results
showed no variation in terms of the ratio of the product formation and once again

proving that the reducing agent can successfully substitute the sacrificial electrode.

Table 3.1 - Test of carboxylation employing a reducing agent.

Anode Cathode Ratio
Entry Reducing Agent dicarboxylic:mono
) ©) carboxylic
1 Al Cu None 3:1
2 C C TEOA 3:1

3.1.2 Alternative Substrates.

The electrocarboxylation was successfully achieved when employing 10 where the

sacrificial electrode was substituted by reducing agent TEOA, however, once this
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condition was established: carbon anode/cathode connected to a single
electrochemical cell, 1.0 mmol of substrate, BusNI (0.5 mmol) working as
supporting electrolyte dissolved in DMF (50 mL) saturated with CO2 along with
TEOA (2.0 mmol) at 60 mA during 2 h of reaction, a range of substrate were tested
(Table 3.2) under the test condition (section 2.2.3). Electrocarboxylation of 10 and
22 resulted in the formation of 24. Carboxylation of 25 led to the formation of 26,
and, 14 to yield 27, proving that the reducing agent is not only limited to the

carboxylation of 10.

Table 3.2 Electrocarboxylation of a range of substrate employing reducing agent

Conversio
Entry Substrate Product n (%)
\ *
1 ©/\ 22 o 24 100

%

P
2 ~ 25 oH 26 10
CHs

27 95

oo

W
\
=
J

e g

10 OH 24 100°

]
1

The product formation was identified by "H NMR. "H NMR — 100% conversion but some of the reactant could
have been evaporated prior "TH NMR.
Reaction conditions: 1 mmol substrate, 2 h reaction, 60 mA, TEOA (2 mmol), DMF (50 mL), BusNI
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3.2 Electrode Properties

Some combinations of cathode and anode material were tested according to
electric conductivity in the electrochemical reaction with different concentrations of
BusNI (tetrabutylammonium iodide) in DMF (50 mL). The idea was to evaluate how
a solution with different concentrations of supporting electrolyte would impact the
variation of potential applied at a constant current of 50 mA. The reason for this
study is to evaluate the minimum concentration of Bu4NI in the solution necessary
to avoid high resistance, otherwise, some of the power would be dissipated in the

liquid wasting the input energy in form of heat.

Seven solutions (50 mL) were prepared with different concentrations of supporting
electrolyte (BusNI) in DMF. Initially without BusNI, then 0.5 mmol was dissolved in
DMF and the electrolyte concentration was increased up to 3.0 mmol with intervals
of 0.5 mmol. The electrodes chosen were carbon, nickel, and copper. The current
was set in 50 mA and the power supply automatically adjust the voltage to keep

the current constant.

60
mC/C
50 1 m Cu/Cu

Ni/Ni

0,5 1,0 1,5 2,0 2,5 3,0

Bu,NI Conc (mmol)

20 1

10 4

Figure 3.2 Potential applied in electrochemical reaction at different concentration of Bu4NI to keep the current
at 50 mA with different electrode material.
No current was observed under zero concentration of electrolyte due to lack of ions.
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Figure 3.2 represents the result of this experiment. DMF without BusNI does not
allow any current to flow, even increasing the potential to 60 V which is the
maximum allowed by the power supply, the current measured was zero, this is due
to lack of ions which are essential to the transport of electrons in liquid. With only
0.5 mmol of BusNI the voltage dramatically dropped to roughly 25 V, and after that,
the solution already showed almost no difference in the resistance as a function of

the concentration of the electrolyte dissolved.

In general, carbon electrodes showed slightly less resistance when compared with

others in this study.

3.3 Application of Cold Atmospheric Plasma 1in CO;

Conversion-Initial Stages

After successfully achieving the conversion of COz2 into valuable products through
an electrochemical process, the main aim of this research was to move forward
and check if the reaction could also be done employing a cold atmospheric plasma
jet. Theoretically, the DC plasma jet or microplasma is the most suitable system for
chemical conversion since it can be generated at low temperature (non-thermal)
and pressure, microplasma jet works as a source of ions and radicals, which are
necessary for activating chemical reactions. DC microplasma provides free
electrons, thus, eliminating the need for a redox reaction to transfer electrons. In
the experiment conducted by Richmonds and Go,'’ where ferricyanide was
reduced to ferrocyanide, non-thermal plasma provided free electrons in a reaction

scheme.

Background, chemical agents used previously in electrochemical carboxylation of
diphenylacetylene 14 to form 2,3-diphenylpropanoic acid 27 was used, however,
in the setup experiment, the cathode connected in the flask was replaced by a

plasma jet. (Figure 3.3)

This setup experiment consists of a single compartment cell, DC power supply,

high voltage anode, grounded plasma cathode and, COz2 inlet gas bubble.
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Supply
Gas supply T
A
D
Microplasma € Carbon
Cathode anode

i =
Plasma §:
Streamer g
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DMF
Bu,NI

CO
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K Room temperature /

Figure 3.3 General plasma setup experiment

The reagents were added into the flask, the plasma jet cathode was connected to

wire, resistors and grounded, the power supply provided high voltage to anode.
Gases, supporting equipment and connections were assembled together to enable
the plasma experiment (Figure 3.4). The system setup was thoroughly explained

in section 2.3.2.

1 "
,c2>\ Argon
9 &
6
i (O]
1 10
2
= 8
2 L=
12

Figure 3.4 - Plasma experiment setup

1-Argon cylinder, 2-gas flow controller, 3-surface mount resistor, 4-current measuring resistor, 5-oscilloscope,
6-grounding, 7-microplasma jet, 8- three-neck flask, 9-anode, 10- DC power supply, 11-CO:z cylinder, 12-
stirring plate.
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The Flashpoint of DMF is 58 °C'48 in order to avoid any possibility of fire when the
plasma contacts the solvent (DMF), it was dissolved in water to increase its

flashpoint.

The initial attempt was conducted diluting DMF in DI water (5:1, 50 mL) where
diphenylacetylene 14 (1.0 mmol), supporting electrolyte BusNI (1.5 mmol) and
reducing agent (TEOA, 2.0 mmol) was mixed, carbon anode and argon (1.0 SLM)
plasma jet reacted for 3 h (details of plasma setup experiment was given in chapter
2.3.2). It was still unclear if free electrons would be delivered to the target for
carboxylation or if it would still be necessary to add a reducing agent, so the
reducing agent was kept guaranteeing that the reaction would not fail due to

possible lack of a source of electrons.

On completion of the experiment, the sample was dried with magnesium sulfate so
the product could be monitored by GC and extracted with diethyl ether to be
analysed by "H NMR spectroscopy. The first results showed no detection of any
traces of conversion to the desired product 27 nor the consumption of the substrate
14. One of the reasons could be the low current. According to the Ohm's law, the
current reached in this reaction was 0.8 mA using a 1.19 MQ resistor versus 60 mA
usually employed in electrochemistry, the voltage across the measuring resistor
recorded was 1.74 V. It was assumed that the water present in DMF could be

interfering with the reaction.

As the name suggests, a resistor limits the current in the system. Although the
liquid, wire, and other components have specific resistance, the current limiting
resistor is vital for the flow of the current in the system; the lower the resistance of

the resistor allows the system to reach higher current at a lower voltage.

The initial resistor employed (1.19 MQ) allowed the system to reach 0.8 mA with
1.74 V across the resistor with no conversion. After reducing the resistance of the
resistor to 0.51 MQ, the current could be increased to 1.47 mA. However, after a
few minutes, the resistor burned out. It was found that the resistance is not the only
important feature when deciding about which resistor to be chosen but power rating
as well, which can be calculated using the formula below.

p=1i% xR eq. 2.1
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Where p is the power in watts, i is the current in the unit of amperes and R is the

resistance in ohms.

The power rating of the resistor (1.19 MQ) was 1.0 W and the power being
dissipated was 1.1 W, , the power rating of the resistor was one of the limiting
parameters at this point. Thus, for the next experiment, the old resistor was
replaced by a 239.9 KQ resistor with 35 W of power rating. In respect of diluting the
solvent in water to avoid fire incident, Later | found that due to the lack of oxygen
during the reaction, the liquid was unlikely to catch fire, even if the temperature at
the local point where the plasma touches the liquid would heat above 58 °C
(Flashpoint of DMF). Therefore, | decided to use DMF without water. In addition,
by working with pure DMF the preparation of GC samples would be simpler since
it would not be necessary to remove water before the injection. The reaction was
repeated as described in the initial attempt but at this time employing DMF (=299%
purity). Again, the GC-MS report still showed no formation of carboxylic acid,
however, by applying the amplitude gain which exacerbates the peaks in the JEOL
NMR software, it was possible to see 3 CH bonds (dd), the CHp is also doublet of
doublets but one of the peaks is overlapping with Ethyl Acetate’s peaks. This

splitting pattern matches with the target carboxylic acid 27."43 (Figure 3.5)

o HO,
= Q O Ethyl acetate
| 'L l
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Figure 3.5 -'H NMR spectra, the first observation of plasma carboxylation of diphenylacetylene
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The carboxylic acid was identified with a conversion of 0.66% ("H NMR integration
of peaks vs aromatic H) and thus further optimization was necessary in order to

increase the conversion and enhance the efficiency of the method.

3.3.1 DC Power Supply Damage

The power supply chosen to conduct these experiments is able to deliver up to a
maximum of 5 mA at 5 kV, if for some reason there are an overload or short circuit
a circuit breaker trips to immediately discontinue electrical flow. As soon as | found
out that higher current resulted in higher conversion, | decided to continue with the
optimization experiment with 4,6 mA which was still below the limit.

The power supply contains a capacitor which is a passive two-terminal electrical
component that stores potential energy in an electric field known as capacitance,
thus a capacitor is a component designed to add capacitance to a circuit. In power
supplies, capacitors are used to smooth (filter) the pulsating DC output after

rectification so that a nearly constant DC voltage is supplied to the load.*°

During one of the experiments, the capacitor located inside the power supply
exploded and after investigation, | found out that it happened for two main reasons:
First, capacitors are prone to failure if overstressed and most of the experiments
were carried near to the maximum limit of current, and second is the fact that many
times the power supply tripped out and this happened when the safe working limit

was reached.

The repeated times that the power supply trips out summed to the overstress are
the most plausible cause to explode the capacitor. After this experience, the current
in the optimizing experiment was reduced to 3.6 mA and | did not observe any more

issues related to the power supply.
3.3.2 Plasma Carboxylation Without the Need for a Reducing Agent

As mentioned in the literature, previous researchers have demonstrated the ability
to transfer electrons and reduce species through the utilisation of a plasma
reactor.’ | wished to prove that on the contrary to electrochemical carboxylation
process, there will not be a requirement for a sacrificial electrode or reducing agent
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such as TEOA, where all the electrons needed in this carboxylation process would
be provided by the plasma jet.

Two experiments were carried with a single plasma jet at 8.0 V, 3.7 mA at room
temperature and atmospheric pressure; diphenylacetylene 14 (1.0 mmol) was
mixed in DMF (50 mL), BusaNI (1.0 mmol) and kept under constant stirring with a
stream of CO2 (10 SCCM). In one of the experiments, TEOA (2.0 mmol) was added
and in the other experiment, there was no addition of TEOA. The reaction was
carried out for 3 h and the product was monitored by GC/MS, the results can be

seen in Figure 3.6.
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1,5
1,0
0,5
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Figure 3.6 Test of plasma carboxylation of diphenylacetylene with and without reducing agent

Red line represents the experiment carried with the addition of TEOA (2.0 mmol) and blue line represents the
experiment carried without the addition of TEOA. General experiment conditions are: 3.7 mA, 1.0 mmol of
starting material, 50 mL of DMF, BusNI (1.0 mmol) and constant COz (10 SCCM). Target product monitored
by GC-MS and yield calculated according to section 2.1.2.

This experiment provided evidence that in the plasma carboxylation process, the
reducing agent TEOA made no difference in respect of the conversion of the
substrate to form the correspond carboxylic acid, therefore, the TEOA was not
required as electrons were being provided by the plasma system. So, further

optimization of the method would be done without a reducing agent.
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3.3.3 Use of Catalyst During Plasma Carboxylation

The use of catalyst has been widely investigated and already improved numerous
reaction including COz2 reduction.5851%0.151 Wang converted alkyne into carboxylic

acid with 94% of isolated yield employing nickel chloride and ligand.®

Here, the insertion of a metal catalyst was explored. In this work (Scheme 20),
diphenylacetylene (0.5 mmol) was dissolved in DMF (10 mL) along with
tetraethylammonium iodide (0.5 mmol) and catalyst (5% mmol). The solution was
in constant stirrer under CO2 (10 SCCM). Single plasma jet striking under argon
(0.5 SLM) at 4.6 mA for 2 h.

On completion of the experiment, 500 yL was collected, added IS (50 pL of

naphthalene 0.05 mol/L), methylated and analyzed by GC/MS. The percentage
yield was calculated using the calibration curve.
]

Plasma C HO
Cat. 1 atm, r.t. 0
O—= Y
Et4NI, CO, O

4.6 mA 2 h DMF
14 27

Scheme 20 - Plasma carboxylation of diphenylacetylene using catalyst
The catalysts used in this experiment was plotted in Table 3.3.

Table 3.3 - Screening of catalyst used in the plasma carboxylation of diphenylacetylene to form 2,3
diphenylpropanoic acid.

Catalyst Yield (%) 2
No Catalyst 32
RuCl; - 3H,O 2.2
MgBr, 1.4
CuBr 1.4
NiCl, glyme 0.6
NiClL-6H,O 1.9

@ Yield calculated by GC/MS according to section 2.1.2
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Experiment conditions: 0.5 mmol of starting material (SM), 0.5 mmol of EtsNI, catalyst (5% mmol), 10 mL of
DMF, 2 h reaction, carbon anode, single argon plasma jet cathode, 4.6 mA, constant CO2 at 10 SCCM.

According to table 3.3, none of the catalysts chosen presented any significant
increase in the percentage yield when compared with reaction without catalyst, and

in some cases the result was even worse.
3.4 Interesting finding

During the optimization experiments carried out with trans-Stilbene in plasma
carboxylation, although very selective | still observed the reduction to bibenzyl 29

as one of the major side reactions (Scheme 21).

HO

W )
()= O OO O

27 29

Scheme 21 - Plasma carboxylation of trans-Stilbene and reduction to alkane

Following a general condition setup, a range of different scenarios were modified,
for instance, the initial substrate concentration, volume, and type of solvent,
electrode material, and ionic salt were varied, and a common observation was the
reduction of trans-Stilbene to bibenzyl (Figure 3.7). Consequently, interfering with
the carboxylation of alkene, this occurred due to electron-withdrawing (electrons
that supposed to be employed in the carboxylation but was directed to reduction of

alkene to alkane) and so reducing the current efficiency.
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Figure 3.7 - GC-MS spectra of plasma carboxylation of trans-Stilbene and the side reaction of reduction to

bibenzyl.
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As observed in Figure 3.8, among all the experiments tested, the reduction of trans-
Stilbene to bibenzyl ranged from 0.4% (Figure 3.9 - A) to 8.7% yield (Figure 3.9 -
B), however, when employing copper(ll) sulfate pentahydrate as electrolyte, , the
formation of bibenzyl rose to 55.1% vyield (Figure 3.9 - C) dropping the conversion

of carboxylic acid to 1.9%.
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Figure 3.8 - GC-MS spectra of plasma carboxylation of trans-Stilbene employing CuS0O4.5H20
Retention time (min)
60

50

40

30

% Yield

20

10

0,4 -
0

A B C

Figure 3.9 - Series of plasma experiments with the formation of bibenzyl!

Product was monitored by GC-MS and calculated according to section 3.2.1. The experiment conditions are:
“A” 0.2 mmol of starting material (SM), 0.1 mmol of Bu4NI, 10 mL of DMF, 1 h reaction, carbon anode, single
argon plasma jet cathode, 3.6 mA, constant CO2 at 10 SCCM.

“B” 0.2 mmol of S.M., 0.1 mmol of BusNI, 10 mL of DMF, 2 h reaction, nickel anode, triple argon plasma jet
cathode, 4.6 mA, constant CO2 at 10 SCCM.

“C” 0.2 mmol of SM, 0.1 mmol of CuSO4.5H20, 10 mL of DMF, 2 h reaction, carbon anode, double argon
plasma jet cathode, 4.6 mA, constant COz at 10 SCCM.

Although the purpose of this project is not the optimization of formation of bibenzyl,

this is evidence of a way to catalyze the reduction of an alkene to alkane.
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3.3.5 Formation of 2,3-diphenylpropanoic Acid, Investigation, and

Optimization.

There are a few substrates which after carboxylation can afford 2,3-
diphenylpropanoic acid 27. The investigation below demonstrates that when
employing diphenylacetylene 14, the formation of 2,3-diphenylpropanoic acid 27
can occur in 2 steps where diphenylacetylene is reduced to frans-Stilbene 28 which
will, in turn, incorporates the CO2 molecule to form the carboxylic acid 27, in
addition, the investigation showed traces of bibenzyl 29 as shown in the Scheme
22.

(0]
Z W O =2 ()
O 15t Step 2"d Step

27
) G
29

Scheme 22 - Formation of 2,3-diphenylpropanoic acid in two steps and side reduction reaction
In this experiment diphenylacetylene 14 (0.5 mmol) was added into a solution of
EtaNI (0.5 mmol) in DMF (25 mL). The resulting solution was stirred under CO2 (10
SCCM) and an argon plasma jet at 4.6 mA was applied for 2 h, the product and

other compounds were monitored by GC/MS.
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Figure 3.10 - GC/MS Spectra of carboxylation of diphenylacetylene
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The GC/MS spectra showed in Figure 3.10 provides evidence of formation of
Methyl-2,3-diphenylpropanoate (16.50 min) according to the injection parameters
(see the experimental procedure section 2.1.2.2), however, besides the carboxylic
acid formation, presence of trans-Stilbene 28 (15.4 min), bibenzyl 29 (12.6 min),

and cis-Stilbene 30 (12.6 min) was observed.

Which was initially thought to be one step carboxylation, at this time the evidence
shown that diphenylacetylene was first being reduced to trans-Stilbene and then
the reduced substrate was being carboxylated with a competing reduction of trans-
Stilbene to bibenzyl. To prove this theory, the reaction was repeated but instead of
COg, the solution was previously saturated with helium, | expected that there would
be more reduction of diphenylacetylene to trans-Stilbene and lack of carboxylic

acid, which was confirmed in Figure 3.11.
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Figure 3.11 - GC/MS Spectra of the reaction of diphenylacetylene without CO2

In the absence of COgz, the reduction of diphenylacetylene into trans-Stilbene
increased. The concentration of trans-Stilbene when the solution was saturated
with CO2 was 0.58 mmol/L but increased to 1.78 mmol/L when the solution was
saturated with helium. Also, in the absence of CO2 there was no formation of
carboxylic acid, this gives evidence that instead of diphenylacetylene, trans-
Stilbene was being carboxylated. | anticipated that frans-Stilbene should give a
better conversion to carboxylic acid versus the alkyne as this will not require an
additional step. Thus, the experiment was repeated under the same conditions as
the previous experiment, and the result can be seen in Figure 3.12.
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Figure 3.12 - GC/MS Spectra of carboxylation of trans-Stilbene

As expected, when Alkene was employed in the plasma carboxylation, the
formation of the carboxylic acid increased by 83% as compared with the
diphenylacetylene reaction. One of the possibility is the fact that the reduction
potential of the alkyne (E° = -2.11 V) is slightly lower than alkene(E°® = -2.21 V)52

therefore, the alkyne is first reduced to alkene and then it is carboxylated.

It also showed the competing reaction of reduction of trans-Stilbene to bibenzyl.
When the alkyne was employed only 0.01 mmol/L of alkane was formed versus

0.78 mmol/L of alkane formed when alkene was employed.

3.3.6 Determination of Reaction Performance by Splitting Plasma Jet.

The electron transfer in a DC non-thermal atmospheric plasma discharge was
reported by Richmonds and co-workers (as previously showed in section 1.5.4.2).
However, the interaction of the electrons when in contact with liquid was not yet

observed.

The proposed experiment was designed to observe if the conversion would be
affected when the plasma jet is ramified into multiple jets. Importantly, a rule to
allow this study to be achieved with good quality is to keep the same current and
current density between all jets, keeping all the other parameters such as reaction
time, the concentration of substrate, electrolyte, and volume of solvent constant,
excepting the number of plasma channel that is diversified. In order to make every

single channel working properly, each jet will need to have its own resistor of equal
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resistance connected in parallel, consequently, the DC power input decreases as

more channels are connected.

Essentially when connecting a resistor in parallel the equivalent resistance is
always lower than every individual resistor, in other words, if you apply a voltage
across a resistor, a certain amount of current flows but If you add another resistor
in parallel with the first one, you have basically opened a new channel through
which more current can flow. No matter how large the resistance of the second
resistor is, the total current flowing from the power supply will be at least slightly
higher than the current through the single resistor, and to keep the same total
current input, the power should be adjusted. The equivalent resistance can be

calculated using the formula below.

Figure 3.13 - Plasma reaction conducted with different jets configuration, “A” has one jet striking; “B” has two
jets striking; “C” has three jets striking and “C” has 4 jets striking.
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In this experiment trans-Stilbene (0.2 mmol) was employed as starting material and
added into a solution of ET4NI (0.1 mmol) in DMF (10 mL). The resulting solution
was stirred under CO2 (10 SCCM). The total current was kept at 3.6 mA for 1 h,
the velocity of argon was kept at 1.9 m-s™'. A current limiting resistor (0.458 MQ)
was employed in each plasma channel in parallel and the power input was adjusted
to keep the total current, as well as the flow of argon, was adjusted to keep the
same velocity per channel. The reaction was monitored by GC/MS after 1 h since

1 h of reaction should be enough to observe the difference reaction rate.

Figure 3.13 shows the plasmas striking in each different configuration, each jet is
2.0 mm apart from each other, so a distance larger than that could produce different

results.

The result of the experiment is plotted in Figure 3.14, the percentage of formation
of the carboxylic acid in each plasma experiment configuration is compared.
Working with 2 plasmas jets leads to the highest conversion reaching 8.3%, when
striking one or three jets simultaneously the percentage of conversion is slightly
lower and carrying the carboxylation with 4 jets resulting in 5.5% yield which is the
lowest conversion of the experiment, essentially 2 jets converts 64% more acid

than 4 jets.
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Figure 3.14 Carboxylation of trans-Stilbene with different numbers of plasma at the same total current.
Results are shown in % yield of carboxylic acid formed, monitored by GC/MS and calculated according to
section 3.1.2.

Reaction conditions: Argon plasma jet, 3.6 mA, trans-Stilbene (0.2 mmol), DMF (10 mL), BusNI (0.1 mmol), 1
h reaction.
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Presumably, the possible explanation to this outcome is that on the contrary to the
electrochemistry mechanism where the reaction takes place at the surface of the
electrode, in plasma, besides on the surface of the electrode, the reaction also
takes place at the region where the plasma touches the liquid. Depending on the
voltage drop across this region, the carboxylation of the target product would
increase or decrease. If this theory is true, at different current and voltage the order

in this graph would also change.

One observation to support this theory is the Figure 3.15, due to the presence of
lodide ions in the solution, during the reaction it is converted to iodine releasing a
brown colour into the solution, in electrochemistry it only appears at the surface of
electrode, however, in the plasma reaction, this behavior can also be observed in

the region where the plasma touches the liquid.

Figure 3.15 - Plasma reaction of trans-Stilbene with 2 jets - arrow 1 indicates the plasma striking, arrow 2
indicates the conversion of iodide to iodine where the plasma touches and, arrow 3 indicates the conversion
at the surface of the electrode.

Another observation that supports the theory in which the carboxylation also takes
place at the interface between the point where the plasma touches and the liquid
is the current density study that will be presented in the section 3.3.9 where a large

increase of the current density, increased only 4% the conversion to the desired
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carboxylic acid. However, more investigation still needs to be carried out to

investigate this phenomenon.
3.3.7 Carboxylation of 1-Methoxy-4-(phenylethynyl)benzene

So far, the carboxylation of alkynes provided evidence that the reaction occurs in
two steps; where the alkyne is reduced to alkene, which is then carboxylated, | also
assumed that there is a competing reaction between the carboxylation of alkene

and the reduction to alkane.

Following this theory, 1-methoxy-4-(phenylethynyl)benzene 31 (1.0 mmol) was
carboxylated (Scheme 23) employing a double argon plasma jet in DMF (10 mL)
at 3.6 mA for 7 h to get 2-(4-methoxyphenyl)-3-phenylpropanoic acid 34 with 30.8%

conversion and 17.8% isolated yield.

2 plasmas 1 atm, CO 34
/ 2 +

Et,NI, DMF
HO

r.t, 7 h, Argon
' . I
\

35

Scheme 23 - Plasma carboxylation of 1-Methoxy-4-(phenylthynyl)benzene

Besides the target carboxylic acid, it was identified 0.4% of conversion of 4-
methoxystilbene 32 and 13.4% of p-phenethylanisole 33. This experiment brings
another evidence of the mechanism of carboxylation of alkyne where its carbon-
carbon triple bond is reduced to alkene, which is further carboxylated, including a

side reduction to alkane.

After further analysis of "H NMR spectroscopy, what was expected to be only the
carboxylic acid 34, was actually a mixture of 34 plus 3-(4-methoxyphenyl)-2-

phenylpropionic acid 35.
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3.3.8 Screening of Applied Current

As observed in electrochemistry, the conversion increases as the current increases
and with the plasma system | expected the same behavior. Three different
experiments of plasma carboxylation of trans-Stilbene (1.0 mmol) to form its
correspondent carboxylic acid 27 applying (12.6, 17.6 and 23.0) KV to get
respectively (2.5, 3.5 and 4.6) mA was carried out. Et4NI (0.5 mmol) was dissolved
in DMF (25 mL) under COz2 (10 SCCM). The plasma jet striked for 2 h under argon
background gas, a carbon electrode (0.19 cm?) was chosen as the anode. After
the completion of the experiment, the product was monitored by GC/MS.

2,13%

% yield

2,5 3,5
Current (mA)

Figure 3.16 Current screening of plasma carboxylation of trans-Stilbene

Figure 3.16 shows a steady increase of % yield as the applied current increases,
DC power supply employed here is able to deliver a maximum of 5 mA, however,
is recommended to give a safety tolerance of 10% to protect the equipment which

would decrease the maximum current to 4.5 mA.

3.3.9 Effect of Current Density

The increase of the current is accompanied by the increase of the number of
electrons which in turn accelerates the conversion rate, in parallel, the current
density is directly affected, in other words, the more electrons are provided to the
system the higher the current density which results in a faster conversion rate.

Some researchers have already shown a high reduction rate of CO:2 at high current
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density. Tomonori and co-workers achieved very high rates at 200 mA-cm2;” Even
at 300 mA-cm? was successfully achieved by Gabardo.® The challenge of
applying high current density to the electrode is that the material does not withstand

these harsh condition and eventually deteriorates.

The doubt here is the fact that the result presented in the section 3.3.8 was affected
by the increase of the number of electrons injected in the carboxylation reaction or

it was proportional to the increase of current density?

To clarify this, a series of reactions varying the current density but keeping the
same current was proposed. To carry this reaction, the size of the electrode was

varied.

In this experiment, trans-Stilbene (0.2 mmol), in DMF (10 mL) and ET4NI (0.1
mmol) was employed. CO2 was constantly flushed (10 SCCM) through the system.
Carbon electrode was employed in three different sizes (0.19, 0.50 and 0.97) cm?.
The argon plasma jet was applied at the current of 3.6 mA for 1 h under constant
stirring. After the duration of the experiment, the product was methylated and
monitored by GC/MS and the yield was calculated using the calibration curve of

the methyl-2,3-diphenylpropanoate (section 2.1.2.1).

Table 3.4 - interference of current density in the % of yield in plasma carboxylation

v
0.19 19.13 9.39
0.50 7.17 9.17
0.97 3.70 9.03

@ Yield was measured by GC/MS according to section 3.1.2.

Table 3.4 shows that the current density has a little impact on the conversion rate.

While the current density increased 417% the yield increased by only 4%.

In electrochemistry, It is known that the reaction takes place at the surface of the
cathode and the target reaction can be narrowed according to the drop voltage
across the electrode which is measured by cyclic voltammetry.'93.154 But it was not

yet clear if plasma reaction would reflect similar mechanism.
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One of the possibilities of the low effect of the current density demonstrated above
would be if the conversion also occurs at the interface between the plasma and the

liquid, as discussed in section 3.3.6.

3.3.10 Conversion Rate and Current Efficiency Study

Optimization of current efficiency vs conversion yield was conducted aiming the
best performance and giving conditions to achieve full conversion of the starting

material.

The carboxylation reaction was performed with the double argon plasma jet, frans-
Stilbene (0.2 mmol) in DMF (10 mL) employing EtsNI as supporting electrolyte.

Scheme 23
S) ®
] w
@)
O \ O 2 plasmas 1 atm, CO, C O

Et,NI, DMF
28 rt,2h 27

Scheme 24 - Plasma carboxylation of trans-Stilbene

Table 3.5 Optimization of % yield vs current efficiency in plasma carboxylation of trans-Stilbene.

Brey O pdege YO
(o)
1 2.8 28.6 15.0
2 3.4 29.1 18.5
3 4.0 28.8 21.6
4 4.6 26.8 23.1

@ Obtained by GC/MS analysis and calculated according to section 3.1.2.
Entry 1 to 4 of Table 3.5 revealed that the highest current efficiency was achieved

at 3.4 mA and further increasing the current lead to higher yield but lower current
efficiency, this could be due to side reactions, an example of this is the presence

of bibenzyl 29 which comes from the reduction of 28.
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3.3.11 Plasma Carboxylation - Solvent Optimization

Looking for a more environmentally friendly plasma reaction, one of my concerns
was related to the solvent employed. DMF is widely used in electrochemistry and
behaves very well with the plasma system, however, it is known to be a hazardous
solvent and human exposure should be carefully limited.'®® It is classified by the

IARC (International Agency for Research on Cancer) as a possible carcinogen.'®

Among numerous types of solvents and possible substitutes of DMF, the selection
of solvents (Table 3.6) was based on low toxicity, low carcinogenicity and those

shown not to bioaccumulate.

O \ O 2 plasmas 1 atm, CO, c O i

Et4NI, Solvent (10 mL)
28 rt,2h 27

scheme 25 - Plasma carboxylation of trans-Stilbene

Table 3.6 Possible solvents replacing DMF

Entry Solvent Yif/{:)i *

1 DMF 10.4
2 DCM <01
3 THF <0.1
4 Cyrene =0.1
5 Methanol <0.1
6 Acetonitrile <0.1
7 DMSO <01
8 Propylene Carbonate 0.2

9 D-Limonene <0.1

* Obtained by GC/MS analysis and calculated according to section 3.1.2.
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Special attention to Cyrene [(-)-dihydrolevoglucosenone], which among the
solvents listed is claimed to be the greenest.'® This is a bio-based dipolar aprotic
solvent derived from cellulose.'®® Although it has recently been launched on
industrial scale. Cyrene already has many applications such as graphene
synthesis'® and carbon cross-coupling reactions.’®”:1%8 |t does not contain any
chlorine, sulfur or nitrogen heteroatoms, which can present end-of-life pollution
issues and create corrosive by-products if incinerated. It also has very low acute
(LD50) and aquatic (EC50) toxicities biodegradable and safer to handle than many
oxygenated solvents due to its flash point of 108 °C. Cyrene is stable to oxidation
and (at end-of-life) upon incineration or biodegradation yields only carbon dioxide
and water.'® So | was very excited about replacing the current DMF by Cyrene or

other less harmful solvent.

Solvents such as DCM, THF, methanol, and acetonitrile were evaporating after the
exposition to plasma, nevertheless, to stop the loss of solvent by evaporation a
conventional condenser with a chiller running water at 2 °C was connected,
however, it still didn’t stop the evaporation. In the end the “Graham” condenser
which has a coiled inner tube (Figure 3.17) was utilised. Under these conditions,

the evaporation of the solvent was ceased.

Figure 3.17 - Condenser type "Graham"

The substrate 28 is not soluble in THF and methanol, thus 10% of DMF was initially
used to dissolve the starting material and then completed with the solvent to be
tested. In order to do the reaction in D-Limonene, the electrolytic salt was dissolved

in acetone 1:9 and cis-Stilbene was employed due to its greater solubility.
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3.3.12 Study of Gas lonization Efficiency

A study to determine the efficiency of ionization of helium, neon, and argon was
reported by Filip Smith in 1930.%° Essentially this study determined the number of
new electrons produced by ionization per unit path at a specific gas pressure by an
electron of given energy and measured the total number of positive charges

produced per electron.%9

Figure 3.18 draws the efficiency of these gases as a function of the accelerating

potential of the electrons up to 4500 V.
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Figure 3.18 - The efficiency of ionization of He, Ne and Argon as a function of (Vo/Va)"?, reduced to 1mm
pressure at 0 °C. Reproduced from “The lonization of Helium, Neon, and Argon by Electron Impact”.'%®

116



The efficiency is shown as a function of (Vo/Va)'2where Vois the ionization potential
of the gas and Va is the accelerating potential of the electrons which varied

according to the electric field and distance that the particle travels.

The ionization potential of helium was assumed to be 24.5 V% neon equal to 21.5
V and that of argon 15.6 V¢’

At a certain point, the efficiency of ionization is a linear function of the energy of the
impacting electrons however at high speed the efficiency is inversely proportional
to the energy, it is believed that at high velocities, not all the electrons produce

positive charge resulting in lower efficiency.

The behavior of plasmas in gas phases is somewhat already well investigated,
however, its interaction with liquids is still obscure.’® This was particularly
interesting and opened a new possibility of investigating the plasma carboxylation
in different type of gases. This initial test was carried out using substrate 28 (1.0
mmol) added into a solution of Et«NI (0.5 mmol) in DMF (25 mL) under CO2 (10
SCCM). Scheme 26. The experiment was carried out for 2 h which should be
enough time to observe the difference of results between helium and argon at 4.6

mA, analyzed by GC-MS to calculate the percentage yield and current efficiency

© @®
(@]
O \ O 2 plasmas 1 atm, CO, C‘ O
Et,NI, 4.6 mA, O

28 2 h, DMF 27

according to section 2.1.2.

Scheme 26 - Plasma carboxylation of trans-Stilbene

Figure 3.19 represents the result of the experiment described above, both
experiments where helium was employed, the carboxylation of starting material
resulted in current efficiency in the range of 10% to 14% (average of 12%) while
employing argon, the conversion was in the range of 31% to 34% (average of 32.5).
The same trend was observed in the percentage yield, helium plasma resulted in
1.7% to 2.4% (average of 2.1%) yield of the carboxylic acid 27 whereas employing
argon, the result was in the range of 5.3% to 5.8% (average of 5.6%).
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Figure 3.19 - Study of plasma carboxylation employing helium and argon
These results follow the same observations reported by Smith'>°, where the
efficiency of ionization is greater in argon than helium, here, it directly reflects the

interaction of plasma in liquids and chemical activation.

Researchers from our group conducted a similar experiment where 2.5 mL of a
mixture of diphenylacetylene 14 (5 mmol/L) in DMF containing EtsNI (5 mmol/L)
were treated with argon and helium plasma at 2 mA for 5 min (Scheme 25). The

result of this experiment is shown in Figure 3.20.

s O
Plasma C 29 O
O—=C —amem *
— >
Et4NI (5 mmol/L)
2.0 mA, 5 min, DMF O \ O
14

28

Scheme 27 - Reduction of diphenylacetylene under plasma treatment
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Figure 3.20 Argon and helium plasma treatment of diphenylacetylene with the formation of bibenzyl and trans-
Stilbene

After the treatment with helium, 3.95% of 14 was reduced to 28. By treating with
argon plasma, 3.75% of 14 was initially reduced to 28 of which 85% of trans-

Stilbene was further reduced to 29 requiring twice more electrons.

3.3.13 Complete Reaction Conversion

After finding the optimized system parameters, in order to demonstrate the practical
utility of this approach, | decided to run plasma carboxylation reactions until all the
substrate is converted that's why | named this reaction as “Complete Reaction
Conversion”. Scheme 28

h HO
W, °
\ O 2 plasmas 1 atm, CO, Q A O
Et,NI (0.1 mmol), DMF(10 mL) O

28 r.t, 21 h, Argon, 3.6 mA 27 29

Scheme 28 - Plasma carboxylation of trans-stilbene

The substrate trans-Stilbene 28 (0.2 mmol) was added into a mixture containing
EtsNI (0.1 mmol) in DMF (10 mL) where CO2 was bubbled (5.0 SCCM) at constant
flow rate during the whole process. Double argon (0.2 SLM each channel) plasma
jet striking at 3.6 mA until all the substrate is converted. The reaction was monitored
by GC/MS. Figure 3.21
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Figure 3.21 Plasma Carboxylation of trans-Stilbene.

Experiment conditions: 10 mL of DMF, 0.1 mmol EtsNI, 3.6 mA

The substrate is represented by the red dashes and its concentration is shown on left axes along with bibenzyl
concentration in green.

Formation of the product (% yield) is shown on the right axes represented by the blue dashes.

Figure 3.21 shows the results of the experiment explained above, after 7 h of
plasma reaction, the rate of formation of the target product 27 reached a plateau,
even despite the fact that there was still roughly 25% of the substrate remaining. In
electrocarboxylation, sources of hydrogen atoms remain highly speculative and
once this source is ceased or reduced, it becomes more difficult to continue the
conversion to the desired product (Figure 3.22), so this could be one of the
possibilities of this behavior. Knowing what the source of the hydrogen atom is,
would give a better understanding of the mechanism and allow further optimization
of this reaction. Interestingly, there is a constant reduction of the substrate 28 into
bibenzyl 29 which also requires sources of hydrogen atom proposing a second

mechanism for this reaction (Figure 3.23).
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Figure 3.22 Plausible mechanism of carboxylation of alkene

In the mechanism shown in Figure 3.22, CO:2 is dissociated with << 1 eV free
electrons'? which is provided by plasma, it is then bonded to a position of the
benzene ring of the molecule forming a functional group. In the presence of sources

of hydrogen atom, it is pulled by the lone electrons forming the carboxylic acid.

O )/e_ O @/>HCOR
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_____________________ Q‘HCOR

Figure 3.23 Plausible mechanism for the reduction of the alkene to alkane

In this mechanism (Figure 3.23), the electrons break the double bond of alkene, in
the presence of hydrogen atom, the lone electron at a and R position pull the

hydrogen atom available forming an alkane.

The reaction is coordinated according to the reduction potential of alkene and COz,
being the lowest reduction potential more likely to happen. The reduction potential
of CO2 (E° =-1.90 V)'83 which is slightly lower than the reduction potential of alkene
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(E® =-2.21 V)'®2, The reduction potential could explain the preliminary observation
showing a competing reaction with the majority of electron driving the formation of

carboxylic acid but still some traces of reduction to alkane.

One of the possible sources of the hydrogen atom is the electrolyte employed in
this experiment (EtaNI) which contains 20 molecules of hydrogen per mol of salt,
and to find out if the salt provided the hydrogen atom in the carboxylation reaction,
a second experiment was conducted exchanging EtsNI by LiBF4 which is an

electrolyte without hydrogen atom (Scheme 29), (Figure 3.24 reaction “B”).
© ®
K\‘ HO
@)
O \ O 2 plasmas 1atm,CO, C. O OO O

LiBF4 (0.1 mmol), DMF(10 mL)

28 r.t, 13 h, Argon, 3.6 mA 27 29

Scheme 29 - Plasma carboxylation of trans-stilbene employing LiBF4
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Figure 3.24 Carboxylation of trans-Stilbene under different scenarios showing the formation of methyl 2,3-
diphenylpropanoate as a product and bibenzyl as a by-product. The reaction stops when all the starting
material is consumed.

Reaction “A” trans-Stilbene 0.2 mmol, 10 mL of DMF, 0.1 mmol of EtsNI, 3.6 mA, argon double plasma jet 0.4
SLM.

Reaction “B” trans-Stilbene 0.2 mmol, 10 mL of DMF, 0.1 mmol of LiBF4, 3.6 mA, argon double plasma jet 0.4
SLM.
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In the reaction employing an electrolyte without hydrogen (Figure 3.25 reaction
“B”), the carboxylation began at faster conversion rate if compared with reaction
employing EtaNI (Figure 3.26 reaction “A”), however, after 13 h of reaction, all of
the substrates were converted either into carboxylic acid 27 or reduced to bibenzyl
29 but still the formation of carboxylic acid didn’t show any improvement. This result
provides evidence that this reaction was being fed with unknown source hydrogen

atom and that was not from the electrolyte EtsNI.

Taking into the consideration that lack of hydrogen atoms is limiting this reaction, |
decided to start a new plasma carboxylation reaction adding a known amount of
hydrogen atoms ensuring that the conversion of the substrate into carboxylic acid
would not be interrupted for this reason. in the next experiment, 50 uL of IPA (2-
propanol) was mixed with DMF (9.95 mL), LiBF4 was employed as electrolyte and

all other parameters were kept the same as the previous experiment. Scheme 30

S @
| HO
W\ °_ A
2plasmas 1atm, CO, o= . O
Et4NI (0.1 mmol), DMF(10mL) O

IPA (50 uL)
28 r.t,21 h, Argon, 3.6 mA 27 29

Scheme 30 - Complete carboxylation of trans-Stilbene employing 2-propanol as a source of hydrogen atoms
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Figure 3.27 Carboxylation of trans-Stilbene under different scenarios showing the formation of methyl 2,3-
diphenylpropanoate as a product and bibenzyl as by-product. The reaction stops when all the starting material
of each reaction is consumed.
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Reaction “A” trans-Stilbene 0.2 mmol, 10 mL of DMF, 0.1 mmol of EtsNI, 3.6 mA, argon double plasma jet 0.4
SLM.

Reaction “B” trans-Stilbene 0.2 mmol, 10 mL of DMF, 0.1 mmol of LiBF4, 3.6 mA, argon double plasma jet 0.4
SLM.

Reaction “C” trans-Stilbene 0.2 mmol, 10 mL of DMF, 0.1 mmol of LiBF4, 50 uL of IPA, 3.6 mA, argon double
plasma jet 0.4 SLM.

Figure 3.27 shows the comparison of experiments where the substrate is
completely consumed, by adding IPA as a source of hydrogen atom (reaction “C”),
clearly increased the formation of carboxylic acid but the reduction of the 28 into

bibenzyl 29 was still observed.

At this point, the source of hydrogen atom was still a mystery and | was engaged
to find out about it. The other possible source could be that moisture was being
introduced from the CO2 or Argon line supply, although the gases used were as

pure as 99.995%. To check this possibility, another experiment was carried in a dry

system. Without IPA, DMF was dried with activated molecular sieves 3A, all the

glassware was dried in the oven, both line gases were connected into drying

column with molecular sieves (CO2 column) and silica gel (argon column), so any

trace of water should be removed. Scheme 29

If all the apparatus, gas and solvent was properly dried and if the concept of the
external source of hydrogen atoms confirmed, there shouldn’t be any conversion
to the carboxylic acid or reduction to bibenzyl.

W, °
\ O 2plasmas 1atm, CO, C Q A O
Et,NI (0.1 mmol), DMF (10mL) O

28 r.t, 5 h, Argon, 3.6 mA 27 29

Scheme 31 - Carboxylation of trans-Stilbene in a dry system

Figure 3.28 contains the result of the experiment under dry conditions (reaction
“‘D”) and compare it against the other experiments. Dry conditions showed the
highest conversion rate where after just 5 h there was only 4% of the initial
substrate 28 unreacted, moreover, the reduction to bibenzyl 29 also presented in

high conversion rate.
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Figure 3.28 Carboxylation of trans-Stilbene under different scenarios showing the formation of methyl 2,3-
diphenylpropanoate as a product and bibenzyl as a by-product.

The reaction stops when all the starting material of each reaction is consumed, besides the reaction “D” which
stopped when there was still 4% of starting material.

Reaction “A” trans-Stilbene 0.2 mmol, 10 mL of DMF, 0.1 mmol of EtsNI, 3.6 mA, argon double plasma jet 0.4
SLM.

Reaction “B” trans-Stilbene 0.2 mmol, 10 mL of DMF, 0.1 mmol of LiBF4, 3.6 mA, argon double plasma jet 0.4
SLM.

Reaction “C” trans-Stilbene 0.2 mmol, 10 mL of DMF, 0.1 mmol of LiBF4, 50 uL of IPA, 3.6 mA, argon double
plasma jet 0.4 SLM.

Reaction “D” trans-Stilbene 0.2 mmol, 10 mL of dry DMF, 0.1 mmol of LiBF4, 3.6 mA, argon double plasma jet
0.4 SLM, flask, all the glassware was dried in the oven before the initiation of experiment.

Although | was very carefully drying all the apparatus, solvents and gases, on 22"
of November / 2018 (the date of the experiment) the humidity in Loughborough was
of 99%, so it is very unlikely to keep everything completely dry during the 5 h of the
reaction, however | should run this experiment in drier conditions to be able to

confirm this result.

There should be a tipping point where the humidity is beneficial to this carboxylation
reaction and when an excess of humidity would hydrolyze the water withdrawing
some of the energy injected in the system, energy of which could be used to

carboxylate the substrate.

3.3.14 Alternative Substrates

Once configurated the optimum reaction conditions for the optimization process.
0.2 mmol of reactant, 0.1 mmol LiBF4 dissolved in dry DMF (10 mL), argon at 0.4
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SLM, bubbling CO2 at 5 SCCM, carbon electrode with 0.19 cm?, the plasma
carboxylation at 3.6 mA and the addition of IPA as source of hydrogen atoms, a
range of alkene and alkynes were tested in order to determine the scope of the

reaction conditions (Table 3.7).

Table 3.7 — Plasma Carboxylation of alkene and alkyne

GC/MS

Entry Substrate Product Yield (%)

247 3.1

O
©/\)‘\OH

é (@]

2 10 ©/\)‘\OH 242 3.9

t-Bu
38 392 6.4
\©\¢CH2 O\k(o
OH
OH

CH,
(0]
4 36 372 7.0
OCHj3
OCH,4
5 ﬁ 40 HO\’(\/©/ 412 6.6
H.C
(0]

HO

6 OQ 30 O

272 5.9

|
)

@ |dentification of methyl ester of the carboxylic acid
Reaction conditions: 0.2 mmol of reactant, 0.1 mmol LiBF4, DMF (9.95 mL), IPA (0.05 mL), argon double
plasma jet (0.4 SLM), constant CO2 (5 SCCM), carbon anode (0.19 cm?), 3.6 mA, 1 h reaction.
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The purpose of the test listed in Table 3.7 is merely to certify that the employability
of plasma jet in carboxylation reaction is not limited to trans-Stilbene and therefore
can also be extended to other substrates and for this reason, they were tested
under plasma carboxylation setup for only 1 h. Each product was methylated
according to the procedure stated in section 3.2.1. and identified according to each

molecular weight of their methyl ester in GC/MS.
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4.0 Conclusions and Recommendation for

Future Works

4.1 Conclusions

This work has shown the successful approach of a cold atmospheric pressure
plasma devices employed to selectively carboxylate alkenes and alkynes, under
the optimal conditions: Substrate (0.2 mmol) dissolved in dry DMF (9.95 mL) along
with LiBF4 (0.1 mmol) as supporting electrolyte and IPA (50 uL) to guarantee a
source of hydrogen atoms. The plasma was formed using double jet under argon
(0.4 SLM) with 3.6 mA of current with continuous atmospheric CO:2 at a flow rate of
5.0 SCCM, employing carbon fiber rod anode. Besides the successful conversion
of alkenes and alkynes into a carboxylic acid, when compared with

electrochemistry, plasma proved to be significantly more selective.

Before the electrochemical experiments were conducted, a range of concentrations
of BusaNI as supporting electrolyte in DMF were tested with different electrode
materials configuration, where with only 0.5 mmol of salt in 50 mL of solvent was
enough to allow the electrons to move freely, reducing drastically the resistance, in
addition, the combination of carbon fiber electrode offered slightly less resistance

compared with copper and nickel.

The conditions of the plasma carboxylation experiment changed substantially
during this research. By replacing the carbon cathode by argon (1.0 SLM) plasma
jet, initial tests employed diphenylacetylene 14 (1.0 mmol) as a substrate to yield
2,3-diphenylpropanoic acid 27. 0.66% conversion was achieved when applying 0.8
mA direct current for 3 h. TEOA (2.0 mmol) was used in this experiment, however,
later it was found that in this plasma reaction, the electrons are provided by plasma
itself, thus the reducing agent does not play a role and could be disregarded for

future experiments.

Investigations revealed that the alkyne is not directly carboxylated, but instead, it
is reduced to alkene which is then carboxylated. Two alkynes showed the same

pattern, diphenylacetylene 14 was reduced to trans-Stilbene 29 and 1-Methoxy-4-
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phenylethynyl-benzene 31 was reduced to 4-Methoxystilbene 32, moreover, in
both cases, there was evidence of reduction of the alkene into the alkane. When
employing alkene in the plasma carboxylation, the formation of carboxylic acid

increased by 83% as compared to carboxylation of alkyne.

The current applied in the plasma jet is directly related to the conversion rate, for
example, the carboxylation of frans-Stilbene 28, at currents of (2.5, 3.5 and 4.6)
mA were tested for 1 h showing a steady increase of conversion up to a maximum

of 3.0%. The maximum current was limited by the power supply.

Current density over the carbon fiber anode did not represent significant correlation
with the conversion rate, in the test employing trans-Stilbene 28, the reduction of
the surface of the electrode from 2.50 cm? to 0.18 cm? increased only 4% of the

conversion applying the same current.

Studies showed the formation of the target carboxylic acid under different plasma
configurations. In the test of plasma carboxylation of trans-Stilbene 28, at 3.6 mA,
the plasma was branched in up to 4 different jets. This test showed the highest
conversion when striking two jets simultaneously and the conversion decreased as
the number of jets was further increased. The use of supporting electrolyte
containing iodine is dissociated and it is released into the solution in form of iodide,
which releases a brown colour or yellow when in low concentration, this colour
change was observed on the electrode surface and at the point where the plasma
touches the liquid. This evidence brings the most plausible reason of the statement
above which is the fact that the selectivity of the target formation relies on the drop
voltage across the interface of the plasma and the liquid more than the drop voltage

at the electrode surface.

The efficiency of conversion was also demonstrated to be influenced by the nature
of the gas employed in the plasma formation, here argon and helium as background
gas to carboxylate trans-Stilbene 28 was explored. The ionization takes place at a
different voltage and so the impact of electrons is also changed. In this experiment,
the percentage yield of target carboxylic acid was in the average of 2.1% when
helium was used and 5.6% for argon in 2 h of reaction at 4.6 mA.
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When carrying out the reaction until all the substrate is completely converted, after
7 h, the conversion to target carboxylic acid reached a plateau, however, reduction
of alkene to alkane still carried on without reduction of the concentration of product
formed. The possible interferences were thought to be the source of hydrogen in
the formation of a carboxylic acid which could be from moisture or salt. LiBF4 was
then employed accelerating the conversion of the reaction, parallelly, the reduction
of alkene into alkane. However, when adding IPA as a source of hydrogen, the
reaction reached its highest conversion to 68.1% after 14 h under 3.6 mA with low

reduction of alkene to alkane.

The availability of hydrogen is essential in the carboxylation reaction of alkene and
alkyne, and although none of the chemicals used in this experiment contains free
source of hydrogen and it is difficult to keep the whole experiment completely dry,
it is safe to say that moisture could be providing it, which could be being delivered
along with gases (COz or argon), air, containing in the solvent or any other source,
as it is, therefore, the addition of IPA supported the conversion when employed

with dry solvent.

DMF is harmful and not environmentally friendly solvent, as one of the purposes of
this research is for environmental reasons, it would make sense to do so employing
an environmentally friendly solvent. Over 9 different solvents were tested and
besides DMF, propylene carbonate reached the highest conversion, however still

significantly lower than DMF.

Although only a few catalysts were tested, none were effective for this reaction,
over 5 different catalysts were tested including NiCl2-glyme successfully employed

in the electrocarboxylation of alkyne®® but did not produce any result here.

Overall, the results presented in this research provides essential information for
future carboxylation research involving plasma process, first is the evidence of
applicability of such technology without the need of sacrificial electrode or reducing
agent, turning the carboxylation process an environmental and cost-effective
alternative for carbon dioxide utilisation, also the fact that the conversion is
influenced by the number of plasma channels interacting with liquids opens a new

possibility of energy efficiency optimization.
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4.2 Recommendations for Future Work

In this research there are enough evidence that in plasma carboxylation, the
conversion takes place mainly at the interface between the plasma and the liquid
relying on the drop voltage at this point, therefore important future work would be
the development of a technique able to measure the drop voltage at this interface
and, by doing this, a cyclic voltammetry study could be carried out narrowing the
voltage window in which the reaction is more selective. With this information, the
number of plasma jets could be increased optimizing the setup experiment and

scaling it up.

| also presented how different gases ionize at different voltages and how the
electron impact influences the carboxylation efficiency, however, only two different
gases were studied in this research. There are other gases and a mixture of gases
which could be explored. For instance, carbon dioxide could be in the mixture with

the background gas to form the plasma.

According to the results, the most plausible source of hydrogen in this experiment
is moisture, however, it is still necessary to confirm this possibility and if so, if the
moisture is being carried with gas, liquid or something else. Also, with the possibility
of moisture being the source of hydrogen, at which concentration it is still
supporting the reaction and when moisture becomes a problem, are future

important investigations.

The investigation of an environmentally friendly solvent for plasma carboxylation
still needs to be carried out, there could be a relation with the availability of
hydrogen in the solvent or the dielectric properties which are so far unexplored.
Ideally in H20.

A catalyst is also an investigation that could be more explored, which would benefit
not only plasma carboxylation but also the investigation of plasma chemistry. The
catalyst speeds up the reaction improving energy efficiency and reducing the time
of conversion, this could be interesting in terms of economics and brings more

attention to industry.
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Besides the reaction occurred due to free electrons interaction, there should be an
investigation of active species formed at the interface of plasma and liquid and its

interference with reaction.
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