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Abstract

Abstract

Catalytic hydrogenation is one of the most essential processes for modern
civilization. It is used in multiple manufacturing operations but also
in environmental protection. The presented studies concern the application
of catalytic hydrogenation in water purification from one of the most frequently
detected chloroorganic contaminants (trichloroethylene and diclofenac) and
in the selective transformation of nitrocyclohexane. The conducted research
follows the international trend of increasing the economic efficiency of applied

catalysts and making catalytic processes more environmentally friendly.

The general goal of the presented research was to develop efficient and
stable catalysts for both hydrogenation processes. The consecutive chapters
in this doctoral dissertation present the catalysts developing process,
including modification of their morphology, as well as optimization of catalytic

performance at various conditions in batch and flow reactors.

The application of various synthesis methods (incipient wetness
impregnation, wet impregnation, ion-exchange, nanoparticles grafting,
co-precipitation) in combination with alteration of pretreatment conditions

allowed obtaining catalysts with extraordinary performance:

e 2 wt.% Ni(Cl)/CNRI15/2173/26.54, which allowed for water purification
from trichloroethylene for 25 h without any signs of deactivation,

e 2 wt.% Pd/SiOz(bim), which allowed for water purification from diclofenac
for 15 h without any signs of deactivation,

e a series of CuZnAl hydrotalcite derived materials, which selectively
hydrogenate nitrocyclohexane into various value-added products

under mild conditions.

A thorough analysis of catalysts structures by numerous characterization
techniques allowed drawing general conclusions concerning the impact
of catalyst morphology on its activity, selectivity and stability in tested

conditions.
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Streszczenie

Streszczenie

Wspolczesnie katalityczne uwodornienie jest jedng z najwazniejszych
reakcji  chemicznych. Reakcja ta  jest wykorzystywana  zaréwno
w nowoczesnych procesach przemystowych, jak i w ochronie $rodowiska.
Wyniki zaprezentowane w niniejszej pracy pokazuja zastosowanie
katalitycznego uwodornienia w oczyszczaniu wody z najczesciej wykrywanych
zanieczyszczen chloroorganicznych (trichloroetylenu oraz diklofenaku).
Dodatkowo, wskazuja na wysoka uzytecznosc¢ selektywnego katalitycznego
uwodornienia nitrocykloheksanu. Przeprowadzone badania wpisuja sie
w miedzynarodowe trendy, majac na celu poprawienie balansu ekonomicznego
wykorzystywanych katalizatoréw oraz uczynienie proceséw katalitycznych

bardziej przyjaznych srodowisku.

Ogdlnym celem przeprowadzonych badan byto wytworzenie katalizatoréw,
ktére beda aktywne w obydwu wyzej wspomnianych reakcjach. Kolejne
rozdzialy pracy opisuja procesy syntezy katalizatordw, uwzgledniajac

modyfikacje jego morfologii oraz testy katalityczne w roznych warunkach.

Zastosowanie roznorodnych metod syntezy (impregnacji kapilarnej,
impregnacji mokrej, wymiany jonowej, szczepienia nanoczastek,
wspdlstracania) w polaczeniu z modyfikacja warunkow traktowania wstepnego

uktadow katalitycznych pozwolilo otrzymaé niezwykle wydajne katalizatory:

e 2 wt.% Ni(Cl)/CNRI115/2173/26.54, ktory jest w stanie oczyszcza¢ wode
z trichloroetylenu przez 25 h bez jakichkolwiek oznak deaktywacji,
e 2 wt.% Pd/SiO2(bim), , ktory jest w stanie oczyszczac¢ wode z diklofenaku
przez 10 h bez jakichkolwiek oznak dezaktywacji,
e serie katalizatoréw CuZnAl, ktére w lagodnych warunkach w selektywny
sposob uwodarniaja nitrocykloheksan do zwigzkéw o wartosci dodane;j.
Szczegélowa analiza wlasciwosci ukladow katalitycznych umozliwita
wyznaczenie ogolnych zaleznosci pomiedzy struktura katalizatora ajego

aktywnoscig katalityczng w testowanych warunkach.
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Introduction

1. Introduction

Hydrogenation reactions are undoubtedly one of the most important
processes for the modern chemical industry [1,2]. Thanks to this simple
reaction, in which molecular hydrogen reacts with another compound,
tons of chemicals, pharmaceuticals and fuels are produced every year.
The hydrogenation process’s efficiency strongly depends upon the presence
of a catalyst, which was discovered by Paul Sabatier and Jean-Baptiste
Senderens in 1897 [3]. Over the last few decades, multiple hydrogenation
catalysts have been designed, tested and developed [4-7]. Despite their
high efficiency, most of them are based on precious transition metals,
which contradicts Sustainable Development Goals and process economy [2].
In the last few years, a lot of research groups have been making efforts
to develop active catalysts but based on low-cost transition metals [8].
These studies contribute to significant changes in chemical manufacture
by making the hydrogenation processes more profitable and less harmful
to the environment. The results described in this dissertation are in line
with this global trend.

Catalytic hydrogenation is not only a manufacturing tool but also
an excellent solution for environmental problems. The enormous experience
gained during the development of industrial catalysts could be used to design
catalytic materials for environmental protection. Therefore, every year more
and more scientists are involved in the application of catalytic hydrogenation

in this crucial field.
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Literature background

2. Literature background

2.1. Catalytic hydrogenation in the face of environmental

challenges

Continuous development contributes to a significant improvement
in the quality of human life. However, it also intensifies the progressive
degradation of the environment, especially in the case of uncontrolled
and unlimited progress. In the last few years, Sustainable Development Goals
have been played a crucial role in modern industry. Nevertheless, many years
of raging production, careless usage and reckless chemical disposal resulted
in enormous environmental pollution, which strongly affects the current state
of air, soil and water.

Drinking water is one of the most important resources of humankind.
Itis the basis of life. Therefore, access to high-quality drinking water
is a fundamental human right. Nonetheless, the finest drinking water resources
are diminishing every year due to the pollution caused by physical, biological,
radical and chemical wastes. Among them, chemical contaminants are one
of the most common in the natural environment [9]. Unfortunately,
most of them are detrimental to aerial, terrestrial and aquatic living creatures.

Examples of such chemicals can be chloroorganic compounds.
2.1.1 Chloroorganic water contaminants

Chloroorganic compounds are one of the most popular types of chemical
water pollutants in the environment. Their widespread occurrence in water
is the result of high popularity associated with their unique properties.
Among them can be found: insecticides like hexachlorocyclohexane (lindane),
dichlorodiphenyltrichloroethane (DDT) and heptachlor; pharmaceuticals like
triclosan, chloramphenicol, diclofenac and sertraline but also very popular

solvent and metal degreaser - 1,1,2-trichloroethene.
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In my PhD research, I focused on two of them: trichloroethylene (TCE) and
diclofenac (DCF). One of the most frequently detected substances

in the natural environment.

1,1,2-trichloroethene

Figure 1. Model of 1,1,2-trichloroethene (TCE); - - Cl, - C, - - H.

1,1, 2-trichloroethene (known as: TCE, trichloroethylene, tri; Figure 1)
is a colourless volatile, non-flammable liquid with a chloroform-like
sweet smell. It is very well miscible with many non-polar organic solvents
(e.g. ethanol) and has excellent solvency properties for numerous natural and
synthetic chemicals. On the other hand, trichloroethylene is poorly soluble
in water. Due to higher than water density, it tends to aggregate at the bottom

of water reservoirs [10], where it can stay unchanged for decades.

TCE was firstly synthesised by Fisher in 1864 by the reduction
of hexachloroethane with hydrogen. Commercial production started in 1920
in Germany and then in 1925 in the USA [6]. Initially, the industrial production
was based on the two-step process, in which acetylene was chlorinated
to L1,2,2-tetrachloroethane, and then trichloroethylene was produced
by dehydrohalogenation of the intermediate product. Nowadays TCE
manufacturing process involves the chlorination of ethylene over ferric chloride

catalyst [7].

Thanks to the unique properties, TCE has found numerous applications

in various fields. It is best known for its use as a cleaner and degreaser for metal
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elements. Nevertheless, in the past, it was also used as an aesthetic before

medical procedures, solvent in food processing and as a dry-cleaning agent.

Initially the harmfulness of trichloroethylene was unknown. This state
has changed with the growing popularity and broader application.
A thorough analysis of the effects induced by short-term and prolonged
exposure indicates cancerogenic properties, regardless of the route of exposure.
In addition to cancer-inducing effects, TCE also revealed toxicity to the central
nervous system, liver, kidneys, immune system and male reproductive system

[10].

The discovery of TCE toxicity resulted in the imposition of restrictions
onits production and use. Despite this, it still has many applications,
such as: a component in the production of fluorinated compounds (polymers,
refrigerants, cooling agents), an extraction solvent for asphalt testing,
a metal and electronic cleaner/degreaser and a special solvent in the cleaning

of membranes in battery separators [11].

The demand for trichloroethylene grew until 1970, when annual
production, only in the USA, reached 277000 tons [10].
However, due to the discovered  toxicity and imposed restrictions,
its annual production decreased systematically and in 2015 was equal to
77 986 tonnes in the USA [12]. Nevertheless, IHS Markit, in their report from
August 2020 - C2 Chlorinated Solvents, estimated total global consumption
of trichloroethylene for 450 000 tons in 2020 with growing tendency [13].

Despite the limits set on trichloroethylene production and application,
itremains one of the most commonly detected pollutants.
According to the EPA Toxic Release Inventory (TRI), only in 2017 in the USA,
approximately 1000 tonnes was released into the environment.
Taking into account the constant release of TCE and its persistence
in groundwater, it is one of the most severe environmental contamination.

Especially when its harmful effect on living organisms would be considered.
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Diclofenac

Figure 2. Model of diclofenac (DCF); - - Cl,+-C, -H,*-N,+-0O.

[2-(2,6-Dichloroanilino)phenyl]acetic acid, known also as diclofenac
(Figure 2), is apopular non-steroidal analgesic anti-inflammatory drug.
It is a relatively new compound designed and first synthesised in the “70s
of XX century by Alfred Sallmann and Rudolf Pfister as a novel drug with high
activity and outstanding tolerability [14]. In 2021 it was 72% on the list
of the most prescribed drugs in the USA, with over 11 million prescriptions [15].
Considering that there is alot of diclofenac containing non-prescription

medicines on the market, the scale of annual usage is almost inestimable.

Most of the diclofenac is administered orally. Only 6 % is used in the form
of ointment [16]. It should be stressed here that only 6 - 7 % of applied ointment
is absorbed through the skin, while the rest remains on the surface,
from where it is usually washed with water [17]. DCF introduced into the body
is majorly excreted in the urine in its original form or in the form
of its metabolites. Approximately 75 % of consumed diclofenac entering
the water cycle [18]. As a result of the facts mentioned above, diclofenac is one

of the most frequently detected pharmaceuticals in water [19].

Even at very low concentration, the constant presence of DCF in water may
result in detrimental consequences for aquatic and terrestrial organisms
[20-22]. It can cause oxidative stress, disturb metabolic processes in different
groups of organisms and even contributes to DNA damage.

Moreover, it promotes  histopathological changes in various organs
6
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and accumulates in different tissues. The diclofenac’s negative influence
on the liver, kidney and gills was observed for the rainbow trout.
It also contributed to the extinction of enormous amounts of wild vultures
across the Indian subcontinent. Due to these destructive effects,
it has been listed as a monitored micropollutant by the European Union

since 2015 [23].

Unfortunately, like other chloroorganic compounds, diclofenac shows
long-term persistence, low biodegradability, high bio-accumulative potential
and significant toxicity [24,25]. It is relatively stable in wastewater treatment

processes and is barely removal upon conventional treatment [26].

2.1.2. Methods of water purification from chloroorganic water

contaminants

Generally, the sources of contamination by chloroorganic compounds
are numerous and not always very obvious. In the view of organochlorides
widespread existence in water and their detrimental effects on living organisms,
multiple purification techniques have been developed to remove
and decompose these pollutants. However, due to the enormous diversity
of organochlorines group, effective purification requires a multi-track
approach. Therefore, before applying a specific remediation technique,
multiple physicochemical properties (e.g. volatility, solubility, reactivity)
have to be considered.

The universal method of water purification does not exist. Each technique
has advantages and disadvantages and shows different efficiency in removing
chloroorganic contaminants from water. In general, they could be classified

as: non-destructive and destructive.
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2.1.2.1 Non-destructive methods

The water purification process using non-destructive methods is based
on the separation of contaminants from the treated water. This process does
not destroy the chemical substance. Hence, further steps are required
for the disposal of polluted gas or regeneration of adsorbent (e.g. usage
of trapping agents, thermal incineration of sorbent). Nevertheless, unlike
the other purification techniques, non-destructive methods offer the possibility
to recover the chemicals for further use. Some of the most used non-destructive
methods are: stripping and adsorption.

Stripping

A stripping method is based on the physical separation process,
in which the stream of gas (air-stripping) or vapour (steam-stripping) removes
pollutant from aliquid stream of water. This technique can be effectively
applied only to the volatile compounds, with relatively high vapour pressure
and low solubility in water (e.g. 1,1,2-trichloroethene (TCE)). The efficiency
of the stripping depends on the flow rate of water and a kind of stripping agent.
In the case of alow water flow rate and sufficient steam supply,
the combination of steam-stripping and direct recycling of the contaminants
by condensation is a cost-effective process. On the other hand, a high water
flow rate without adequate steam source demands air-stripping usage
to balance the process's economy [27]. Additionally, the initial concentration
of pollution plays acrucial role, and stripping is not applicable
at low concentrations [28].

Nevertheless, compared to other water purification methods,
stripping has almost universal applicability for removing chloroorganic volatile

compounds, and hence it is not selective for specific chemical substances.

Adsorption

Adsorption by definition is a process of the adhesion of a gaseous or liquid

matter to another material's surface. It is a part of the most water purification
8
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installations, as it can be used to remove almost all hazardous inorganic
and organic pollutants [29]. It is arelatively cheap purification method

with a cost range of 50 - 150 USD per million litres [30].

Like for other purification processes, the efficiency of adsorption strongly
depends on several parameters. Presence of suspended particles and oils
in water affects this process badly. Hence, pre-filtration is required.
The concentration of contaminants, temperature, pH, contact time and particle

size of adsorbent can also influence water treatment effectiveness [30].

Because adsorption is based on the adsorbent materials’ surface,
it requires a well-developed specific surface area. [31]. Moreover, sorption
material should have enhanced porosity, defects in the structure, active sites,
functional groups and stability (chemical, thermal and mechanical) [29].
On the other hand, the cost balance of the process requires inexpensive
adsorbents [31]. There are several basic types of them: carbon nanomaterials
(e.g. carbon nanotubes), gels (e.g. hydrogels), layered nanomaterials
(e.g. nanoclays), polymer-based materials (e.g. conjugated polymers),
nanoparticles (e.g. mixed oxide nanoparticles) and conventional materials

(e.g. activated carbon, molecular sieves, zeolites) [29,32-35].

The high versatility of the adsorption process is tantamount to alack
of selectivity towards water contaminants. More significant disadvantages
of this technique include the need for adsorbent regeneration after each cycle
and the necessity to manage exhausted adsorbents. However, this method
is the most commonly used process in water treatment plants despite

the above mentioned difficulties.
2.1.2.2 Destructive methods

Destructive methods of water purification change properties
of a contaminant in chemical or biological reactions. Due to the chemical

nature of the reactions, they can be divided into oxidising and reducing

9
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techniques. Nevertheless, it is essential to ensure that the chosen approach
leads to less harmful or harmless products. The selected destructive methods

are briefly characterized below.

Oxidation methods:

Oxidation aims at the mineralisation of the contaminant into carbon
dioxide, water and other inorganic compounds, which can be problematic
inthe case of chloroorganic pollutants. Hence, strong oxidising agents
are recommended for the high overall efficiency of the water purification
process. An example of such an oxidant could be hydroxyl radical, used in all
of the Advanced Oxidation Processes (AOPs). Unfortunately, highly active
radicals are not selective, resulting in the formation of unwanted and more

toxic by-products [36].

Ozonation

Water remediation by ozonation is a complex process which could occur in two
different ways: by direct reaction with dissolved ozone (Os) or by oxidation
with formed hydroxyl radicals (-OH) [37]. In fact, ozone is not stable in water
and decomposes through a complex reaction path that depends on the matrix
composition [38]. Hence, water remediation by ozonation is the combination

of the direct and indirect pathway.

Direct ozonation dominates under acidic conditions (Reaction 1).
303 + OH + H* — 20H + 40; Reaction 1

The indirect route takes control at higher pH (> 9) [37]. The ozone
decomposition rate increases with pH (Reaction 2), which induces other
reactions related to indirect oxidation (Reaction 3 - 7). Additionally, in alkali

conditions, a fast side-reaction should be considered (Reaction 8) [37].
O3+ OH — Oz + HOy Reaction 2

O3+ HO2 — HOz + Os° Reaction 3

10
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HO;— H* + Oy Reaction 4
O +03—> 02+ 05 Reaction 5
O3 + H* - HOs3 Reaction 6
HOs; — OH: + O3 Reaction 7
HO + O3 - HOz- + O3 Reaction 8

Ozonation can be used for removal of diclofenac and trichloroethylene
from water [39,40]. Even though direct ozonation of diclofenac results in fast
decomposition, the reaction by-products are ozone resistant, which means
that the mineralisation rate of DCF is relatively low [41]. In the case
of trichloroethylene, ozonation in combination with stripping allows reaching
limits of the European Union for drinking water (10 pg/L) only if the initial
concentration of TCE is below 80 pg/L. For higher concentrations
- the final amount of TCE is far from the limits [42]. Moreover, it should be
noticed here that more harmful products are formed [39,42]. In the case
of diclofenac, they areoxalaldehyde and N-(2,6-dichlorophenyl)-2-
oxoacetamide, whichare harmful to aquatic organisms [39];
and for trichloroethylene - trichloroacetic ~ acid with  cancerogenic

properties [42].

To summarise, ozonation has several advantages. Ozone purifies water
in arapid and effective way, it does not require the addition of chemicals
into water, and it eliminates itself by decomposition.

On the other hand, it should be remembered that ozone is very reactive and
may react with the matrix, which will result in the formation of more harmful
compounds. Moreover, the required equipment is relatively expensive,
and the method is high energy demand. Additionally, each Os molecule
has to be transferred from the gas into the liquid phase, which involves
the problem of mass transfer [37]. All of these factors should be seriously

considered before the ozonation purification process.

11
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Photocatalytic oxidation

The process of water purification by photocatalytic oxidation involves
the presence of a photocatalyst, and the most commonly used is titanium
dioxide (TiO2). The photocatalyst, as asemiconductive material,
absorbs radiation with energy above its bandgap, which results in the formation

of hollow-electron pairs (h*/e”) (Reaction 9) [43].
TiOz + hv — TiO: (e) + TiO3 (h*) Reaction 9

The positive holes tend to react with H,O or adsorbed HO- species,
which causes the formation -OH radicals (Reaction 10 - 11). On the other hand,
the electrons can transform adsorbed O molecules into -Oy radicals

(Reaction 12) [43].

TiO> (h*) + H;O — TiO2 + -OH + H* Reaction 10
TiO3 (h*) + HO- — TiOz + -OH Reaction 11
TiO2 () + O2 — TiO3z + -Ox” Reaction 12

The electrons transfer could directly oxidise the contaminants adsorbed
on the surface of the photocatalyst. Moreover, in the case of redox species
adsorbed on the photocatalyst's surface, there is a possibility of co-occurrence
reactions: oxidation and reduction. The electrons support the reduction

process, while the holes - the oxidation process [37].

The photocatalytic oxidation can be used for purification of water from
various chloroorganic contaminants, also trichloroethylene and diclofenac [44-
49]. TiO2-SnO; catalyst (0.8 g/L) allowed for removing 90 % of diclofenac
(initial concentration - 20 mg/L) after 5 hours of UV irradiation. However,
after each cycle, the catalyst's efficiency dropped, and the final conversion after
the fourth cycle was equal to 55 % [44]. Different ZnO catalysts (modified by F,
C, N and S) used for water contaminated by DCF let to obtain around 90 %

degradation after 4 hours of UV irradiation, with the initial concentration

12
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in the range 10 - 20 pg/L [46]. In the case of trichloroethylene, TiO> catalyst
(0.7 g/L) remove 45 % of TCE (35 pg/L) at 45 mm water depth after 3 h
of irradiation [47]. These results may be considered as satisfying in terms
of contaminants conversion. However, similarly to the other oxidation
techniques, the reaction products were equally or more toxic than original

contaminants [50-52].

The photocatalytic oxidation has several advantages like the possibility
of using sunlight as a source of irradiation. The reaction could be conducted
under atmospheric pressure at room temperature, and the required catalyst
cost is relatively low. On the other hand, this method has significant
disadvantages, such as enormous problems with providing uniform radiation
on the catalyst surface in large scale processes [37]. However, as with the other
oxidation methods, the possibility of the formation of more harmful products

is a significant drawback of this method [50-52].

Fenton oxidation

In this process hydroxyl radical is generated from the Fenton’s reagent
- a mixture of H>O; and ferrous iron (typically FeSO4). Radicals are generated
according to Reaction 13. [53]. Nevertheless, the such active reactants’
presence results in subsequent reactions, like the regeneration of Fe?* from Fe3*

(Reaction 14).

Fe** + H,O; — Fe?* + -OH + HO" Reaction I3

Fe3* + HO>-— Fe?t + H* + O Reaction 14

Fenton oxidation is highly effective remediation technique. However,
its efficiency strongly depends on several factors: pH, temperature and reagents
concentration. Water treatment should be conducted in the pH range 3-5,
because higher pH values induce precipitation of the Fe(OH)3 and increase
decomposition of the H>O;. Similar problems are observable at temperatures

higher than 313 K. Crucial for this process hydroxyl radicals are not formed
13
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without iron ions. Nevertheless, increasing iron concentration increases
the efficiency of the oxidation process only to some level.
A higher concentration of H>O positively affects the purification process,
but at the same time, H>O; also scavenge -OH radicals [37] All of these aspects
strongly affect the remediation process and should be taken into account
at the planning level, which complicates the water purification.

Similarly to other oxidation techniques, Fenton oxidation could be applied
with success to trichloroethylene and diclofenac removal [54-59].
However, classic homogeneous Fenton oxidation needed to be modified
to achieve satisfying results. Usage of alternative pyrite-Fenton processes
with H>O, improves the reaction's efficiency compared to the classic
homogeneous Fenton system [57,60,61]. Effect of this remediation technique
could be satisfying. Nevertheless, despite the immense applicability
of the Fenton oxidation and several advantages, this method has also
significant disadvantages:

e enormous amounts of iron salts are necessary, which increase the cost
of the procedure,
¢ the European Union expect a very low concentration of iron in the water

- further water treatment is required,

e this process is typically coagulation-flocculation which results in huge

amounts of metal sludge waste.

Oxidation methods proved their efficiency in the removal of chloroorganic
contaminants from water. Each technique is applicable but has some
limitations, which could be compensated by combining different ways.
Many studies related combined systems usage consist of ozonation,
photocatalytic oxidation and Fenton oxidation in their original and modified
versions [36,37,62-68]. Unfortunately, the need to combine methods

significantly complicates the process of water purification.
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The main obstacle in the implementation of the oxidation processes
at the full-scale, especially Advanced Oxidation Processes, is the high
operational cost related to required chemicals and high energy demand.
Besides, the possibility of the formation of more toxic products

is the substantial drawback of these methods.

Reductive methods:

The chemical nature of the chloroorganic compounds, determined
by chlorine's electronegative character, suggests that reductive dechlorination
is preferable from the thermodynamical point of view. Moreover, the reduction
reaction products (e.g. chlorine ions and non-chlorinated hydrocarbons)

are less toxic or non-toxic at all.

Zero-valent metal reduction

The zero-valent metal reduction is the process, in which the reduction
of chloroorganic contaminant is coupled with the oxidation of a metal,
the most commonly used is iron (ZVI - zero-valent iron) [69]. The basic
reaction mechanism involves the direct transfer of the electron from
zero-valent metal into adsorbed chlorinated organic compound (Reaction 15)
[70]. Simultaneously, metallic iron in aqueous phase reduces water (Reaction
16). Both reactions suggest reductive dechlorination mechanisms,
in which contamination is reduced by Fe?* (Reaction 17) or by Ho,
in the presence of metal with hydrogenolytic properties (e.g. Pd)
(Reaction 18) [71].

Fe® + RCl + H* — Fe?* + RH + CI- Reaction 15

Fe® + 2H>O — Fe? + 20H" + Ha Reaction 16

2Fe?* + RCl + H* — 2Fe** + RH + CI Reaction 17

RCI + Hz (hydrogenation catalyst) — H* + CI- Reaction 18
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ZVI reduction is an inexpensive, non-toxic and effective method of water
purification from chloroorganic contaminants. It is reflected in the huge
interest of research groups from all over the world [70-78]. Nevertheless,
like other treatment techniques, the zero-valent metal reduction has
its problems and limitations. It is more efficient than biodegradation,
but still it takes days to perform this process with ahigh chloroorganic
contaminant removal ratio [73]. Purification effectiveness strongly depends
on the electron transfer efficiency [74], and the degradation of the pollutant
ismuch stronger in the presence of metallic form [69].
Hence, all of the processes that block metal surface are not desired
(e.g. corrosion, passivation). There are several ways to modify and protect
the surface, like doping with other metal (e.g. Pd) [72,75], coating
(e.g. with polymers or CMC) [72,76], the formation of emulsified ZVI [77]
or adsorption on the support material (e.g. carbon, silica) [78]. The process
of reduction is also temperature sensitive. The reaction rate is four times lower
at 283 K than at 298 K [69], which could be a problem since groundwater
temperature varies in the range 282 - 288 K. Another obstacle
is the composition of treatment water, some of the non-reducible anions

(e.g. PO4*, SO4%, CI") may influence the process efficiency [74].

All of these factors determine the usability of zero-valent metal reduction
in the water remediation from chloroorganic contaminants. Taking into
account its advantages and limitations, it can be applied in specific

environmental conditions.

Electrochemical reduction

Electrochemical reduction is the process, in which the transformation
of chloroorganic contaminant is performed by direct or indirect reduction
and dechlorination at the cathode surface. The direct reduction is going
through the electron tunnelling between achemisorbed complex

and the cathode = material  [79]. The indirect pathway occurs
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In the same research, the impact of nitrates in the water matrix was evaluated,
which is important due to their common groundwater presence at high levels.
The comparison of the highest conversion - 99 % in the absence of nitrates
with the value obtained for 100 mg/L of nitrates — 41 %, showed a huge

influence on the reduction process [80].

Regardless of the high efficiency of electrochemical reduction in water
purification for most of the chloroorganic contaminants, this method has some
significant issues. It requires a high amount of energy due to low current
efficiency. Additionally, electrodes are quite expensive and unstable.
Hence, like for other purification techniques, all of the conditions should be

taken into account before applying electrochemical purification of water.
Catalytic hydrodechlorination (HDC)

Catalytic hydrodechlorination is the process, in which the C-Cl bond undergo
hydrogenolysis in the presence of the catalyst, usually in the form of metal
nanoparticles supported on, or incorporated in another material.
During the catalytic reaction, one or more of chlorine atoms are replaced by
hydrogen, which results in the formation of hydrochloric acid and

less-or non-chlorinated compounds (Reaction 23) [84].
R-Cl + H, <atalysty R 4 HCI Reaction 23
The process of catalytic hydrodechlorination of the organochlorides
discussed in this doctoral dissertation (trichloroethylene and diclofenac) occurs
in accordance with the presented schemes (Scheme 1 and Scheme 2).

In both cases, the formed products revealed significantly lower toxicity than

the original chemical compounds.
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Scheme 1. Reaction pathway for HDC of TCE in the aqueous phase.

Scheme 2. Reaction pathway for HDC of diclofenac in the aqueous

phase [26].

In the past, the process of catalytic hydrodechlorination was the primary
treatment method of liquid organic wastes containing chlorinated
hydrocarbons [85]. However, before the discovery of the common and
dangerous presence of chloroorganic compounds in water, no one tried to use
this reaction in the direct purification of wastewater or groundwater.
Only in 1992, Kovenklioglu et al. [85] proved that a variety of these chemicals
could be treated directly in the aqueous solution with a reasonable efficiency.
Since that time, the interest in the usage of hydrodechlorination process has
been raised significantly, and now it is considered as one of the most promising

methods for removal of chlorocarbons from water [86].
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Figure 3. Scheme of H> transfer to the catalyst surface, with the possible

effects on its concentration in each phase [84].

Aqueous phase hydrodechlorination of chloroorganic contaminants can be
performed with hydrogen transfer agents, e.g. alcohols [87], organic acids [88]
and organic/inorganic salts [89]. However, the majority of the research has
involved molecular hydrogen, which means that this process is carried out
in a three-phase catalytic system [84,90,91]. Hence, the overall activity
is controlled by series of sequential mass-transfer and reaction steps,
which are illustrated in Figure 3 [84]. At the beginning of the process,
the H> has to be diffused through the gas and liquid film at the gas-liquid
interface. Next, both H, and organochloride have to be transferred
to the liquid-solid interface, which is the crucial step for further reaction.
The possible diffusional constraints within pores may significantly affect
the whole process. Finally, after the adsorption of theses substrates
on the catalytic surface — the HDC can happen, which is followed by desorption

of the formed products and their reverse transfer into the reaction mixture.

The mass-transfer limitations can directly affect the effectiveness of water
treatment, but also may hinder the research on the catalytic performance.
When the diffusion rate of any substrate is lower than the reaction rate,

the obtained result reflects this parameter. Hence, like in other catalytic

20

http://rcin.org.pl



Literature background

processes, one of the most crucial things is to ensure the reaction conditions
under which the kinetics of the reaction will be studied. The elimination
of the diffusional issues can be achieved by providing a sufficiently large
interface available for the substrates transfer. In practice, this is accomplished

with the vigorous stirring [92] or by changing the reaction method [93].

Beside the mass-transfer limitations, there are other essential factors

which determine the effectiveness of HDC process

® atype and a form of metal active phase (e.g. size and distribution
of metal nanoparticles, doping with other metals) [94-96],

e properties of the material, which is used for incorporation of metal
nanoparticles or as their support (e.g. porosity, specific surface
area, acidity, chemical stability) [97-99],

e properties of the solution in which reaction is conducted (e.g. pH,

temperature, presence of other ions) [26,100,101].

A comprehensive and insightful analysis involving the impact
of these factors is necessary for the synthesis of active and stable

hydrodechlorination catalysts.

Similar to catalytic hydrogenation, the HDC process requires metal
with high activity towards dissociative adsorption of molecular hydrogen.
Pd nanoparticles are well-known from the formation of reactive atomic
hydrogen on their surface, but also for facilitating the cleavage of the C-Cl bond
[102-104]. Hence, most of the studies on the water purification
from any chloroorganic compound are focused on palladium catalysts [81,105].
However, due to the high cost of noble metals, the possibility to use low-cost
transition metals with the preservation of high activity has been studied
for years. One of the most promising results were obtained for nickel, copper,

cobalt, iron and multi-component catalysts [106-109]. If the activity
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of these catalysts is not satisfactory enough, they could be doped with noble
metals in order to increase performance to the desired value [110,111].

Not only the kind of the used metal but also its morphology plays a crucial
role in the catalytic performance. Among studies on the influence of the active
phase structure, the most attention is paid to the size and dispersion of metal
nanoparticles. Despite the importance of these properties, careful analysis
of the literature data showed conflicting evidence for the superiority of both
smaller and larger nanoparticles. The smaller ones are more active than larger,
but on the other hand, larger nanoparticles are more resistant to deactivation
in the liquid phase hydrodechlorination [112,113]. Simultaneously, larger species
showed a higher tendency to leaching, which lowered the overall efficiency
[114]. These information suggest the importance of both types. Hence,
Wu et al. [115] made an attempt to determine their contribution towards
the catalytic hydrodechlorination. The researchers proposed that the activation
of Hz occurs with higher efficiency on larger nanoparticles, but at the same
time, there are less cationic species on their surface (responsible for the C-Cl
bond activation [115]). Therefore, a well-design catalyst should balance
nanoparticles size and their dispersion to achieve the desired activity.

Most of the research on catalytic water purification uses metal
nanoparticles supported on or incorporated into another material.
It is well established that their properties strongly influence the above-
mentioned parameters, and as aresult - the catalyst's overall activity.
An enormous number of various materials have been tested in this reaction.
Among them: activated carbon, silica, alumina and zeolites have received
significant attention [116-120].

Due to the extremely high specific surface area and large porosity,
activated carbons (ACs) are especially interesting. They are resistant
to the corrosive conditions of the hydrodechlorination reaction but also
non-toxic to the environment. Their production is relatively inexpensive,
and it can be done with the usage of renewable raw materials (e.g. coconut

shells, soybean hulls, nutshells) [121]. Moreover, the production process
22

http://rcin.org.pl



Literature background

facilitates modification of the carbon's final properties [122-125]. Although,
the application of the ACs as support materials for catalysts is very common,
there are many articles with conflicting data, which contribute to the elective
interpretation of the catalytic results [126,127]. For instance, in accordance
with Munoz et al.[126], higher overall efficiency in the hydrodechlorination
process is observed for materials with high specific surface area and low ordered
structure of carbon support. On the other hand, further studies
by Baeza et al. [127] revealed higher activity of the Pd nanoparticles supported
on highly ordered or even graphitised carbon. Hence, there is a strong need

to investigate this topic more thoroughly to draw more general conclusions.

The starting reaction conditions are critical to the initial reaction rate,
but also for the overall efficiency of the water treatment process. The catalytic
hydrodechlorination performed in the aqueous phase produces hydrochloric
acid, which significantly lowers the pH of the solution, but it is also the most
widely accepted cause of the deactivation of the catalyst [128-130]. The most
reasonable and sensible solution to this problem seemed to be the introduction
of the pH modifiers [I31-133]. A series of experiments performed
by de Pedro et al. [133] in various solutions showed that the best results could
be obtained by increasing the pH of reaction medium up to 8.5-9
with the addition of NaOH (0.77 mM). More acidic reaction conditions support
the catalyst deactivation, on the other hand, a higher concentration of OH-
results in the blockage of metal active sites [133].

The water purification tests are usually conducted in the deionised water
contaminated by specific chloroorganic compound. However, as it was
demonstrated by Xia et al. [134], the presence of other ions in the reaction
mixture should be taken under consideration. For example, a high
concentration of basic metal ions and alkali earth metals (Na*, K*, Mg?*, Ca?*)
does not affect hydrodechlorination reaction. On the other hand, metal ions,
such as Ni%*, Pb?*, Cu?* and Fe?* may decrease the overall activity or even

contribute to the complete deactivation of the catalyst [134].
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Hence, the influence of the present ions should be well-studied before

the transition to large-scale experiments.

Most of the catalytic hydrodechlorination research are conducted in batch
reactors, despite the benefits from process adaptability and scalability provided
by flow reactors. There are several works on the catalytic HDC in the liquid flow
conditions [10L116,135-137], mostly  related to  4-chlorophenol.
The direct comparison between batch and flow conditions in the removal
of 2,4-dichlorophenol showed higher HDC rate in the continuous flow
operation [93]. Additionally, switch from batch to continuous flow should
decrease catalyst deactivation and increase its lifetime, as an effect
of more efficient removal of HDC products. Moreover, a switch from batch
to flow conditions is one of the most mentioned priorities for the modern
chemical industry. Hence, the use of the flow catalysis should also be taken

into account in environmental protection.

Aqueous phase hydrodechlorination of trichloroethylene

The excellent Pd catalytic performance in the aqueous phase
hydrodechlorination of trichloroethylene was firstly observed by Kovenklioglu
et al. [85] at the beginning of 1990s. Series of Pd catalysts revealed high
efficiency in the direct removal of TCE and other organochlorides like
chloroform, trichlorobenzene and dichloromethane [85]. For example,
the usage of 1.25 g of 5 wt.% Pd/C in the shaker type reactor allowed
for complete degradation of trichloroethylene in 3 h process conducted at room
temperature and slightly elevated pressure (initial concentration
of TCE =125 pL L"). Additionally, Kovenklioglu et al. [85] considered the vital
role of the support material. The straight comparison between activity values
determined by substrate uptake and by the formation of the chloride ion
exposed significant differences at the beginning of the HCD process.

It was explained by the rapid adsorption of organochlorine, which accumulates
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on the support surface. Moreover, the catalysts with higher specific surface area

showed greater overall efficiency [85].

Hence, the investigation of the support material effect seems to be crucial
for the activity of Pd nanoparticles. Other studies showed that various
modifications could significantly increase their effectiveness in this process.
For instance, Zhang et al. [138] stabilised Pd nanoparticles by carboxymethyl
cellulose and immobilised them on the alumina support. These operations gave
greater particles dispersion than observed for the typical Pd/alumina catalyst.
In effect, trichloroethylene was removed in avery effective way.
The purification process, at room temperature and under atmospheric
pressure, was completed in 30 minutes with by 1.0 g of the 0.33 wt.%
Pd/alumina catalyst [138].

Even better results in terms of Pd:TCE ratio was obtained
by Meduri et al. [95]. Application of 20 mg of 5 wt.% Pd supported on granular
activated carbon completely removed TCE from the reaction mixture
in 5 minutes at room temperature and under atmospheric pressure,

where the initial concentration of TCE was equal to 0.87 pL L1 [95].

In contradiction to traditional support materials, Ozkan's group from
the Ohio State University synthesised a series of catalysts with Pd nanoparticles
deposited inside the swollen matrix of Swellable Organically-modified Silica
(SOMS) [139-141]. Nanoparticles located on the interior surface, available only
by swelling, were much more resistant to the inhibition. The comparison
of 1wt.% Pd/SOMS and 1 wt.% Pd/Al,O3 showed the superiority of the latter
in terms of the rapid degradation of trichloroethylene. However, Pd/SOMS
revealed resistance to complete deactivation, and hence the HDC could be
conducted for a long time under the same reaction conditions [139].

Another approach was presented by Srebowata et al. [99]. The researchers,
encouraged by great catalytic performance provided by Pd-loaded zeolites
in the gas-phase HDC, decided to use these materials in the aqueous phase

experiments. Pd nanoparticles were deposited on microporous ZSM-5 and
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its hierarchical ~mesostructured analogue - obtained as aresult
of the desilication process. The catalytic tests revealed the superiority
of the desilicated material. It turned out that this type of structure contributes
to the formation of uniformly dispersed species with a large amount of Pd°,
which favoured the hydrodechlorination of trichloroethylene in the aqueous

phase [99].

The unusual activity of the Pd nanoparticles allows them to be used
in the hydrodechlorination reaction with the alternative sources of hydrogen,
like formic acid, metal hydrides and isopropyl alcohol [88,90].
Both Yu et al. [88] and Diaz et al. [90] proved that thanks to the lower
activation energy of the formic acid decomposition (49.7 k] mol™) than the TCE
degradation (62.4 k] mol™), the HDC reaction is favoured at room temperature.
Due to the low solubility of the H> in water, hydrodechlorination with formic
acid as asource of hydrogen seems to be an interesting alternative.
However, achieving high activity requires careful selection of the support
material in order to take control of the competitive adsorption of substrates

[90].

The extraordinary catalytic activity of palladium nanoparticles
in the hydrodechlorination process is contradicted by relatively fast
deactivation. The poisoning effect is caused by the protons and chloride ions,
which are the main products of the HDC process. The appearance of these ions
also contributes to the leaching of the metal active phase [101].

It is well established and widely accepted that the reduced form of Pd
is the active form in this reaction. Released protons can promote oxidation
of the Pd® into Pd?*, which reduces the overall efficiency of the process,
but this reaction is not favourable from the thermodynamic point of view.
Unfortunately, the presence of chloride ions stabilises the formation of Pd?*
complexes, such as PdCls- and PdCls*, which are stable at pH values lower

than7 [142]. The negative effect of these ions could be countered
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by the addition of a strong base, like NaOH. Sodium hydroxide neutralises
protons, but at the same time, stabilises Pd?* by the formation of the hydroxides
[101]. On the other hand, the addition of external alkalinity (like NaxCOs)
neutralises formed protons without Pd?* stabilisation effect.
Hence, this compound seems to be a better neutralising agent, which also
consists of naturally occurred ions.

The concentration of protons and chloride ions in the vicinity of the active
phase could be moderated by the acidity of the support material and pH
of the reaction mixture. Nevertheless, pH values lower than 3 contributes to
the metal active phase leaching [141]. Fortunately, apart from the deactivation
caused by leaching effect, the activity of the Pd catalyst can be recovered

by washing the catalyst with distilled water.

All of the research related to the catalytic hydrodechlorination
of trichloroethylene in water by Pd catalysts are in agreement on one point
- the main products of the reaction are non-chlorinated and non-toxic
compounds, what is extremely important from the environmental

point of view.

Despite the clear advantage of noble metals, there is also a strong need
to develop catalysts based on low-cost transition elements (e.g. Ni). In the first
attempt to introduce non-noble metals into TCE HDC in the aqueous phase,
Srebowata et al. [143] tested a series of 2 wt.% Ni catalysts doped with Pd.
These materials were synthesised by the co-impregnation method
with the mesoporous activated carbons as support materials. Catalytic
experiments were performed at room temperature, under atmospheric
pressure, and without additional solvents with the TCE concentration equal
to 5.7 pL L. Small addition of Pd (0.19 wt.%) significantly improved activity
of the Ni/C catalyst, 95 % of TCE was removed in 150 minutes [143].
Further research with comparable 2 wt.% Ni catalysts, but obtained by soft-
templating synthesis procedure on mesoporous carbon, showed that similar

activity could be achieved by the usage of the monometallic catalyst [144].
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Nonetheless, similar to the Pd catalysts - all of the obtained products are

non-chlorinated and less toxic than trichloroethylene.
Aqueous phase hydrodechlorination of diclofenac

Due to the fact that the problem of water contamination
by micro-pollutants is relatively new, all of the studies on catalytic
hydrodechlorination of diclofenac in the aqueous phase are focused on the Pd
catalysts. Interestingly, in the first reported article by De Corte et al. [145],
monometallic bio-Pd, produced by the metal respiring bacterium Shewanella
oneidensis in the presence of Hj, turned out to be inactive in this process.
The same behaviour was observed for cell-associated bio-Au nanoparticles.
Only the formation of bimetallic Au core with the Pd shell allowed to obtained
satisfactory results - 78 % dehalogenation after 24 h (20 mg L) [145].
These values are not very spectacular. However, biosynthesis of nanoparticles
by bacteria, which also serves as asupport material, makes this method
extremely interesting in terms of cost balance, safety and ecological impact.
The experiments performed by the same research group with the effluents
of hospital wastewater treatment plants [146], showed that the same
nanoparticles are less active in the environmental conditions, but still able
to remove diclofenac from water - 44 % after 24 h (6.4 pg L7).

The catalytic performance of Au-Pd core-shell nanocomposites was further
explored by Wang et al. [147]. Also in this case, monometallic Au and Pd were
almost inactive in the removal of diclofenac from water.
Surprisingly, nearly 90 % of the initial concentration (30 mg L7') was
dechlorinated in 6.5 h by the mixture of both nanoparticles. However, this is far
from the results achieved for the Au-Pd core-shell nanocomposites - 100 %
conversion in 4.5 h [147], which drastically surpassed the results previously
obtained by de Corte [145]. Further studies on the influence of Au-Pd
composition showed that their concentration should be balanced to achieve

the best results [147]. Higher Au content promotes activity, but at the same
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time, too much gold might be the reason for the formation of thinner or even
incomplete Pd shell, which in the result decreases efficiency [147].

Recent studies performed at Beijing Normal University showed that
different preparation methods of bio-Pd might affect its activity [148].
The researchers used in the synthesis procedure a unique form of microbial
aggregates with three-dimensional heterogeneous structure - Anaerobic
Granular Sludge (AGS). Bio-Pd nanoparticles were formed by AGS, and hence
incorporated in its structure. The combination of microbial metabolic function
of AGS with catalytic properties of Pd allowed for complete removal

of diclofenac within 90 minutes (DCF initial concentration - 20 mg L).

The more traditional approach to the synthesis of the catalysts was
presented by Wu et al. [149], which synthesised a series of Pd nanoparticles
supported on different materials Al,O3, SiO, CeO> and activated carbon (AC).
These catalysts were prepared by the deposition-precipitation method
with target metal loading equal to 2 wt.%. All of the experiments were
performed in the batch reactor, at room temperature, under atmospheric
pressure with established initial pH equal to 9. The reaction mixture consisted
of water, NaOH and diclofenac (240 pM) was purged continuously
with hydrogen. Interestingly, in these conditions, Pd/SiO> revealed almost
negligible activity. On the other hand, Pd/CeO, showed excellent efficiency
- complete removal of diclofenac from the reaction mixture in 50 minutes.
In this case, higher activity was explained by higher Pd dispersion and more
cationised Pd species [149]. Nevertheless, it should be noticed that the addition
of base into reaction mixture results in higher HDC rate [150].

Hence, the results obtained by Nieto-Sandoval et al. [26] without base
addition, for the commercially available 1 wt.% Pd/Al;Os are quite impressive.
The complete removal of DCF from the reaction mixture was achieved
in 20 min (0.5 g L' Pd/ALyO3, 68 uM DCF, 25 °C, 1 atm).

More recent studies of Nieto-Sandoval group are focused

on the applicability of the Pd/AlOs in more natural aqueous matrices:
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mineral water, surface water and tap water [120]. It was proved that complete
degradation of diclofenac (3 mg L) could be achieved in 1 h with the Pd/Al,O3
(0.25 g L). The application of higher catalyst concentration (1 g L) allowed
for even faster water purification (under 15 min). Additionally,
all of the experiments showed that co-existence of other substances
in the solution does not affect HDC rate. It should be emphasised that
in each case, the products of the diclofenac catalytic HDC were less-toxic
or non-toxic at all. It makes catalytic hydrodechlorination an extremely

attractive way of water purification from micropollutants, like diclofenac.

In summary, catalytic hydrodechlorination in the aqueous phase
is an extremely attractive method of water purification from chloroorganic
contaminants. It can be conducted at room temperature and under
atmospheric pressure. This operation procedure requires a small amount
of relatively low-cost equipment, but even in the case of expensive noble metal
catalysts - extraordinary activity compensates their high cost. Furthermore,
there is also a possibility to use active catalysts based on low-cost transition
metals. Nevertheless, the most important is the fact, that in contradiction
to other purification techniques, the products of the catalytic HDC are

non-toxic and environmentally friendly.

2.2. Catalytic hydrogenation for industrial applications

— nitrocyclohexane hydrogenation

The chemical industry, as aleading provider of materials for other
industrial branches, is crucial to the global economy. Therefore, even a slight
change in the chemical process may have a tremendous impact on many areas
related to human activity. Hence, there is a strong need to search for novel,
environmental-friendly and inexpensive methods of synthesis, or modification

of currently used ones. For instance, switch from batch to flow is one
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of the most often mentioned priority for sustainable manufacture in the fine
chemical sector [151].

A significant increase in interest in the flow chemistry has been observed
since the 2000s [152]. Most of the previously conducted research were focused
on batch processes [153]. Kirschning et al. [154] suggested that the reason
for that state of affairs in the past was related to the lack of flow equipment
for laboratory-scale research. However, the systems for three-phase catalytic
hydrogenation, for example developed by Kobayashi et al. [155], had opened
entirely new perspectives for flow reaction studies.

The growing interest in flow syntheses is related to several different
attributes of continuous processes, which make this way of conducting
reactions extremely attractive in comparison to other methods [153]. Starting
from the efficiency expressed in throughput per unit time and per unit volume,
which dominates the efficiency achieved in batch reactors [156-159]. Excellent
performance is due to elimination and easier control over the limitations
characteristic for multi-phase reactions, e.g. requirement of large interfacial
area. In batch reactors, vigorous stirring is needed to keep proper contact
between reactants to achieve desired activity as well as the transfer
of the products into the reaction mixture. At the same time, a solid catalyst
is usually crushed during the mixing process, which causes issues with catalyst
recovery and isolation of the reaction products. On the other hand,
precise control over reactants concentration and their stoichiometry, contact
time, pressure and temperature in a smaller reaction vessel, provided by flow
processes, significantly reduce above problems [I59]. Moreover,
all of these features prevent side reactions and hence the formation
of undesired products [160].

Additionally, operating at flow conditions makes working with hazardous
reactants at elevated pressure and temperature safer, due to the enhanced
reaction control. Reaction systems equipped with efficient heat receivers cause

exothermic processes less risky as well as more efficacious [161]. The shorter
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residence time of dangerous compounds in the reaction vessel prevents
their accumulation and reduces potential detrimental effects [162,163].

Among the many advantages of flow chemistry, easy scale-up, and process
intensification are the most interesting from the industrial point of view
[156,164,165]. Furthermore, a simple modification of the reaction conditions
supports the procedure of the process optimisation, which can be performed
even by automatic systems [166,167].

Nevertheless, the transition from batch to flow operation conditions is not
the ultimate goal for all industrial syntheses, especially in the case
of well-established manufacture processes. The possibility and profitability
of such transformations have been the subject of much research in the past two
decades [168-172]. Some researchers approached this issue in avery
comprehensive and universal manner. For instance, Calabrese and Pissavini
[173] suggested a screening algorithm for batch reactions to determine
the ] feasibility of transition processes. Similar work was performed
by Teoh et al. [174] by proposing practical assessment technology
for converting fine chemicals production from batch to continuous.
Hence, to eliminate expensive in time and money procedure, starting research
on new synthesis pathway with the continuous flow reactors seems to be a very

reasonable idea.

A perfect example of such an approach could be the wuse
of nitrocyclohexane hydrogenation in liquid flow conditions. This reaction has
been performed in batch reactors since the 1940s [175], and it has enormous
and unfortunately still untapped application potential. The lack of laboratory-
scale continuous flow equipment seems to be areasonable explanation
for the underestimation of this reaction [154]. Despite the simplicity
of nitrocyclohexane (NC), the process of its hydrogenation could be very
challenging due to follow-up hydrogenation and competing reactions,
which are presented in the Scheme 3. Hence, easy control of reaction

conditions and the usage of an appropriate catalyst are essential to achieve
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desired activity and selectivity to specific products. Among them are
cyclohexanone oxime, cyclohexanone, cyclohexylamine, cyclohexanol and
dicyclohexylamine. Each one of these compounds found application in modern

industry.

Scheme 3. Mechanism of nitrocyclohexane hydrogenation proposed by
Wang et al. [176]

Cyclohexylamine - is colourless aliphatic amine compound in liquid form,
which is miscible with water. It is used as aversatile intermediate
in the production of: herbicides, insecticides, artificial sweeteners
(sodium/calcium cyclamate), corrosion inhibitors, rubber vulcanising
additives, plasticisers and alot more [177,178]. Industrial production
of cyclohexylamine is realised by amination of cyclohexanone over Group VIII
metal-containing catalyst [179], or by catalytic hydrogenation of aniline over
Ni or Cu catalyst [180]. However, these processes require high temperature and
pressure, excess of hydrogen and a large amount of ammonia to prevent side

reactions, which is the cause of the waste formation.

Dicyclohexylamine - is a colourless liquid secondary amine, sparingly
soluble in water. It is used as avaluable chemical intermediate
in the production of rubber vulcanisation accelerators, textiles, commercial
insecticides, varnishes and corrosion inhibitors [181]. Currently, it is produced

by catalytic hydrogenation of aniline at elevated pressure and temperature over
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Ru/Pd  catalyst [182]. This process leads to the formation

of the cyclohexylamine/dicyclohexylamine mixture, which is hard to separate

(181].

Cyclohexanol - is a secondary alcohol. This colourless substance creates
crystalline needles with a camphor-like odour. Mild oxidation or catalytic
dehydrogenation leads to cyclohexanone, whereas stronger oxidation gives
adipic acid [183]. Cyclohexanol is an essential intermediate in the production
of Nylon-6, but also with cyclohexanone is a part of KA oil (ketone-alcohol oil)
- necessary for the production of adipic acid. Most of cyclohexanol is produced
by liquid phase air oxidation of cyclohexane [183,184], which gives
cyclohexanone/cyclohexanol mixture. The ratio between these compounds
could be modified by changing the production parameters or application of the
specific metal catalyst. Presence of anhydrous boric acid in the process leads
to a higher yield of cyclohexanol, thanks to trapping of intermediate product
[183]. Another synthesis procedure involves hydrogenation of phenol over
metal catalysts, e.g. Raney Nickel catalyst at specific conditions gives 99.9%

of selectivity to cyclohexanol [185].

Cyclohexanone - is acyclic ketone in the form of colourless liquid
with acetone-like odour. It can be hydrogenated to cyclohexanol, but also
at more reductive conditions, it could be transformed into cyclohexane [183].
In combination with cyclohexanol could be used in the synthesis of adipic acid
[183]. It is also used for syntheses of pharmaceuticals, plasticisers, herbicides
and growth regulators for plants. However, the most important application,
from the industrial point of view, is the synthesis of cyclohexanone oxime
in the reaction with hydroxylamine. Cyclohexanone is synthesised similarly
to the cyclohexanol, mainly by the liquid phase air oxidation of cyclohexane
[183]. Addition of chromium (IIT) to the air oxidiser promotes the formation

of the cyclohexane [186].

Cyclohexanone oxime - is solid colourless compound. The main application

of the cyclohexanone oxime is the role of intermediate in the enormous
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industry of Nylon-6 production. It is transformed into e-caprolactam
via Beckman rearrangement. The industrial method of cyclohexanone synthesis
involves the condensation reaction between cyclohexanone and hydroxylamine
[187]. However, this process demands significant excess of ammonia
to displaced the equilibrium and hence a significant amount of ammonia

sulphate waste is generated in this process [176].

As it was shown above, the production of these compounds is carried out
with various technological processes with their advantages and disadvantages.
The biggest problem for most of them is the generation of waste, which affects
the cost-effectiveness, but also has a negative impact on the environment.
Hence, the possibility to synthesise each one of them in one reaction makes

catalytic hydrogenation of nitrocyclohexane extremely interesting.

Despite the enormous versatility of nitrocyclohexane hydrogenation,
a thorough literature investigation showed only limited data related
tothis process, and most of these research were focused on the batch conditions
at elevated pressure and temperature [175,188-193]. Nevertheless, these studies

can serve as a guide for further experiments carried out in flow reactors.

First attempt to use nitrocyclohexane hydrogenation to obtain value-added
products in the heterogeneous process was performed by Grundmann et al.
at the beginning of 1950s [175]. These results proved that, depending on
the used catalyst, it is possible to synthesise various useful chemical
compounds. All of the experiments were conducted in 250 cm® shaking
autoclave with 15 g of the catalyst and 50 cm? of nitrocyclohexane dissolved
in methanol. This reaction solvent was determined in the independent tests.
Well known and commercially available hydrogenation -catalysts, like
Raney-Ni, transformed NC into cyclohexylamine at 313 K and 30 bar. Similar
selectivity was observed for Cu containing catalysts in reactions performed

at a significantly higher temperature and pressure, 413 K and 100 bar.
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Transition to the multi-component systems changed selectivity
to cyclohexanone oxime, 26% in the case of Cu-Zn-Mn-Cr-O catalyst [175].
However, harsh conditions were the main drawback for these materials.
In order to achieve higher selectivity to cyclohexanone oxime, the researchers
moved to the silver-containing catalysts. The usage of complex Ag-Zn-Cr-O
material produced cyclohexanone oxime with 64% selectivity at 368 K and
50 bar. Additionally, in these studies, Grundman et al. [175] also analysed
the influence of the support, which was recognised as insignificant for catalysts
selectivity. In the light of recent studies, the used conditions were relatively
high, and some of the observations do not correspond to the current
knowledge. Nevertheless, these results were very important foundation

for research on this topic.

Du Pont performed a further investigation on nitrocyclohexane
hydrogenation with Pd catalyst at the beginning of 1960s [194,195].
The experiments conducted under 35 bar and 413 K with palladium supported
on acetylene-black gave selectivity mainly to cyclohexylamine (63%).
The other products were cyclohexanone oxime (24%) and cyclohexanone
(13%). The introduction of lead to the reaction system completely changed
proportions between products. Interestingly, different results were induced
by the mere presence of Pb, irrespectively to the method of introduction.
For instance, the hydrogenation catalyst may be treated with elemental lead,
a catalyst may be supported on a lead-containing material, or the reaction
medium may be enriched with the lead compound. Even the reactor lined
with lead gave different selectivity than pure Pd catalyst, the best results,
in terms of selectivity to cyclohexanone oxime, were obtained in the presence
of lead oxide at 35 bar and 433 K - 80 % selectivity. All of these results were
quite promising and hence were patented by Du Pont [194,195]. It should
be noted here that the requirement to use Pb-containing compounds entails
enormous environmental costs. This could be apossible reason why

this process was not implemented on an industrial scale.
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More recent studies on the nitrocyclohexane hydrogenation have changed
the strategy of designing catalysts and usually used milder reaction conditions.
Serna et al. [188] tested various catalytic materials in the experiments
performed in ethanol, and in the temperature and pressure range of 373 - 413 K
and 4 - 15 bar. Typical hydrogenation catalyst - 5 wt.% Pd/C was used
as a reference sample. Only 15 mg of it converted NC into cyclohexylamine
with 85% selectivity (97% conversion) in the process conducted for 195 min
under 15 bar and 413 K. However, the main goal of this research was
to investigate the catalytic properties of catalysts with low Pt loading [188].
For instance, under the same reaction conditions, 100 mg of 0.2 wt.% Pt/C
produced mainly cyclohexylamine (70%, conversion - 85%). On the other
hand, Pt nanoparticles supported on the TiO; contributed to the formation
of different products, with emphasis on dicyclohexylamine (41%, conversion
- 97%). Additional modification of this catalyst by high-temperature treatment
in Hx flow (723 K, 50 ml/min) resulted in the formation of TiO2 decorates
on the platinum surface. It was followed by addition of Na - the inhibitor
of the hydrolysis of the intermediates. These operations gave the active catalyst
(95% conversion), which steered the reaction into the creation
of cyclohexanone oxime - 85% selectivity in the process conducted
for 880 minutes under 4 bar and 383 K. All of these results indicated the need
to reduce hydrogenolysis properties of the metal nanoparticles to obtain

products of partial hydrogenation of nitrocyclohexane.

Serna et al. [188] found Au/Al>Os catalyst to be inactive in this process,
which was verified by Shimizu et al. In their research [189], they were focused
on the Au clusters supported on various metal oxides (Al,O3, SiO2, MgO and
TiO2) [189]. Surprisingly, such catalysts turned out to be active and selective
in nitrocyclohexane hydrogenation in the experiments performed at 373 K and
6 bar with ethanol as a solvent. For instance, 1.5 wt.% Au/TiO2 was selective
to cyclohexylamine,  cyclohexanone  and  cyclohexyl-cyclohexylidene

at the beginning of the process conducted for 12 h (unfortunately specific
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values were not provided). However, with prolonged reaction time, these
products decomposed to undetectable compounds. On the other hand,
1wt.% Au/AlbOs gave selectivity to cyclohexanone oxime (83%) and
cyclohexanone (7%) at 100% conversion. Moreover, in other studies,
the researchers discovered various correlations between morphology and
catalytic parameters, like the influence of the average particles size.
Independently from the support material, smaller Au nanoparticles gave higher
conversion. For example, in the case of previously mentioned 1 wt.% Au/ALO3,
increasing the size of nanoparticles from 2 nm to 6 nm resulted in a significant
drop in conversion (from 100% to 4.5%) and changed selectivity
to cyclohexanone oxime (from 83% to 0%) in the processes conducted for 6 h
at 373 K. Beside the influence of the particles size, the properties of the support
materials also have a huge impact on catalytic behaviour of gold. Basic metal
oxides (MgO), but also the one with more acidic character (SiO2) gave worse
results than the amphoteric Al,Os. Acid-base pair sites seems to be crucial
for this reaction. Based on these observations, Shimizu et al. [189] proposed
cooperative mechanism, in which dissociative adsorption of H>
at the gold-support interface produces H® on the low coordinated Au and H%*
on the support. Both groups are transferred to the polar nitro group, which is
preferably adsorbed on AI**- O% site [189]. This phenomenon could
be the explanation of higher activity of the gold nanoparticles supported
on Al,Os. Hence, the impact of a rection pressure and the temperature was
investigated for the best catalyst — 1 wt.% Au/Al>Os3 with 2.5 nm nanoparticles.
Its activity increased with the pressure incrementation up to 6 bar, to achieve
100% conversion and 83% selectivity to cyclohexanone oxime. Above this
pressure, the selectivity to oxime decreased and the formation
of cyclohexanone was observed up to maximum at 11 bar. After exceeding
this value, cyclohexyl-cyclohexylidene amine and dicyclohexylamine appeared
among reaction products. The same compounds were observed
for the temperatures above 373 K. In this temperature catalyst achieved

its maximum activity and selectivity to cyclohexanone oxime (83%) and
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cyclohexanone (7%). Serna et al. [188] proved, that the combination of specific
morphology parameters and reaction conditions makes gold catalysts active

and selective in nitrocyclohexanone hydrogenation.

The group of professor Liu from Xiangtan University came back to Pd
catalysts, and thoroughly investigated the catalytic performance of palladium
nanoparticles supported on various carbon materials [190,191,196,197].
In general, all of these catalysts showed high activity and selectivity
to cyclohexanone oxime in the processes performed in the temperature and
pressure range of 313 - 353 K and 2 - 3 bar, respectively. Unlike the other
studies, ethylenediamine was chosen as the reaction solvent. The researchers
established the optimal temperature for this process - 323 K, but also
the minimal time required to achieve satisfactory conversion - 85 % after 2 h.
The initial experiments were performed with palladium nanoparticles
supported on microporous activated carbon and carbon nanotubes, marked
respectively as 5 wt.% Pd/C, 5 wt.% Pd/CNTs [190]. These tests, conducted
in optimal temperature and under 2 bar, showed the superiority
of the Pd/CNTs in terms of selectivity to cyclohexanone oxime - 85.9 % after
6 h, in comparison to 55.1 % obtained after 3 h by Pd/C. Pd/CNTs domination
was explained by smaller Pd nanoparticles size and the positive influence
of CNTs support [190].

Despite the satisfying results, Liu et al. [196] decided to investigate more
carbon derivative materials. Hence, a series of Pd catalysts (5 wt.%) supported
on activated carbons made from lignin, coal and coconut shell (LAC, CAC and
CSAC), but also on carbon nanotubes: single-wall, double-wall and multi-wall
(SWCNTs, DWCNTs, MWCNTs) were synthesised [196]. Due to previously
performed experiments [190] it was not very surprising that all of these catalysts
were active in the nitrocyclohexane hydrogenation conducted in batch mode
under 3 bar and 323 K. However, the usage of carbon materials with different
properties allowed to establish, that the structure of the support is crucial

to catalyst selectivity. The reactants sizes are comparable with the micropores
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dimension. Hence, the microporous structure is unfavourable for its adsorption
and diffusion [196]. The comparison between materials with the lowest and
highest pore size, Pd/CAC - 0.95 nm and Pd/SWCNTs - 2.73 nm, showed
similar conversion for both catalysts ~ 100%. However, Pd/CAC gave
55 % selectivity to cyclohexanone oxime, and PD/SWCNTs - 94.6 %.

In overall, the carbon nanotubes revealed better catalytic performance,
but there were also differences among them. Various structure of CNTs affected
the reduction state of palladium. The Pd* content increased in the following
order: Pd/DWCNTs — Pd/MWCNTs — Pd/SWCNTs. Simultaneously,
the selectivity to cyclohexanone oxime also increased for these materials
in the same order 83.5% — 87.9% — 94.6%. Therefore, it could be concluded
that Pd* favours the formation of cyclohexanone oxime.

The studies performed in 2015 [197] aimed at the optimisation
of the synthesis procedure to achieve higher Pd* content for Pd/SWCNTs
catalysts. The researchers checked various preparation methods:
wet impregnation in water, wet impregnation in methanol, ion exchange and
chemical reduction, but also different pretreatment conditions.
Among obtained catalysts, the ones gained by the wet impregnation in water
showed the best catalytic performance. With the increasing reduction
temperature of Pd precursor (523 K — 623 K — 723 K) the selectivity
to cyclohexanone oxime also increased (859 % — 935 % — 96.4 %).
It was related to the Pd* content which incremented, with the temperature
of reduction, in the following order 33.0 % — 33.8 % — 38.7 %.

Unfortunately, the preparation of carbon nanotubes on alarge scale
is extremely complicated and expensive [191]. Hence, Yan et al. [191] attempted
to achieve better results with palladium nanoparticles supported
on mesoporous activated carbons. The researchers tested different materials
synthesised by soft templating, hard templating and hydrothermal synthesis
from various raw materials. The best results were obtained for Pd (5 wt.%)
supported on mesoporous carbon obtained by hard template method from

mesoporous silica [198]. In the case of this catalyst, the selectivity
40

http://rcin.org.pl



Literature background

to cyclohexanone oxime was equal to 82.8 % in the experiments performed
for 6 h at 323 K and 3 bar. However, its catalytic performance was affected by
small surface area and pore volume, and hence the final conversion was only
71.4 %. Nevertheless, due to the cost of activated carbons, it can be
an interesting alternative for carbon nanotubes.

In the end, all of the results obtained by the group of professor Liu led
to the conclusion that smaller Pd nanoparticles with higher dispersion and
greater Pd* content (which are supported on carbon materials with adequate
pore size) favour the formation of cyclohexanone oxime with high activity

[190,191,196,197].

Despite the attempt performed by Liao et al. [190] with the Ni catalyst,
hydrogenation of nitrocyclohexane were performed with noble metals.
It did not change until 2017, in which Zhang et al. [192] tested with success
low-cost transition metals. Among them were Cu, Ni, Fe and Co supported
on silica dioxide with target metal loading - 15 wt.%. All of the experiments
were performed for 3 h at 373 K and under 10 bar in ethylenediamine.
Dependent on the used metal nanoparticles, the catalysts were selective
to different reaction products: Co - cyclohexanone (88%) and cyclohexanone
oxime (12%), Fe - cyclohexanone (75%) and cyclohexanone oxime (25%),
Ni - cyclohexanone oxime (59%), cyclohexanone (21%) and cyclohexylamine
(20%), Cu - cyclohexanone oxime (92%), cyclohexanone (5%) and
cyclohexylamine (3%). Because Zhang et al. [192] were focused
on the selectivity to cyclohexanone oxime, the copper catalyst was selected
for further studies. Modification of various factors, such as support material,
synthesis method and metal loading led to catalyst with 92% selectivity
to cyclohexanone oxime in combination with 74% conversion. The process
of characterisation of these catalysts revealed the coexistence of metallic Cu
and Cuz0. The ratio between these two species seems to be crucial for catalytic
performance. Zhang et al. [192] postulated that Cu® species dissociate H» and

Cu?* sites function as electrophilic sites to polarise nitro group.
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Additionally, the researchers also discovered that with the increase
of the pressure from 10 to 40 bar, the time needed to obtain the same
conversion shortened proportionally from 4 to 1 h, which can be crucial

for designing process on the industrial scale.

In general, apart from the used catalyst, the combination of time,
temperature and pressure is crucial to the catalytic performance
in the hydrogenation of nitrocyclohexane in batch reactors. In order to obtain
products of partial hydrogenation, the reaction has to be conducted at lower
temperature and pressure. Higher values favour the formation
of cyclohexanone, cyclohexanol, cyclohexylamine and dicyclohexylamine.
A similar situation is observed for the reaction time, which also affects
the selectivity of the catalysts. Prolonged time supports further hydrogenation
and even the decomposition of the products into undetectable compounds.
For the above reasons, easy control of the reaction conditions provided by flow

reactors appears to be very attractive.

Nevertheless, all of the articles mentioned above were focused
on the catalytic hydrogenation of nitrocyclohexane in batch conditions.
Thorough literature investigation revealed only one paper related to the usage
of gas flow conditions in this reaction. Inspired by the studies performed
by Serna et al. [188], Wang and coworkers [199] proved that gold catalysts could
be as active in flow as in batch conditions. Series of Au catalysts were prepared
by the deposition-precipitation method with various metal oxides:
0.8 wt.% Au/ZrO, 1.2 wt.% Au/TiO3, 1.1 wt.% Au/Al>Os and 3.0 wt.% Au/CeQs.
Different support materials affected nanoparticles size and their distribution,
a decrease in the mean values was observed in the following order: Au/ZrO>
(7.0 nm) — Au/TiO2(4.7 nm) — Au/AlbOs (4.3 nm) — Au/CeOz (3 nm).
Similar to the previous studies [188], Wang et al. [199] observed a strong
correlation between Au nanoparticles size and the overall activity

of the catalyst, smaller particles are better in the activation of H»
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whichisacrucial step in the hydrogenation of nitrocyclohexane.
These properties were reflected in the catalytic performance.
In the experiments performed at 353 K each one of these catalysts was selective
to different products: Au/ZrO, - cyclohexanone (54%), cyclohexylamine (28%)
and cyclohexanone oxime (18%), Au/CeO, - cyclohexanone (98%),
cyclohexylamine (2%), Au/TiO> - cyclohexanone (40%), cyclohexylamine
(34%), dicyclohexylamine (20%) and cyclohexanone oxime (6%),
Au/ALyOs - cyclohexanone oxime (80%), cyclohexylamine (18%) and
cyclohexanone (2%). In general, selectivity to cyclohexanone oxime is sensitive
to surface hydrogen. The formation of cyclohexanone and cyclohexylamine are

favoured at low and high coverage, respectively.

Based on the presented results, seemingly simple catalytic hydrogenation
of nitrocyclohexane can be very challenging due to the enormous amount
of crucial factors. However, the possibility to obtain numerous valuable
compounds from the same substrate seems to be an exciting topic for further
research. Hence, more advanced studies on the influence of metal active phase,
support materials and reaction conditions should be carried out in the future.
Noteworthy is the lack of reactions carried out in flow reactors in the liquid
phase. These reactors were used with success with the hydrogenation of other
nitro compounds [200-204]. Hence, the hydrogenation of nitrocyclohexane

in liquid flow conditions should be a priority for further research on this topic.
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3. Aim of the studies

Catalytic hydrogenation is one of the most essential processes for modern
civilization. It is used in multiple manufacturing processes but also as a solution
for many environmental problems. The majority of hydrogenation reactions
proved to be sensitive to various factors, for example, the catalyst structure and
reaction conditions. In order to develop more and more effective catalysts,
it is extremely important to conduct further and more detailed research
on parameters crucial for catalytic hydrogenation processes. Even changing
the way of conducting the reaction could be critical for the final effects.
For example, switch from batch to flow operation conditions is one of the most

frequently mentioned priorities for sustainable development.

Hence, the aim of this work was to:

e develop the application procedure of the flow conditions into catalytic
hydrodechlorination of trichloroethylene and diclofenac in the aqueous
phase,

e investigate and determine general relations between catalyst activity and
its structure (average nanoparticle size and particle size distribution,
type of support materials, structure ordering of the support material, etc.),

e develop efficient catalysts for batch and flow water purification from one
of the most frequently detected chloroorganic contaminants:
trichloroethylene and diclofenac,

e introduce liquid flow operation mode into nitrocyclohexane
hydrogenation process,

e develop an effective catalyst based on low-cost transition metals
for catalytic hydrogenation of nitrocyclohexane and determine

the direction for further own research in this field.

44

http://rcin.org.pl



Experimental

4. Experimental

Catalysts tested in this research were partially synthesised at IPC PAS, and
partially obtained within the cooperation with Warsaw University
of Technology, Sorbonne Université in Paris, and Centre for Research and
Education of Unipetrol in Litvinov.

Unless explicitly stated, it should be assumed that a mentioned catalyst
was synthesised at IPC PAS, mainly by incipient wetness impregnation
(description of the general procedure for this method is in Chapter 4.1.1.).
In the case of the catalysts synthesised by other research units, descriptions

of the syntheses are placed in adequate paragraphs.
4.1. Catalyst synthesis

All of the catalysts synthesised at IPC PAS by incipient wetness

impregnation are marked in this chapter in accordance with the below pattern:
X wt.% M(P)/Support

, where:

X % - weight percentage of metal active phase,

M - metal active phase (e.g. Ni, Pd),

P - metal precursor (e.g. N - metal nitrate, Cl - metal chloride),

Support - support material (e.g. C - activated carbon, SiO - silica dioxide,

AlOs - aluminium oxide).

However, in the Results and Discussion section, the abbreviated names
of the catalysts are used to keep the text’s clarity. All of the shortened names
emphasize the differences between the tested materials, while shortening
the common structural elements. The lists of full and abbreviated names can

be found in the subsections concerning the synthesis of an adequate catalyst.
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4.1.1. Incipient wetness impregnation

Incipient wetness impregnation was chosen as a primary synthesis method
due to high repeatability and easy control over the treatment parameters.
This was particularly important due to the fact that applied conditions could
affect the metal-support catalysts final morphology.

Preparation procedure started from dissolving of the appropriate metal salt
in distilled water. Metal precursor amount was calculated by target metal
loading, and the volume of the solution was equal to the pore volume of chosen
support material (with 10 % excess).

Example results of the calculations for the Ni catalyst are provided below:

Information:
Support material: activated carbon, Vpere = 1.00 cm?/g
Metal precursor: Ni(NO3)2 * 6 H2O (Mgaie — 290.8 g/mol)

Target metal loading: 2 wt.%

Results of the calculations

Mass of the support material — 0.98 g
Mass of the metal active phase - 0.02 g
Mass of the metal precursor - 0.0991 g

Volume of precursor solution - 0.98 cm?

Obtained catalyst: 2 wt.% Ni(N)/C

The metal precursor solution in distilled water was added to the previously
prepared support material and vigorously stirred for a few minutes. In the next
step, the catalyst precursor was placed in the rotary beaker device (equipped
with the source of infrared light), which provides constant proper mixing and

preliminary drying for the next 24 h (Figure 4).
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Figure 4. Rotary beaker for catalysts synthesis.

Afterwards, depending on the used support material and target catalyst
morphology, the obtained material was calcined in air flow and/or reduced
inthe stream of 10 % Hy/Ar at elevated temperature (determined

by temperature-programmed reduction (Chapter 4.3)).
4.1.2. Synthesis of the carbon-supported catalysts

Preparation of the carbon support materials

All of the works related to the preparation of the carbon materials were
performed by the group of Professor Wioletta Rarog-Pilecka from Warsaw
University of Technology. All of these materials were an essential part
of the presented research.

The application of various modification methods of the parent carbon
material (CNRI115, Norit B.V. Company) allowed for obtaining carbon materials
with different properties, discussed in details in Chapter 5.1.1.

Commercially available active carbon with an amorphous structure
(Norit CNRI115) was used as a starting material for the synthesis of various
carbon supports. The modification of CNRI115 was performed by a two-step
procedure. In the first step, carbon material was heated in Ar flow at 2173 K
for 2 h, which resulted in the formation of the turbostratic structure.

However, simultaneously significantly decreased specific surface area and
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removed porosity of the material. Hence, in the next step, this material was
treated in the H>O/Ar stream at 1129 K, which resulted in the mass loss and
recreation of the porosity. The obtained carbon materials are enlisted in
Table 1. They are marked in accordance to the pattern CNRI115/X/Y, where X
- the temperature of treatment in Ar stream (2173 K), Y - percent mass loss

after treatment in the stream of H>O/Ar at 1129 K.

Table 1. Obtained carbon materials.

Carbon material

CNRI15

CNRI115/2173

CNRI15/2173/0.62

CNRI115/2173/26.54

Synthesis of the carbon-supported catalysts

Syntheses of the carbon-supported materials were performed by incipient
wetness impregnation with various carbon materials (Table 1). The obtained

catalysts are presented below (with specified treatment procedure) (Table 2).

Materials wused for the syntheses: Chempur analytical grade
Ni(NOs),*6H,0, Chempur analytical grade NiCl,*6H>0, Sigma-Aldrich = 99.9
% PdCls.

Table 2. Catalysts synthesised by incipient wetness impregnation at IPC PAS.

Catalyst

Reduction: heat up to 1173 K in 10 % H>/Ar (temperature ramp - 10 K/min)
2 wt.% Ni(N)/CNRI15/2173/26.54-H - Ni(N)/C-H
2 wt.% Ni(Cl)/CNRI115/2173/26.54-H - Ni(Cl)/C-H
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Reduction: 3 h at 673 K in 10 % H>/Ar (temperature ramp - 10 K/min)

2 wt.% Ni(Cl)/CNR115/2173/26.54-M - Ni(Cl)/C-L
2 wt.% Ni(N)/CNR115/2173/26.54-M - Ni(Cl)/C-L

2 wt.% Ni(Cl)/CNRI15 - Ni/CNRI1115

2 wt.% Ni(Cl)/CNRI115/2173 - Ni/CNR115/2173

2 wt.% Ni(Cl)/CNRI115/2173/0.62 - Ni/CNRI115/2173/0.62

2 wt.% Ni(Cl)/CNRI115/2173/26.54 - Ni/CNRI115/2173/26.54

Reduction: 2 h at 673 K in 10 % H>/Ar (temperature ramp - 10 K/min)

1.57 wt.% Pd(Cl)/CNR115/2173/26.54 - Pd/C

4.1.3 Synthesis of Pd-loaded BEA zeolites

Synthesis of Pd-loaded BEA zeolite materials were performed at Sorbonne
Université in Paris in the group of Professor Stanistaw Dzwigaj.
Detailed description could be found in the publication by Kaminska et al. [205].

A commercially available zeolite material - TEABEA (Si/Al = 3, RIPP China)
was divided into two portions. The first one was dealuminated with 13 mol/l
solution of HNO:s for 4 h at 343 K (Si/Al = 1300). This material was marked
as SiBEA. The second portion was firstly calcined in air at 823 K for 15 h
under static conditions, and then twice treated with 0.1 mol/l NH3NOs (400 ml)
at 343 K for 3 h. After filtration and washing procedure, it was dried at 363 K
and calcined at 773 K for 3 h to remove NH3. The obtained material was marked
as HAIBEA.

Pd-loaded zeolites were prepared by impregnation of zeolites
by the aqueous solution of PdCly (Sigma-Aldrich = 99 %) under ambient
conditions. Obtained catalysts precursors were calcined in the air flow at 773 K

for 3 h and reduced at 873 K in the stream of 10 % H>/Ar for 3 h.
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Synthesised catalysts are collected below:

e 1wt.% Pd(Cl)@SiBEA - Pd@SiBEA
e 1wt.% Pd(Cl)@HAIBEA - Pd@HAIBEA

4.1.4. Synthesis of the alumina-supported materials

A commercially available chlorine-free y-alumina (Puralox SCCa series,
Sasol) was used as a support material in the synthesis of Pd supported catalyst.
The alumina-supported catalyst was prepared by incipient wetness
impregnation with the aqueous solution of Pd(NOs), * 2 H>O (Sigma-Aldrich
analytical grade). The precursor of the catalyst was calcined in the stream of air

at 773 K for 3 h and then reduced in the flow of 10 % H>/Ar for 3 h at 673 K.
Obtained catalyst:

e 1wt.% Pd(N)/y-AL2Os - Pd/ALLOs
4.1.5. Synthesis of the silica-supported materials

A series of Pd/SiO: catalysts was synthesised in cooperation with doctor
Magdalena Bonarowska from IPC PAS. Commercially available Davison 62 SiO-
(75 - 210 mesh), which was pre-calcined in the stream of air at 723 K for 4 h,
was used as a support material. The use of various synthesis methods and
the modification of pretreatment conditions allowed for obtaining catalysts
with different morphology (various particle size and distribution).
The obtained catalysts are collected in Table 3, with specified synthesis

procedure and pretreatment conditions.
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Table 3. Silica supported Pd catalysts synthesised in IPC PAS.

Catalyst / Synthesis method and pretreatment conditions

1.1 wt.% Pd/SiO2 - Pd/SiOx(s)

Synthesis: Ion-exchange of the hydroxyl group of'silica for [Pd(NH3)4](NO3)2
Calcination: 723 K for 3 h in air stream (temperature ramp - 2 K/min)

Reduction: 673 K in 10 % Hy/Ar stream for 3 h

2.0 wt.% Pd/SiO> - Pd/SiOx(bg)

Synthesis: Incipient wetness impregnation with the aqueous solution
of (CHsCOO),Pd.

Calcination: 723 K for 3 h in air stream (temperature ramp - 2 K/min)

Reduction: 673 K in 10 % Hy/Ar stream for 3 h

2.0 wt.% Pd/SiO; - Pd/SiO2(bim)

Synthesis: Incipient wetness impregnation with the aqueous solution
of PdCl.

Calcination: 723 K for 3 h in air stream (temperature ramp - 2 K/min)

Reduction: 673 K in 10 % Hy/Ar stream for 3 h

4.1.6. Synthesis of the Pd grafted on the polymeric resin

Metal nanoparticles supported on a polymeric resin was prepared
by the grafting method. A commercially available polyethylene glycol-based
polymer terminated with a primary amine group was used as catalyst matrix
- Tentagel-S-NH; (Rapp Polymere GmbH).

The catalyst synthesis involves a two-step procedure performed in one pot.
In the first step, Pd nanoparticles were formed in ethanol solution
from Pd (II) acetylacetonate (Sigma-Aldrich 99 %) by chemical reduction

with NaBHg, in the presence of an excess of trioctylphosphine (TOPO, capping
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agent). The reducing agent added dropwise to the constantly stirred solution
caused a colour change (from orange to black), which indicated the formation
of Pd nanoparticles.

In the next step, metal nanoparticles were immobilised on the polymeric
matrix. The polymeric resin was added to the nanoparticles containing solution
and stirred for 36 h (1000 rpm) under Ar atmosphere, at room temperature.
Then, the obtained material was washed several times with ethanol, filtered and

dried for 3 h at 373 K.

The obtained catalyst was marked as:

2.2 wt.% Pd(acc)/TSNH> - PATSNH,
4.1.7. Synthesis of the CuZnAl hydrotalcite based materials

Synthesis of the hydrotalcite based CuZnAl materials were performed
at the Centre for Research and Education of Unipertrol.

Parent CuZnAl hydrotalcite materials, with different metal composition,
were synthesised by co-precipitation method in aglass reactor,
equipped with a shaft stirrer, a pH meter, a thermocouple and two piston
pumps. The solution of metal nitrates in distilled water (1 mol/l) was inserted
simultaneously into the reactor with alkali solution (K;COs and KOH
in distilled water), pH stabilised at 9.5. The co-precipitation process was carried
out at 333 K with intensive stirring. Hydrotalcites were aged for one hour after
the precipitation process and then separated from the reaction mixture and
washed with distilled water.

Before further measurements, the hydrotalcites were calcined at 773 K,
which resulted in the formation of mixed oxides materials. The reduction

procedure was performed at 673 K for 3 h in the stream of 10 % Ha/Ar.
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The obtained catalysts are collected below:
e CuZnAl(0.5-1-1)
e CuZnAl(1-1-1)

The numbers in parentheses indicate molar ratio between elements.

4.2. Glass gas flow system for temperature treatment of catalysts

precursors

The majority of the tested materials required temperature treatment before
characterization measurements and catalytic tests (drying, calcination,
activation). All of these operations were performed on a specially designed
at IPC PAS gas-flow system. The glass installation provides an inert
environment for the catalysts treatment processes, ensuring adequate
conditions for catalysts modification. This system, presented in Figure 5,
consists of: independent gas lines (Hz, Ar, 10 % Ha/Ar and O;) controlled
with mass-flow controllers and equipped with impurities traps, quartz reactor
with quartz frit, furnace with temperature controller, thermal-conductivity

detector (TCD) and computer for data collection.

Figure 5. Glass gas-flow system designed for catalysts treatment.
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4.3 Characterisation techniques

Analysis of the surface parameters

Analysis of the specific surface area and porosity of the catalytic materials
was performed with ASAP 2020 from Micromeritics. Catalysts parameters were
determined by BET(Brunauer-Emmet-Teller), t-plot, BJH (Barret-Joyner-
Halenda) and HK (Horwath-Kawazoe) methods with a nitrogen molecule
as an adsorbate. Before measurements, each sample was evacuated at elevated
temperature (adjusted for aspecific sample) to clean its surface.

Adsorption isotherms were determined at 77 K.

Thermogravimetric analysis

Thermogravimetric analyses (TGA) were performed in TGA Discovery
series (TA Instrument) equipped with mass spectrometer (Pfeifer Vacuum).
In each case, approximately 15 mg of the sample was placed in the open alumina
crucible and heated from 313 K to 1173 K (ramp 10 K/min) in the flow of nitrogen
(20 ml/min).

Temperature-programmed reduction

Experiments of the temperature-programmed reduction (TPR) were
performed in the glass gas-flow system (described in Chapter 4.2.)
or with analogous glass gas-flow system equipped with mass spectrometer
(Amatek Dymaxion Dycor with quadrupole detector). A sample of the catalytic
material was placed in the quartz reactor, which could be heated up to 1200 K
with a selected temperature increase (typically 10 K/min).

All of the measurements were performed in the stream of 10 % H»/Ar.

Chemisorption

Chemisorption measurements were performed by the conventional static
method with ASAP 2020 from Micromeritics. Samples of the catalytic materials
were first reduced in the glass gas-flow system described in Chapter 4.2.

Then, the reduction procedure was repeated in ASAP 2020 just before
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measurement. Reductions conditions were determined by temperature-
programmed reduction. The probe molecule (H,, CO, CO;) and

its stoichiometry was chosen depending on the tested catalyst.

H, temperature-programmed desorption (H,-TPD)

H> temperature-programmed desorption measurements were performed
in glass gas-flow system described in Chapter 4.2. Freshly reduced catalysts
were cooled down to 313 K and then saturated in 10 % H>/He mixture for 1 h.
This step was followed by purging with Ar for 30 min to remove any physically
adsorbed hydrogen molecules. H>-TPD experiments were performed by heating

to 673 K under Ar flow at temperature ramp rate — 20 K/min.

NHs and CO; temperature-programmed desorption (NH3-TPD and CO,-TPD)

NHs and CO; temperature-programmed desorption were performed
in quartz tube reactor connected to a quadrupole mass spectrometer (HPR 60,
Hiden). Before each measurement, the pre-reduced catalyst (50 mg) was
treated with helium at 773 K for 1 h to remove adsorbed impurities. In the next
step, the sample was subjected to 50 ml/min flow of 5 % CO>-He or 5 % NHs-He
mixture for 30 min, and then purged with He for 30 min to remove all physically
adsorbed molecules. TPD experiments were performed up to 773 K with 10
K/min temperature ramp in 50 ml/min He. NH3 and CO, peaks were

quantitively calibrated by injecting NHs and CO; pulses.

X-ray Diffraction (XRD)

Powder XRD measurements were performed employing Bragg-Brentano
configuration. The XRD profiles were recorded with PANalytical Empyrean
diffraction platform, powered at 40 kV x 40 mA, equipped with a vertical
goniometer, with theta-theta geometry using Ni filtered Cu Ka radiation.
Powder samples were used for measurement. The diffraction intensities were

collected in the range 28 = 5 - 95°, with 0.008° step (counting time 6 s per step).
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X-ray Photoelectron Spectroscopy (XPS)

XPS measurements for specific samples were performed on one

of the following devices:

1.57 wt.%. Pd(CI)/CNRI15/1900/26.54 - VG Scientific photoelectron
spectrometer ESCALAB-210 with X-ray source operating at the voltage
of14.5 kV and the current of 25 mA (Al Ka radiation -1486.6 eV).
The survey spectra were recorded in range 0 - 1350 eV (with 0.4 eV step);
high resolution spectra with 0.1 eV step, 100 ms dwell time and 25 eV pass
energy. Fitting of the curves was performed with ADVANTAGE software
(Thermo Electron), the background was fitted by using the nonlinear
Shirley model. Measured transmission function and Scofield sensitivity
factors were used for quantification.

PdTSNH> - PHI 5000 VersaProbe (ULVAC-PHI) with X-ray source
operating at voltage of 15 kV, 25 W and 100 pm spot size (Al Ka radiation
-1486.6 eV).

CuZnAl - PHI 5000 VersaProbe (ULVAC-PHI) with X-ray source operating
at the voltage of 15 kV, 25 W and 10 pm spot size (Al Ko radiation -
1486.6 eV). HR XPS spectra were recorded with the hemispherical analyser
with 0.1 eV step at pass energy of 23.5. Evaluation of the XPS data was
performed by CasaXPS. Shirley background and Gaussian peak shape with
30 % Lorentzian character was used for deconvolution of HR XPS spectra.
XPS experiments for CuZnAl catalysts were performed twice - precisely for
the same spot of the sample, before and after in situ reduction at 673 K for

30 minutes in the flow of H,.

X-ray Absorption Spectroscopy (XAS)

Absorption spectra for selected samples were performed on in-air X-ray

absorption spectroscopy setup (XAS) arranged in von Hamos geometry

(Figure 6). An X-ray source, XOS X-Beam Superflux PF X-ray tube, is equipped
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with focusing optics and operates at the voltage of 40 kV and the current

of 0.9 mA.

The generated polychromatic X-ray beam, with 3° divergence,
was diffracted by Si(440) crystal (cylindrically bent with 25 cm radius) at Bragg
angle of 50.8° and registered by Andor Newton camera sealed
with 250 pm-thick Be window. The catalyst sample was positioned in the beam

focal spot with a nominal size of 100 pm.

Figure 6. [llustration of von Hamos geometry.

Transmission-electron microscopy (TEM)

TEM measurements were performed on the Titan G2 60-300 kV (FEI,
Japan) equipped with field emission gun (FEG), monochromator, the objective
lens system, a three condenser lens system, image correction (Cs-corrector),
an EDS spectrometer with Si(Li) detector and aHAADF detector.
Measurements were performed at accelerating voltage equal to 300 kV.
The catalysts samples were dispersed in pure alcohol by an ultrasonic cleaner,

and then a drop of the suspension was placed on carbon films on copper grids.

All of the measurements were performed by Grzegorz Stowik at Maria
Sktodowska Uniwersity in Lublin or by Krzysztof Matus at Silesian University

of Technology in Gliwice.
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4.3 Catalytic experiments:

4.3.1 Catalytic hydrogenation in the batch reactor

Sorption experiments and catalytic tests were performed in a batch reactor
equipped with a magnetic stirring bar, a pH meter and a temperature controller
(Figure 7). Processes in batch operation mode were performed under
atmospheric pressure at 303 K. In the first step of the process, 350 ml
of Millipore water was saturated with hydrogen for 30 minutes,
and then chloroorganic compound was added to the reaction mixture
(TCE - trichloroethylene or DCF - diclofenac). After the time needed to obtain
homogeneity (30 minutes) - areference sample was taken. The catalytic
reaction started with the introduction of the catalyst (typically 0.1 g).
The samples were collected at 2, 5, 10, 15, 20, 40, 60, 90, 120 and 150 min

of the process.

Figure 7. Batch reactor used for sorption experiments and catalytic

hydrodechlorination of chloroorganic contaminants in water.

58

http://rcin.org.pl



Experimental

4.3.2. Catalytic hydrogenation in the continuous flow reactor

Continuous flow catalytic hydrogenation processes were conducted
in commercially ~available microreactor HCube Pro™ (Figure 8),
which provides the possibility to change reaction conditions in the range
1-100 bar, and 283 - 423 K. In this system, hydrogen is generated in situ via
electrolysis of water with maximum efficiency - 60 ml/min. After the H> drying
process, it is mixed with a reaction mixture before entering the catalyst bed.
Selected catalyst is placed in CatCart stainless-steel tube closed
with a set of filters. Prepared in advance reaction mixture flows through

the catalyst with selected flow-rate (0.3 - 10 ml/min) provided by HPLC pump.

Depending on the performed catalytic process, the reaction mixture

consists of:

e MiliPore Water + Diclofenac (Sigma Aldrich) or Trichloroethylene
(Chempur) in the case of purification of water from chloroorganic
compounds,
or

e Ethanol (POCH, 99.8 %) + Nitrocyclohexane (TCI, >95%) in the case

of nitrocyclohexane hydrogenation.

Figure 8. Scheme of the HCube Pro™ by Thales Nano.
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4.3.4 Analysis of the reaction samples

Due to the different nature of the hydrogenated compounds and different
chemical nature of taken samples, various and tailored analysis techniques were

required.

Catalytic hydrodechlorination of trichloroethylene

Analysis of the water samples contaminated by trichloroethylene was
performed by gas chromatograph (Bruker Scion 456) equipped with headspace
analyser (SHS-40), BP-5 column (30 m x 0.25 mm x 0.25 pm) and Electron

Capture Detector (ECD - with high sensitivity for chloroorganic compounds).

Catalytic hydrodechlorination of diclofenac

Analysis of the water samples was performed by Water Acquity UPLC
system equipped with PDA e detector on a CI8 column (120 A; 2.1 x 50 mm).
Isocratic method of analysis was used with a flow rate 0.3 ml/min of mobile

phase (acetonitrile : 0. 1% formic acid, 1:1) and detection at 254 and 270 nm.

Catalytic hydrogenation of nitrocyclohexane

Analysis of the samples from nitrocyclohexane hydrogenation was
performed by gas chromatograph (Bruker Scion 456) equipped
with an autosampler, BP1 column (60 m x 0.25 mm x 0.25 pm) and Flame

Ionization Detector (FID).
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5. Results and discussion

5.1. Catalytic hydrogenation for environmental protection

As shown in the Introduction, modern civilisation has to face growing water
contamination by chloroorganic pollutants. Many techniques have been
developed so far, but research groups from all over the world do not stop
at searching for more effective ways of water purification [9,36,37].
Nevertheless, before the application of specific methods, several conditions
have to be taken into account. However, the most crucial criterion is the lack
of reaction products, which are equally or more dangerous to the living
organisms than the original contamination. Catalytic hydrogenation
of chloroorganic contaminants, usually named catalytic hydrodechlorination

(HDC), fulfil this essential requirement.

Studies over the possibility of using catalytic HDC in the removal
of chloroorganic contaminants from water have been conducted since
the '90s [85]. However, most of them are focused on noble metal catalysts.
There are only few articles related to the application of low-cost transition
metals in this reaction [106,206-209], and even fewer studies use flow
conditions in the water purification process [93,210,211]. Therefore,
the presented in the below chapter results attempt to fill some gaps
in the knowledge about catalytic hydrodechlorination, contributing

to the design of more effective catalysts.

5.1.1 Adsorption tests of TCE on carbon materials in batch and

flow mode

The catalyst support material's sorption properties may significantly
influence catalytic performance, especially in the batch reactor with a limited
contamination concentration. High sorption capacity may affect or even mask
the metal nanoparticles' catalytic activity in specific situations. Consequently,
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the catalyst's performance is a component of two factors: the presence
of a metallic active phase and the adsorption affinity of the support for organic

compounds, like TCE.

Various support materials show different sorption capacity toward water
contaminants. Activated carbons definitely stand out among these materials
in terms of specific surface area, porosity and efficiency in the purification
process. Moreover, they proved to be stable under reaction conditions, and
hence are common support material for hydrodechlorination catalysts,

also in the case of the presented research.

For the purpose of the conducted research, carbon materials were prepared
from the parent commercially available amorphous active carbon CNRII5,
which is produced from a renewable raw material source by Norit BV Company
(detailed description in Chapter 4.1.2). Physisorption analysis and TEM
performed at each stage of their biography demonstrated differences
in the surface parameters and structure ordering between the obtained
materials (Table 4, Figure 9). The amorphous structure of CNRII5 is well
visible in Figure 9a. On the other hand, parallel graphene layers in CNR115/2173
and CNRI115/2173/26.54 can be distinguished in the structures presented
in the Figure 9b and 9c.

Table 4. Surface parameters of carbon materials obtained from CNRII5.

Specific surface area Pore volume [cm® g ]
Carbon [m?g"]
BET micropores  micropores mesopores
CNRI15 1860 1640 0.9 0.2
CNRI15/2173 1 - - 0
CNRI15/2173/0.62 820 710 0.4 0.1
CNRI115/2173/26.54 1610 1440 0.8 0.2
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Figure 9.TEM images of a) CNRI115, b)CNRI115/2173 and c¢) CNRI115/2173/26.54

In order to determine the sorption capacity of the selected support
materials, aseries of carbons was tested in TCE sorption experiments.
According to the procedure used for further catalytic tests (Chapter 4.3.1.,
Chapter 4.3.2.), all of the measurements were performed in the reaction

conditions (Figure 10 and 11).

Figure 10. Evolution of TCE sorption with carbon materials in batch

conditions: 303 K, 8 ppm TCE, 1 atm, 0.1 g of carbon material.

A control experiment showed that trichloroethylene did not decompose
spontaneously under batch and flow reaction conditions (Figure 10 and 11).
On the other hand, all of the carbon materials partially removed TCE

from water without the formation of any reaction product.
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Figure 11. Evolution of TCE sorption with carbon materials in flow conditions:

303 K, 83 ppm TCE, 1 atm, 0.15 g of carbon material.

For both operation modes, the purification efficiency increased in order:
CNRI115/2173 — CNRI15/2173/0.62 — CNRII5 — CNR2173/2173/26.54,
which correlates with the specific surface area and porosity of these materials
(Table 4). Although, CNRI15 showed higher surface parameters (1860 m?/g,
1.1 cm3/g), better sorption was obtained for CNRI15/2173/26.54 (1610 m?/g,
1 cm?/g). It suggested the superiority of partially ordered turbostratic structure

over the amorphous one in removing chloroorganic contaminants from water.

The turbostratic mesoporous active carbon with partially recovered specific
surface area and porosity (CNRI15/2173/26.54) was able to remove 65 %
of the initial concentration of TCE in a batch reactor (Figure 10), and also
to purify water to some extent in flow conditions (Figure 11).
Due to the excellent sorption properties, CNRI115/2173/26.54 was selected
as a support material for the early stage of research over catalytic

hydrodechlorination of chloroorganic contaminants in the aqueous phase.
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51.2 Comparative study of Pd/C catalyst in the
hydrodechlorination of trichloroethylene in batch and flow

mode

Palladium catalysts proved to be very effective in various kinds
of hydrogenation reactions, also in the hydrodechlorination of chloroorganic
compounds [95,101,135,138,212]. Extraordinary performance in hydrogenolysis
makes Pd catalysts excellent starting materials for further studies,
in which theuse of hydrogen will be an essential element.
Hence, the involvement of palladium seemed to be arational choice
for research over catalytic HDC in the aqueous phase, at least for the initial
steps. The most convenient and popular form of Pd catalyst for laboratory use

is metal nanoparticles deposited on various support materials.

Therefore, taking into consideration the exceptional sorption properties
of CNR115/2173/26.54 and high activity of Pd nanoparticles -
1.57 wt.% Pd(Cl)/CNRI115/2173/26.54 (marked in this chapter as a "Pd/C") was
synthesised by simple incipient wetness impregnation, with PdCl> as a metal

precursor.

Typically, the transformation of Pd precursor into metal nanoparticles
is observed at relatively low temperature, below 373 K. Nevertheless,
temperature-programmed reduction (TPR) can confirm afull reduction
of the metal precursor and allows to determine activation conditions

(Figure 12).

The obtained profiles showed the process of precursor reduction and
the simultaneous release of chemical species (Figure 12). The water release can
be observed at a temperature below 373 K (m/z = 18), followed by the formation
of hydrogen chloride (m/z = 36) with the peak maximum at 420 K.
This maximum coincides with the negative peak minimum for hydrogen

(m/z = 2), which indicates Pd° formation. The possible reasons for the shift
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of this peak maximum towards higher temperatures (420 K), in comparison to
values reported in the literature [213], are related to big Pd nanoparticles’
presence or the influence of the ordered structure of the support material [214].
Since CO chemisorption, XRD and TEM (results presented below) confirmed
the presence of uniformly dispersed 3 nm Pd nanoparticles in the freshly
activated catalyst, the influence of turbostratic structure is the most probable

explanation of this phenomenon.

Figure 12. Temperature-programmed reduction of Pd/C.

Further investigation of the formed PdH with temperature-programmed
hydride decomposition (TPHD) showed arelatively narrow peak
with a maximum at 344 K (Figure 13). According to Bonarowska et al. [215],
shape and intensity of TPHD peak or peaks are correlated with type of support
material, metal-support interaction, metal nanoparticles size and Pd
dispersion. Hence, the obtained result could be interpreted as the B-PdH
decomposition from uniformly formed small palladium nanoparticles,

which was also confirmed by XRD and TEM (3 nm).
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Figure 13. Temperature programmed hydride decomposition of Pd/C.

According to the procedure established on the TPR results, Pd/C catalyst
was activated by heating at 673 K for 3 h in the stream of 10 % Hz/Ar directly

before catalytic experiments and characterisation measurements.

Catalytic removal of TCE from water was carried out in batch and flow
mode. Freshly reduced Pd/C catalyst (0.5 g) was initially used
in the hydrodechlorination of TCE (8 ppm) in batch reactor at 303 K
under atmospheric pressure (Chapter 4.3.1.). The extraordinary activity
of Pd nanoparticles supported on turbostratic carbon resulted in the rapid
removal of trichloroethylene from water (Figure 14). The purification process
was finished until 60 minute. Hence, to investigate the full potential
of the palladium catalyst, the concentration of organochloride contaminant
was increased to 83 ppm, which exceeded 8000 times the norm for tap water

(Figure 15).
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Figure 14. Removal of TCE from water by hydrodechlorination and
sorption process in batch operation conditions, 303 K, 1 atm, 8 ppm TCE,

0.15 g of the catalyst or active carbon material.

The experiments with significantly higher trichloroethylene concentration
seemingly showed the limits of Pd/C efficiency (Figure 15). However,
the results of the additional experiments showed that technical issues may limit
the activity of the palladium catalyst. Approximately 60 % and 90 %
of the trichloroethylene was removed from the water, respectively by active
carbon and the palladium catalyst, after 150 minutes of the purification process.
However, it should be mentioned that in the case of carbon material, reaction
products were not detected and pH value remained constant during
the operation. Hence, plateau observed after 100 minute indicated the sorption
equilibrium state. On the other hand, decreasing pH and the formation of C2Hs
and C>Hs were observed for Pd/C. Moreover, more detailed analysis
of the catalytic results and negligible changes in the pH after 100 minute
of hydrodechlorination could suggest not sufficient amounts of hydrogen
in the reaction mixture. This indicates the possible limitation of batch
operation mode, in which solubility of hydrogen in water is the bottleneck

of the process.
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Figure 15. Removal of TCE from water by hydrodechlorination and sorption
process in batch operation conditions, 303 K, 1 atm, 83 ppm TCE, 0.15 g of the

catalyst or active carbon material.

Additional experiments performed for carbon material and palladium
catalyst without hydrogen in the reaction mixture (Figure 15) showed almost
the same curves for both materials. The sorption equilibrium was reached
at the same time and at the same level of C/Co. This proves that regardless
ofthe wused material, the process without ahydrogen is limited

to trichloroethylene sorption.

Catalytic hydrodechlorination of TCE in the aqueous phase is considered
as pseudo-first order reaction. The calculated kinetic parameters for Pd/C take
into account both the catalytic activity of Pd nanoparticles and extraordinary
sorption properties of carbon material. The determined initial reaction rate
(at 300 s) was equal to 1.98 mmol min™ gpq, reaction rate constant k = 0.027 s-
'and TOF = 0.01 s’ It is difficult to directly compare the obtained results
with the published ones, due to the differences in the hydrodechlorination
procedures. Nevertheless, given the lack of additional solvents in the reaction

mixture, rapid removal of TCE and extremely high initial concentration
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of a contaminant, catalytic performance of Pd/C should be considered

as satisfying in a batch operation mode.

Most studies over the application of TCE hydrodechlorination
in the aqueous phase focus on processes performed in batch conditions.
Only afew scientific reports paid attention to flow reactors,
despite the benefits, like easy process scalability [214]. Therefore, freshly
reduced Pd/C was also used in the continuous-flow catalytic HDC (Figure 16).
The application of this catalyst allowed for effective removal of TCE for over
25 h, without any sign of deactivation. On the other hand, the carbon material's
sorption capacity was entirely exhausted by 400 minutes of the purification
process. However, to evaluate the limits of Pd/C activity, the experiment
with only 10 mg of the catalyst was performed (Figure17). As it can be
observed, only in this case, the conversion drop below 100 %, which proves very

high catalytic activity and stability of palladium catalyst.

Figure 16. Removal of TCE from water by hydrodechlorination and sorption
process in continuous-flow liquid-phase process, 303 K, 1 atm, 83 ppm TCE,

0.1 g of the catalyst or active carbon material.
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Figure 17. Removal of TCE from water by hydrodechlorination and sorption
process in continuous-flow liquid-phase process, 303 K, 1 atm, 83 ppm TCE -

0.64 pmol/min, 0.01 g of the catalyst or active carbon material.

Despite the inability to directly compare the reactions carried out in batch
and flow reactor, the results were satisfying in both cases. Although batch
reactor allows removing higher amounts of TCE per unit of time, continuous
flow operations offer a shorter transfer time between research and potential

application.

The extraordinary Pd/C activity in the hydrodechlorination of TCE
in the aqueous phase has to be considered in terms of this material's structural
parameters. The obtained results agree with the previous observations,
in which metal nanoparticles confined in the ordered mesoporous structure
revealed satisfactory efficiency [144,216]. Moreover, turbostraticity and
hydrophobicity of carbon support make Pd/C catalyst relatively resistant
to ionic poisons, like chloride ions [210,212], which in consequence protect

metal active phase and increase the overall process efficiency.
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In order to investigate high stability and activity of the Pd/C, the catalyst
was subjected to characterisation measurements, before and after the catalytic

reaction.

The XRD results for Pd/C at different stages of its biography are presented
in the Figure 18. The presence of turbostratic two dimensional ordering (first
(0 0 2) peak with a maximum at ~24.2° and next (1 0 0) peak at ~43.5°) for fresh
and spent Pd/C samples confirmed that the hydrodechlorination conditions did
not affect the turbostratic structure of the support (marked with asterisks).
The lack of clear and visible Pd(1 11) reflection indicates the presence of very
small and well-dispersed Pd nanoparticles, both before and after the catalytic

reaction.

Figure 18. XRD profiles for Pd/C: activated and after batch and flow TCE

hydrodechlorination.

Further analysis of the Pd/C surfaces by TEM measurements revealed
redispersion of palladium nanoparticles during the catalytic reaction
(Figure19).  Analysis of TEM images showed uniformly formed and
well-dispersed 3.5 nm nanoparticles for fresh catalyst, and ~2 nm for the spent

catalyst. Moreover, the differences between particles size were more visible
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for the catalyst after the purification process. The observed decrease in the size
of nanoparticles during hydrodechlorination was also previously observed
by Orddez et al. [217] for carbon supported Pd and Pt -catalysts.
The redispersion effect is the most often explained by the influence of HCl,
which contributes to the formation of mobile metallic chlorides.
These observations were in agreement with the XPS results for fresh and spent

catalyst (Figure 20).

Figure 19. STEM images of fresh and spent Pd/C.

The XPS spectra for freshly reduced catalyst showed slightly shifted into
higher binding energy dominant signal of 3d Pds;» (located at 335.9 eV),
which indicated metallic Pd in the form of small nanoparticles [217]
(Figure 20). The same 3d Pds/> signal for spent catalyst was located at 337.0 eV
and was associated with the presence of Pd?* ions, possibly in the form of PdCl»
(confirmed by the presence of 2p Cl signal). All of these observations suggested
the reaction mechanism, in which the palladium surface is chlorinated and
subsequently cleaned by the hydrogen spillover, which contributes

to the formation of HCI.

The obtained results confirmed the high activity of Pd nanoparticles
in the hydrodechlorination of trichloroethylene in the aqueous phase,
both in batch and flow conditions. Nevertheless, the overall activity and
stability of the catalyst were strongly affected by the turbostratic and

hydrophobic character of mesoporous activated carbon.
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1.57 wt.% Pd(Cl)/CNR115/2173/26.54  catalyst may rapidly = remove
trichloroethylene from water in batch operation conditions, but also purify

water for a long time in flow without any signs of deactivation.

Figure 20. XPS of Pd/C: freshly activated (a) and after catalytic reaction (b).
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5.1.3 Influence of pretreatment conditions on the catalytic
activity of Ni/C in the hydrodechlorination of TCE

in the aqueous phase

Although Pd catalysts show excellent activity in the HDC process [218],
the high cost of this noble metal is the major drawback for its application
in environmental protection. Hence, there is a strong need for readily available
transition metals as catalysts, which could be used for effective purification

of water from chloroorganic contaminants.

The current knowledge about catalytic HDC indicates several different
less-expensive metals as suitable substitutes: Cu, Ni [218,219]. Among them,
nickel seems to be the most promising due to its well-known and excellent
activity in hydrodechlorination [144,220,221]. Nevertheless, the potential
application of Ni catalysts in the water purification requires comprehensive

studies on crucial for catalytic performance factors, like catalyst structure.

Catalytic hydrodechlorination proved to be a structural sensitive reaction
[212,222,223]. Tt is well established that the kind of a metal precursor and
pretreatment conditions affect the catalyst morphology (e.g. average particles
size and their distribution), and in consequence - the catalytic performance

[208,209,224,225].

Hence, to verify the impact of these parameters, a series of 2 wt.% Ni
catalysts was synthesised by simple incipient wetness impregnation.
As in the case of the palladium catalyst (Chapter 5.1.2), due to the highest
sorption efficiency of trichloroethylene, CNRI115/2173/26.54 was selected
as a support material. The catalytic materials were prepared using two nickel
salts as metal precursors -Ni(NOs), * 6H>O and NiCl * 6HO,
marked respectively with "(N)" and "(Cl)". In order to determine optimal

parameters for the complete reduction of these precursors, temperature-
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programmed reduction experiments, up to 1173 K, were performed

for synthesised materials (Figure 21).

Using the Thermal Conductivity Detector's calibration curve in the TPR
experiments, the full reduction of both Ni precursors during high-temperature
treatment was confirmed. Both catalysts obtained in these conditions were

marked with "H" suffix.

Analysis of the TPR profiles for Ni(Cl)/C and Ni(N)/C revealed some
differences between these materials occurring during their activation.
In the case of 2 wt.% Ni(N)/CNRI115/2173/26.54, one dominant reduction peak
is observed at 553 K and two significantly smaller at 634 K and 756 K
(Figure 21). On the other hand, for 2 wt.% Ni(Cl)/CNR115/2173/26.54,
two peaks were observed at 650 K and 731 K. The visible shift of the reduction
peaks towards higher temperatures for chloride precursor results from
the stronger interaction between the support and the metal precursor

[226-228].

Figure 21. Temperature-programmed reduction of fresh
2 wt.% Ni/CNRI115/2173/26 and activated catalyst (673 K, 3h, 25 ml/min
10 % Ha/Ar).
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Based on the TPR results, the activation of carbon supported nickel
materials was carried out for 3 h, at 673 K in the stream of 10 % H>/Ar.
The catalysts obtained by this procedure were marked with "L" suffix.
Additionally, to wverify the catalysts’ reducibility at these conditions,
TPR experiments for materials activated at 673 K were performed (Figure 21).
The obtained profiles showed negligible changes with increasing temperature,
which confirmed the total reduction of Ni precursor during

the low-temperature treatment.

The nickel catalysts reduced at low and high temperature were investigated
by TEM. These measurements allowed the visualisation of the structure

of the catalysts an the average nickel particles sizes (Table 5, Figure 22).

Table 5. TEM  determined average Ni nanoparticles size
for 2 wt.% Ni/CNRI15/2173/26.54  catalysts synthesised with different

precursors and activated at different conditions.

Catalyst Average particles size [nm]
Ni(N)/C-H 31
Ni(N)/C-L 3
Ni(Cl)/C-H 29
Ni(Cl)/C-L 28

H - reduction by heating up to 1173 K (10 K/min) in the 25 ml/min 10 % Hx/Ar
L - reduction at 673 K for 3 h in the 25 ml/min 10 % H/Ar
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Figure 22. TEM images and particles size distribution for activated

2 wt.% Ni/CNRI115/2173/26.54 catalysts.
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The smallest nanoparticles (~ 3 nm) with narrow size distribution were
obtained for 2 wt.% Ni(N)/CNRI115/2173/26.54 reduced at 673 K for 3 h
(Ni(N)-L). Such small metal nanoparticles (>6 nm) are usually obtained
for the catalysts synthesised from nickel nitrate precursor as opposed to other
metal precursors [206-208]. Nevertheless, it is worth mentioning
that the formation of Ni nanoparticles below 3 nm is rather unique in the case
of simple incipient wetness impregnation of carbon support materials [229].
On the other hand, high-temperature treatment resulted in the formation

of ~ 31 nm Ni nanoparticles, with bimodal distribution features (Figure 22).

A similar distribution was observed for the catalyst synthesised from nickel
chloride and reduced at high temperature (Figure 22). In contrast,
2 wt.% Ni(Cl)/CNRI115/2173/26.54 reduced at 673 K for 3 h did not show
any bimodal character (Figure 22). These observations suggest that even short
treatment above Tammann temperature (for Ni - 863 K [226]) results
in nanoparticles sintering, especially the ones above 15 nm. This effect seems
to be independent of the metal precursor type. However, it is more visible
in the case of catalyst synthesised from nickel nitrate.

The catalysts reduced in different ways were used in the aqueous phase
catalytic hydrodechlorination of trichloroethylene (Figure 23). In contrast
to pure carbon materials (Figure 10), the analyses of the reaction samples
showed the formation of ethane, ethene and hydrochloric acid as the reaction
products.

Because the sorption properties of CNRII5/2173/26.54 are essential
in the aqueous phase trichloroethylene HDC, the kinetic parameters were

calculated taking into account this phenomenon (Table 6).

The best results were obtained for the catalysts synthesised from nickel
chloride (Figure 23, Table 6). The Ni(Cl) -catalyst activated
by high-temperature treatment revealed more rapid decomposition of TCE.

Over 50 % of starting contamination was removed until 20 min by Ni(Cl)/C-H,
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whereas the Ni(Cl)/C-L removed below 40 % of the initial concentration

(Figure 23).

Figure 23. Catalytic hydrodechlorination of TCE in aqueous phase with
2 wt.% Ni/CNR115/2173/26.54; 303 K, 8 ppm TCE, 0.1 g of Ni catalyst.

Table 6. Kinetic parameters of TCE HDC in the aqueous phase
calculated for 2 wt.% Ni/CNRI115/2173/26.54.

Reaction rate constant k Initial reaction rate ra
Catalyst (0-60 min) (300 )
s [mmol min™ gni']
Ni(N)/C-H 0.015 0.15
Ni(N)/C -L 0.01 0.1
Ni(Cl)/C -H 0.016 0.26
Ni(Cl)/C -L 0.013 0.19

The lowest efficiency in removing TCE from water by hydrodechlorination
was observed for the Ni catalyst synthesised from nickel nitrate, and reduced
at low-temperature conditions — Ni(N)/C-L (Figure 23). Although this catalyst

showed similar activity at the beginning of the process, the final conversion
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achieved "only" 70 %. Slightly better results were obtained for the catalyst
activated at a higher temperature - 75 % (Ni(N)-H) (Figure 23). The initial
reaction rate decreased in order: Ni(Cl)/C-H = Ni(Cl)/C-L = Ni(N)/C-H >
Ni(N)/C-L (Table 6), which clearly suggest that catalytic performance
of carbon supported nickel catalysts depends on two factors: metal precursor

and pretreatment conditions (Figure 23, Table 6).

In order to determine average particles size and investigate the impact
of HDC conditions on catalysts structure, freshly activated and subjected
to catalytic reaction catalysts (with TCE suffix) were characterised by XRD
(Figure 24 and 25). Beside the Ni related reflections, all of the obtained profiles
contain signals characteristic for the turbostratic structure of carbon support
(~43.5° and~79°). This structure was not affected during the HDC

for any of the tested catalysts.

Figure 24. XRD profiles of 2 wt.% Ni(Cl)/CNRI115/2173/26.54 catalysts, before

and after catalytic TCE hydrodechlorination in the aqueous phase.
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Figure 25. XRD profiles of 2 wt.% Ni(N)/CNRI15/2173/26.54 catalysts, before

and after catalytic hydrodechlorination in the aqueous phase.

The Ni crystallite sizes were calculated for fresh and spent catalysts
with the Scherrer equation (Table 7). A high-temperature treatment
(heating up toll73 K) applied to the reduction of nickel nitrate precursor
resulted in the formation of significantly larger Ni nanoparticles (Ni(N)/C-H),
than Ni(N)/C-L, where Ni (2 0 0) reflection was not even observed.
It can indicated the presence of well-dispersed Ni nanoparticles with diameter
below the detection threshold of the instrument (<3 nm). Interestingly,
this phenomenon was not observed for the catalysts synthesised from nickel
chloride, and independently from the applied treatment conditions,
the average particles size was equal to 16 nm. The comparative analysis between
Ni (2 0 0) reflections, used for determination of Ni nanoparticles size, revealed
negligible differences for fresh and spent catalysts (Table 7). It confirms

the stability of Ni catalysts under reaction conditions.
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Table 7. An average Ni nanoparticles size for 2 wt.% Ni/CNR115/2173/26.54
catalysts synthesised with different precursors and activated at different

conditions determined by XRD.

Catalyst Average nanoparticles size [nm]
Ni(N)/C-H 9
Ni(N)-/C-H_TCE 1
Ni(N)/C-L <3
Ni(N)-/C-L_TCE <3
Ni(Cl)/C-H 16
Ni(Cl)/C-H_TCE 18
Ni(Cl)/C-L 16
Ni(Cl)/C-L_TCE 15

H - reduction by heating up to 1173 K (10 K/min) in the 25 ml/min 10 % Hx/Ar
L - reduction at 673 K for 3 h in the 25 ml/min 10 % H/Ar
TCE - catalyst after TCE HDC in the aqueous phase

Discrepancies between particles size obtained from and TEM and XRD are
well visible for all investigated materials. However, the relations between
particles sizes of tested catalysts were preserved. Literature investigation
showed that high compliance between XRD and TEM results is achieved only

for uniform particles, without the small ones' significant contribution [230].

After 120 min each of the tested catalysts achieved a plateau. It could
suggest both their deactivation under reaction conditions or the not sufficient

amounts of hydrogen solubilized in water. (Figure 23).

Temperature-programmed hydrogenation (TPH) of spent Ni(Cl)/C-L_TCE
catalyst showed the presence of carbon containing-species on the metal active
sites — methane and C:Hx (m/z 15 and m/z 28) (Figure 26).
The high temperature of desorption (~700 K) indicated a strong bond
with the catalyst surface, which is the most probable reason for the catalyst

deactivation. Additionally, chlorine-containing deposits were not observed
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(m/z 36) during TPH, which suggest satisfying resistance of tested catalyst

to chloride ions, considered as a catalysts poisons in the HDC [231,232].

Figure 26. Temperature-programmed hydrogenation of

2 wt.% Ni(Cl)/CNRI115/2173/26.54 after TCE hydrodechlorination in water.

In general, the relationship between Ni nanoparticles size and catalytic
activity is quite well visible. The presence of larger Ni nanoparticles promotes
higher effectiveness of the water purification process. Nevertheless, small metal
species proved to be very active in the catalytic hydrodechlorination
of chloroorganic compounds in the aqueous phase [233]. However, at the same
time, these species tend to deactivate faster. The superior efficiency of larger
metal nanoparticles was observed in earlier studies with the noble metal
catalysts [222]. This phenomenon is usually explained by the higher resistance

to deactivation of these species.

Nevertheless, the obtained results indicated that, in the studied conditions,
the best efficiency in TCE removal is achieved with larger nickel species.
The application of the chloride precursor allows formation of larger
Ni nanoparticles, independently from the used pretreatment conditions.

However, reduction above Tammann temperature may lead to the sintering
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of Ni particles. Therefore, further studies with Ni nanoparticles supported
on carbon materials were performed with catalysts synthesised from nickel
chloride and reduced at 673 K for 3 h in the stream of 10 % Ha/Ar.
These conditions allowed for obtaining catalysts with the optimal average

nanoparticles size.

5.1.4 Influence of carbon support material structure on the
catalytic activity of Ni/C in the hydrodechlorination of TCE in

the aqueous phase

The results discussed in the Chapter 5.1.3 proved that nickel nanoparticles
are active in the catalytic hydrodechlorination of trichloroethylene
in the aqueous phase. Moreover, conducted experiments showed that the size
of metal nanoparticles affects the catalytic performance, and bigger
nanoparticles are better than the smaller ones. However, all of the catalytic tests
were performed with the Ni particles supported on the same active carbon
with a partially ordered turbostratic structure, which had the best TCE sorption
efficiency. However, considering the observations of Munoz et al. [126],
high surface area and low ordered structure should lead to higher HDC rates.
On the other hand, Baeza et al. [127] demonstrated higher activity of metal
nanoparticles supported on highly ordered graphitised carbon.
Such contradictory results allow for free interpretation, which is not desirable

for the design of efficient catalysts.

In order to verify the influence of structure ordering on catalytic
performance, a series of 2 wt.% Ni catalysts was prepared by incipient wetness
impregnation with NiCl, as ametal precursor. Various carbon materials,
previously tested in TCE sorption experiments (Chapter 5.1.1,
Figure 10 and 11), were used as Ni nanoparticles supports: CNRI115 - amorphous
commercial activated carbon (1860 m?/g, 1.1 cm?/g), CNR 115/2173 - turbostratic
carbon without porosity (1 m?/g , 0 cm?/g), CNRI115/2173/0.62 - turbostratic
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carbon with partially recovered specific surface area and porosity (825 m?/g,
0.4 cm?/g) and CNRI115/2173/26.54 - turbostratic activated carbon with high

surface area and large porosity (1610 m?/g, 0.8 cm?/g).

All of the synthesised materials were subjected to TPR experiments to verify
the reducibility of NiCl, on the used carbon materials (Figure 27).
The highest reduction temperature (maximum of the peak at 731 K) was
observed for nickel precursor supported on the material with turbostratic
structure and high specific surface area. The visible shift of the reduction
temperature towards higher values indicates stronger interaction between
metal active phase and support material. However, the other two turbostratic
carbons show the reduction temperature (663 K and 667 K) lower
than the amorphous CNRI15 (682 K). These observations suggest that both
high specific surface area and the structure ordering degree affect

the metal-support interaction.

Figure 27. Temperature-programmed reduction of NiCl, precursor on
different carbon materials and corresponding catalysts after activation

at 673 K for 3 h in 10 % Hy/Ar (black dotted lines).

86

http://rcin.org.pl



Results and discussion

As it was determined in the previous experiments (Chapter 5.1.3),
in order to obtain catalysts with optimal particles size, materials were activated
at 673 K in the stream of 10 % Haz/Ar for 3 h. Additional TPR experiments
for freshly activated catalysts were performed to verify the complete reduction
of the metal precursor. Negligible changes in the TPR profiles confirmed
that the applied conditions were sufficient for the full reduction

of the Ni nanoparticles (Figure 27).

The average sizes of the obtained metal nanoparticles were initially
determined by the XRD measurements. Analysis of the results showed that,
independently from the support material, Ni nanoparticles’ size was
comparable and in line with the previously determined desired value
(Chapter 5.1.3). A more detailed discussion related to this feature of the
catalysts is placed later in this chapter in the context of changes in the catalyst
structure induced by the reaction environment. Nevertheless, all of the
turbostratic materials revealed reflections characteristic for partially ordered

structure (marked with “*”, Figure 28).

Figure 28. XRD of 2 wt.% Ni catalysts prepared with various activated

carbons, activated at 673 K for 3 h in 10 % H/Ar. “*” - turbostratic structure.
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Freshly activated materials were initially used in the hydrodechlorination
of TCE in a batch reactor. The comparative analysis between four Ni/C catalysts
revealed well-noticeable differences in the catalytic performance (Figure 29).
Ni nanoparticles supported on the amorphous parent carbon material (CNR115)
showed the greatest efficiency in the removal of TCE from water at the initial
stage of the purification, 35 % in the 20™ minute. However, later in the process,
Ni/CNRI115/2173/26.54 removed ahigher amount of trichloroethylene,
85 % in the 150™ minute. However, the turbostratic structure itself is not
the most crucial factor because metal nanoparticles deposited on turbostratic
carbon without porosity or with partially recovered surface demonstrated poor
activity, 26 % and 35 %, respectively. These simple observations are

in agreement with calculated kinetic parameters (Table 8).

Figure 29. TCE HDC with 2 wt% Ni catalysts synthesised with various carbon

materials, 1 atm, 303 K, 8 ppm TCE, 0.1 g of a catalyst.
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Table 8. Catalytic hydrodechlorination of TCE in aqueous phase
with 2 wt.% Ni on various carbons, 1 atm, 303 K, 8 ppm TCE, 0.1 g of catalyst.

Reaction rate constant k Initial reaction rate ra
Catalyst (0-150 min) (300 s)

s [mmol min™ gni']

Ni/CNRII5 0.028 0.38
Ni/CNRI115/2173 0.004 0.06
Ni/CNRI15/2173/0.62 0.005 0.08
Ni/CNRI115/2173/26.54 0.024 0.28

Technological requirements indicate that the HDC catalyst should
be reusable. In the case of batch reactors, it is associated with the necessity
to filter, wash and dry the used catalyst. According to this procedure,
the reusability tests were performed for the two best catalytic materials:
Ni/CNRI115 and Ni/CNRI115/2173/26.54 (Figure 30). Three hydrodechlorination
cycles for each catalyst showed progressive deactivation of the Ni/CNRII5.
On the other hand, Ni/CNR115/2173/26.54 demonstrated considerable stability
during the purification process, with a minimal variation in the activity
between cycles. Additional EDXRF experiments did not show any detectable
amount of Ni in the reaction mixture. Hence, this effect could be explained
by the mass loss during the filtration and drying processes. The metal leaching
effect does not play asignificant role in the catalyst deactivation,

which is crucial from the application point of view.
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Figure 30. Stability test of Ni/CNRII5 and Ni/CNRI115/2173.26.54, 1 atm, 303
K, 8 ppm TCE, 0.1 g of a catalyst.

The experiments performed with Pd/C (Chapter 5.1.2) could suggested
that the catalyst with limited activity in the batch operation might be very
effective under flow conditions. Therefore, all of the Ni/C catalysts were also
tested in the reactions conducted in a flow reactor under 10 bar at 303 K.
In this case, the catalytic materials were subjected to even more challenging
conditions - higher concentration of TCE - 83 ppm, which exceeded 8000 times
the norm for tap water. Despite the much larger TCE quantity,
most of the catalysts effectively purified water for 25 h without any signs
of deactivation (Figure 31). Only for the catalyst without porosity
- Ni/CNRI15/2173, progressive deactivation was observed till the 600" minute
of the process, after which conversion stabilised at approximately 10 %.
However, this result should be regarded as satisfactory, given the catalyst's
negligible activity in the batch reactor with lower TCE concentration
(Figure29). Even more spectacular efficiency was  observed
for Ni/CNRI115/2173/0.62. The catalyst, which was almost inactive in the batch
reactor, showed a stable 75 % conversion for 25 h. Similar to batch operation,

the best efficiency in TCE removal was presented by nickel nanoparticles
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supported on turbostratic active carbon with high specific surface area and
large porosity - Ni/CNRI115/2173/26.54. This catalytic material allowed
for constant purification (~ 90 %) for 25 h, without any signs of deactivation
(Figure31). The additional catalytic  experiment demonstrated
that Ni/CNRI115/2173/26.54 can effectively purify water even at atmospheric
pressure at 303 K (Figure 32).

Figure 31. HDC of TCE in the aqueous phase in flow mode with 2 wt.% Ni
on various carbons; 303 K, 10 bar, 83 ppm TCE, 0.15 g of catalyst.

Figure 32. HDC of TCE in aqueous phase and TCE sorption test in flow mode

with Ni/CNR115/2173/26.54; 303 K, 1 bar, 83 ppm TCE, 0.15 g of catalyst.
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Such high efficiency of the tested catalysts should be discussed
in the context of their structural parameters. Hence, all of the materials were

subjected to XRD, TEM and XAS measurements, before and after catalytic tests.

The average particles sizes, calculated from XRD and TEM, are collected
in Table 9. Discrepancies in the values obtained by these two different
techniques could be explained similarly as for Ni nanoparticles synthesised
from different precursors and subjected to different pretreatment conditions
(Chapter 5.1.3). High compliance between XRD and TEM results is achieved
only for uniform particles, without the small ones' significant contribution
[230]. Based on the TEM results for Ni/CNRII5, amorphous active carbon
contributes to the formation of big Ni aggregates (~60 nm) and much smaller
nanoparticles (~30 nm) (Table 9, Figure 33). Nevertheless, the relation
between calculated values for all materials is preserved. For each catalyst,
slight differences in particles size were observed between fresh and spend
catalytic materials. It suggests that TCE HDC may affects to some extent
Ni nanoparticles size. This effect is very-well visible in the case
of Ni/CNRI115/2173. Significant redispersion could be explained in the context
of the structural properties of this carbon support (Chapter 5.1.1, Table 4).
Small specific surface area and lack of porosity contribute to the formation
of large nickel species, which are capable of migration on the carbon surface
(Table 9, Figure 34). An almost indistinguishable change was noticed
for Ni/CNRI115/2173/26.54. The partially ordered turbostratic structure leads
to the formation of well-dispersed and resistant to agglomeration and

redispersion Ni nanoparticles (Table 9, Figure 35).
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Table 9. Ni nanoparticles size estimated from XRD and TEM measurements

for 2 wt.% Ni catalysts synthesised from NiCls.

Metal particles size [nm] Dispersion [%
Catalyst

XRD TEM
Ni/CNRII5 20 68 5.1
Ni/CNRII5_TCE 15 62 5.1
Ni/CNRI115/2173 26 33 3.9
Ni/CNRI115/2173_TCE 23 24 4.4
Ni/CNRI115/2173/0.62 25 - 4.0
Ni/CNRI115/2173/0.62_TCE 22 - 4.6
Ni/CNRI15/2173/26.54 16 28 6.3
Ni/CNRI115/2173/26.54_TCE 15 26 6.7

Figure 33. TEM images of Ni/CNRII5.
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Figure 34. TEM images of Ni/CNRI15/2173.

Figure 35. TEM images of Ni/CNRI115/2173/26.54.
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According to the literature, the highest activity of Ni/CNRI115/2173/26.54
could be explained by the reducing ability of the graphitised carbon support,
metal-support interactions (MSI) through electron transfer, which improves
hydrogen spillover [234]. Moreover, Feng et al. [234] suggest the importance
of the initial M°®/M2*3* ratio for the catalytic performance of metal
nanoparticles. Therefore, XAS around Ni K-edge measurements were
performed for fresh and spent catalysts (Table 10, Figure 36). Activated
Ni/CNRI15/2173/0.62 and Ni/CNRI115/2173 contained mainly Ni° with a small
fraction of Ni?*. On the other hand, for the other two catalysts, Ni** fraction was
detected besides Ni®. This phenomenon could be explained by the lower
resistance of slightly smaller Ni nanoparticles to the influence of functional
groups of the amorphous carbon support (CNRII5) and electron deficiency
of turbostratic carbon structure (CNRI15/2173/26.54). Comparative analysis
between fresh and spent catalysts showed that only for Ni/CNRI15/2173,
Ni oxidation state stayed almost unchanged. For other catalytic materials,
the exposition to electron-deficient TCE resulted in the significant conversion
of Ni° into Ni**, which may be the possible cause of the nanoparticles
redispersion.

Table 10. The relative concentration of the Ni oxidation states estimated

by XAS measurements.

Relative concentration of Ni oxidation states

Catalyst
Ni© [%] Ni%* [%] Ni** [%]
Ni/CNRII5 65 0 35
Ni/CNRI15_TCE 18 0 82
Ni/CNRI115/2173 97 3 0
Ni/CNRI15/2173_TCE 95 0 5
Ni/CNRI115/2173/0.62 98 2 0
Ni/CNR115/2173/0.62_TCE 62 0 38
Ni/CNRI115/2173/26.54 87 0 3
Ni/CNRI115/2173/26.54_TCE 60 0 40
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Figure 36. The Ni K-edge X-ray absorption spectrum for a) Ni/CNR115/2173,
b) Ni/CNRI115/2173_TCE, c¢) Ni/CNRI115/2173/0.62 and
Ni/CNRI115/2173/0.62_TCE and fitted dominant spectral components.

Additional temperature-programmed hydrogenation experiments of spent
samples showed the formation of carbonaceous deposits during catalytic
hydrodechlorination, confirmed by the release of CH4 (m/z = 15, Figure 37) and
CyHx (m/z = 28, Figure 38). This phenomenon was the strongest for the most
active catalyst — Ni/CNRI115/2173/26.54. The carbon-containing species were
strongly connected with Ni surface and desorbed at the temperature range

of 580-750 K. The observed signal increase at higher temperatures indicated
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the gasification of the carbon support material, which is typical for this kind

of support.

Figure 37. TPH profiles for the formation of methane after TCE HDC.

Figure 38. TPH profiles for the formation of CoH, species after TCE HDC.

All of the results obtained for Ni nanoparticles deposited on carbon
materials proved their efficiency in the catalytic hydrodechlorination

of trichloroethylene, both in batch and flow conditions. In general,
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bigger Ni nanoparticles are more resistant to deactivation, and as a result,
showed higher overall activity in the purification process. The optimal metal
particles can be obtained by the application of the specific metal precursor and
appropriate pretreatment conditions, like NiCl, and 673 K in the stream
of 10 % Ha/Ar for 3 h, respectively.

Moreover, the properties of carbon materials are crucial for the catalyst
morphology and catalytic performance. Hydrophobic character improves
the resistance for ionic poisons in the aqueous phase. High surface area and
porosity are necessary for satisfactory activity.  Additionally,
the electron deficiency character of the turbostratic structure increases
the Ni nanoparticles activity.

Finally, extraordinary results obtained in continuous-flow conditions
for the catalysts with negligible efficiency in the batch reactor opens completely
new perspectives in water purification. Batch operations are still the most
commonly applied in the aqueous phase hydrodechlorination and allow
for removing higher amounts of trichloroethylene per unit of time [211].
However, flow mode offers: the possibility of performing long-term processes,
reduces the time needed for scale-up, and eliminates the external separation
of the catalyst and products. Hence, the application of the continuous-flow
in catalytic water purification seems to be a promising alternative for the most

common purification methods.

5.1.5 Hydrodechlorination of diclofenac in the aqueous phase

with Pd nanoparticles supported on various support materials

Water pollution with trichloroethylene is a persistent and very well-known
problem. However, raw freshwater may contain a lot of other anthropogenic
chemicals. Sometimes the type of pollutant and contamination sources are not
very obvious, and hence it is tough to identify and eliminate them. The presence
of active pharmaceuticals in the aquatic systems is a relatively new recognized

issue that has received enormous attention in the last few years.
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Among detected pharmaceuticals, one of the most frequently observed
in the environment is diclofenac, the very popular non-steroidal

anti-inflammatory drug.

Due to the limited literature about catalytic hydrodechlorination
of diclofenac in the aqueous phase, there was arational need to start new
research with catalysts showing well-known hydrogenolytic properties.
Hence, a series of palladium-based catalysts was synthesised by various
methods (Chapter 4.1.3 - 4.1.5). Independently from the used technique,
all of them contained 1wt.% of Pd. Metal precursors were selected based
on the zeta-potential and the isoelectric point of a support surface [235,236].
Siliceous dealuminated BEA zeolite has alow isoelectric point (~2.0),
similar to SiO3 (~2.0). On the other hand, y-Al>Os has a lower charge and high
isoelectric point (~6.0). Therefore Pd-loaded catalysts were prepared
by the impregnation of two different zeolites (SiBEA with Si/Al = 1300 and
HAIBEA with Si/Al = 19) with the aqueous solution of PdCl, (Pd@SiBEA and
Pd@HAIBEA). The other two Pd-supported catalysts were synthesised
by the ion exchange between the hydroxyl group of silica and [Pd(NH3)4](NOs)2
(Pd/SiOz) and incipient wetness impregnation with Pd(NOs), (Pd/ALOs).
Each one of the 1 wt.% containing catalysts was calcined in the air flow at 773 K
for 3 h and reduced in 10 % Ha/Ar for 3 h at 673 K. A more detailed description
of the synthesis procedure is placed in the Chapter 4.1.3 - 4.1.5.

Physicochemical evaluation of the obtained materials revealed visible
differences between the tested catalysts (Table 11 and 12, Figure 39). Pd-loaded
zeolites showed a microporous structure and a significantly higher specific
surface area than Pd supported catalysts (Pd/SiO, and Pd/ALO:s)
with a mesoporous character. Pd@SiBEA and Pd@HAIBEA had similar and
noticeably larger nanoparticles with a broad size distribution (Figure 39a and
39b). In terms of the average size, comparable nanoparticles were obtained

for Pd/ALLO; (Figure 39d). However, their distribution was much more
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concentrated. On the other hand, Pd/SiO> demonstrated only very small

nanoparticles (Figure 39c¢).

Table 11. Surface parameters of 1 wt.% Pd containing catalysts.

Specific Total pore Micropores Mesopores
Catalyst surface area volume volume volume
[m? g] [em® g7 [em® g7 [em’ g7
Pd@SiBEA 390 0.16 0.3 0.03
Pd@HAIBEA 380 0.14 0.10 0.04
Pd/SiOa 240 1.00 - 1.00
Pd/ALOs; 210 0.56 - 0.56

Table 12. The average particles size of 1 wt.% Pd containing catalysts.

The average Pd particles size [nm]

Catalyst CO chemisorption* TEM
Pd@SiBEA I °
Pd@HAIBEA 14 ’
Pd/SiO» ! ’
Pd/Al,O3 b .

* Pd:CO stoichiometry = 1.5.
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Figure 39. TEM images and Pd particles size distribution

in 1 wt.% Pd containing catalysts.
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Before catalytic measurements, all of the materials were tested
for the sorption capacity of diclofenac. None of them showed any sorption

properties in the tested conditions.

The activated forms of the Pd catalysts were used in the diclofenac
hydrodechlorination in the aqueous phase (Figure 40, Table 13).
In each experiment, 2-anilinophenylacetic acid was the only product confirmed
by the HPLC-MS analysis. Independent studies performed by Nieto-Sandoval
et al. [26] and Wu et al. [149] showed less ecotoxicity of this compound
than the original diclofenac. Hence, hydrodechlorination with palladium

catalysts proved its high applicability potential in water treatment plants.

Both Pd-loaded zeolites presented asimilarly impressive activity
in the hydrodechlorination of diclofenac in the aqueous phase (Figure 40,
Table 13). After 20 minutes of the purification process, PdA@HAIBEA removed
88 % of the initial amount of DCF, while Pd@SiBEA removed 99 %.
Despite the differences between those two catalysts, their overall activities were
comparable. The final conversions were equal to 95 % and ~100 %, respectively.
On the other hand, the Pd supported catalysts demonstrated entirely different
results. Pd/Al2Os showed the lowest activity at the beginning of the process,
but at the same time, this catalyst constantly purified water for 150 minutes,
with only slight signs of deactivation. Completely different behaviour was
observed for Pd/SiO, with small nanoparticles. Its activity was comparable
with Pd loaded zeolites, at least at the beginning of the process. However,
Pd/SiO2 deactivated rapidly after the first 10 minutes of the reaction and finally
achieved the lowest overall conversion. All of the above mentioned
observations were reflected in the kinetic parameters of the tested catalysts
(Table 13). The activity of Pd@SiBEA and Pd@HAIBEA expressed in terms
of TOF was approximately 6 times higher than the supported catalysts.
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Figure 40. HDC of DCF in the aqueous phase with 1 wt.% Pd containing
catalysts, 303 K, 1 atm, 240 pM DCF.

Table 13. Kinetic parameters of 1 wt.% Pd containing catalysts in DCF HDC.

Reaction rate Initial reaction
Catalyst constant k rate ra TOF
(0 —150 min) (600 s) [s1] x 102
[min'] [mol L s gpq!] x 10
Pd@SiBEA 0.19 343 26.1
Pd@HAIBEA 0.1 2.67 23.7
Pd/SiO2 0.02 2.37 4.5
Pd/ALO3 0.09 0.72 4.1

The superior activity of the Pd loaded zeolites could be explained in terms
of structural parameters determined by the TEM measurements. The average
particle size for Pd@SiBEA, PdHAIBEA and Pd/Al;Os can be regarded
as comparable. However, their distributions differ significantly (Figure 39).
In the case of Pd/Al;Os, small and large nanoparticles were observed, with 60 %
domination of the smaller ones (1-5 nm). Interestingly, in Pd-loaded zeolites,
any specific particles fraction's dominance did not exceed 15 % and 11 % for
Pd@SiBEA and Pd@HAIBEA, respectively. The catalytic hydrodechlorination

of diclofenac in the aqueous phase proved to be a structure sensitive reaction.
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This phenomenon could be explained by a different role of different
nanoparticles. According to Wu et al. [149], TOF value initially decreased
with the increasing metal particle size and then stabilised. It is connected
with the fact that smaller nanoparticles contain more cationic species
that promote the activation of the C-Cl bond. On the other hand,
larger Pd nanoparticles contribute to the more effective activation of the H>
[149,237]. The catalyst with only small Pd particles (Pd/SiO>) deactivated more
rapidly due to the formation of chlorine deposits [112,238] or the accumulation
of organic species [239] under HDC conditions. A sufficient amount
of the activated hydrogen may reduce catalyst deactivation. Hence,
the catalysts with bigger nanoparticles (Pd/Al;Os;, Pd@SiBEA and
Pd@HAIBEA) demonstrated higher resistance to deactivation. Moreover,
broader particle size distribution contributed to better overall catalytic

performance (Pd@SiBEA and Pd@HAIBEA).

Above-mentioned conclusions may be the possible explanation
for negligible activity of Pd/SiO2 reported by Wu et al. [149]. However,
the obtained at IPC PAS results for Pd/SiO; (Figure 40, Table 13) were much
better than presented by Wu et al. [149]. Hence, in order to verify the structure’s
influence on the catalytic performance, an attempt to increase Pd/SiO:
efficiency was made. Two different Pd/SiO; catalysts with various average
nanoparticle size and distribution (Pd/SiO2(bg) with big Pd nanoparticles and
Pd/SiO2(bim) with bimodal character) were synthesized and compared

with already tested material - Pd/SiOx(s) with small nanoparticles.

Initially —performed temperature-hydride decomposition (TPHD)
confirmed the achievement of the desired differences (Figure 41). Pd/SiOx(s)
and Pd/SiOz(bg) profiles presented only one peak related to the Pd-hydride
decomposition. The literature concerning the relationship between
the palladium dispersion and the stability of the Pd-hydride phase indicate
temperature shift towards higher temperatures for bigger Pd nanoparticles

[215,240]. Such alteration in the peak’s profile was observed for Pd/SiOz(bg).
104

http://rcin.org.pl



Results and discussion

Simultaneously, the maximum of the peak detected for Pd/SiO> was located
at a significantly lower temperature (Figure 41). Moreover, Pd/SiOz(bim)
contained precisely the same types of particles as for the unimodal catalysts
-Pd/SiOx(s) and Pd/SiO2(bg). The bimodality was only observed
for the material synthesised by incipient-wetness impregnation with the
aqueous solution of PACL. It was in agreement with the previous research,
which showed the effect of chloride ion on the formation of mobile metallic
chlorides at the specific activation conditions. These species can migrate
on the surface of the support material and contribute to the formation

of big aggregates [217,241,242].

Figure 41. Temperature-programmed hydride decompositions for the series

of Pd/SiO; catalysts with unimodal and bimodal character.

Physicochemical characterization of Pd/SiOx catalysts showed that the only
differences between them were related to the average nanoparticle size and
distribution (Table 14, Figure 42). Each catalyst showed well-developed
porosity with a high specific surface area and a large pore volume. On the other
hand, the clear and different maximum in the particles size distribution could

be observed for all of the tested materials (Figure 42).
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Table 14. Physicochemical characterization of Pd/SiO> catalysts with different

particles average size and distribution.

Pd/SiO2
Parameter :
(s) (bim) (bg)
Surface area [m? g 240 240 240
Pore volume [cm® g'] 1.0 1.0 1.0
Average pore diameter [nm] 17 17 17
Average particles size [nm] TEM 1.6 2.9 3.4
Dispersion [%] 86 28 11

The results of the diclofenac hydrodechlorination in the aqueous phase are
collected in Figure 43. Due to the different metal loading in the tested
materials, the amount of the catalyst in each experiment was adjusted based
on the dispersion values (Table 14). This correction allowed to ensure the same

number of Pd active centres in every experiment.

The catalyst with the smallest nanoparticles (Pd/SiOx(s)) showed the lowest
efficiency (Figure 43). Only 40 % of the initial amount of DCF was removed till
the 20" minute of the process, and then the catalyst deactivated. Pd/SiO2(bg)
removed approximately 80 % of the contamination in the same time, but also
deactivated after 20 minutes (Figure 43). Pd/SiOz(bim) with a bimodal
character of Pd particle size distribution showed greater efficiency
- it completely purified water in 60 minutes. All of these results were
in agreement with the previous observations. The smaller nanoparticles
demonstrated a higher ability to activate diclofenac than H> but also had
the tendencies to more rapid deactivation [149]. On the other hand, bigger
Pd nanoparticles activated H> more efficiently. Nevertheless, only the specific
combination of small and big nanoparticles, demonstrated in bimodal catalyst,

resulted in satisfactory results (Figure 43).
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Figure 42. TEM images of Pd/SiO> with different average particles size and

distribution.

In order to verify the positive impact of bimodal character on the catalytic
performance, the physical mixture of unimodal catalysts was prepared.
The amount of each catalyst was established based on the TPHD results
(Figure 41). Although the physical mixture showed better efficiency than both
unimodal catalysts, it was still slightly worse than Pd/SiOz(bim) (Figure 43).

Such a difference indicates that the Pd nanoparticles with a different size
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should exist in close proximity in order to obtain the best catalytic performance.
Moreover, only the specific ratio between small and large Pd nanoparticles

guarantee adequately high catalytic activity.

Figure 43. HDC of DCF in a batch reactor with Pd/SiO: catalysts with various
average particles size and distribution, 240 pM DCF, 303 K, 1 atm.

Additionally, the best bimodal Pd/SiO2(bim) was also tested in the flow
reactor (Figure 44). As in the batch experiments, the sorption properties
of SiO2 did not play any role in the water purification from diclofenac.
On the other hand, the same catalyst was able for constant removal

of diclofenac for 10 h, and did not show any signs of deactivation.
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Figure 44. Sorption properties and catalytic performance of Pd/SiO> catalyst
with bimodal character in HDC of DCF, 303 K, 10 atm, 0.24 pmol/min DCF.

There is limited literature data related to the catalytic removal of diclofenac
from water. However, the comparison of the above-presented results
with the experience of other research groups [26,145-149] clearly shows
that our Pd catalysts proved to be very effective in this reaction. It should
be stressed here that such high catalytic performance as obtained for Pd loaded
zeolites has not been reported yet [26,145,146]. Moreover, the modification
of the particles size distribution of Pd/SiO, catalysts allowed to achieve
purification efficiency comparable with other catalysts [26,145,146],

even despite the previously reported inactivity of Pd/SiO> [149].

The majority of the studies on the catalytic hydrodechlorination
of chloroorganic compounds aim to synthesise catalysts with metal
nanoparticles with the narrowest possible size distribution. However,
the high activity of bimodal catalyst suggests a beneficial role of close proximity
of nanoparticles of different size. The presented results suggest
that striving for unifying nanoparticles may not be the only solution

in the hydrodechlorination processes.
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5.2. Catalytic hydrogenation for industrial applications

5.2.1 Catalytic hydrogenation of nitrocyclohexane withPdATSNH>

catalyst

Most of the previous studies on the catalytic hydrogenation
of nitrocyclohexane were performed in batch reactors at elevated pressure and
temperature [189,190,192,193,196,197]. Only one research was done in the gas
flow [199]. Hence, the initial experiments of nitrocyclohexane hydrogenation
in the liquid flow reactor were performed with a catalyst showing well-known

hydrogenolytic properties.

A palladium-based catalyst was selected for the preliminary studies
on the nitrocyclohexane hydrogenation. PATSNH, catalyst was synthesised
by Pd nanoparticles grafting on the commercially available polymer terminated
by amino group (TentaGel-S-NHs), as was described in details in Chapter 4.1.6.
Active form of the catalyst was characterized by elemental analysis (AAS and

ICP-OES), XRD, XPS and miscroscopic techniques.

Elemental analysis of the obtained catalyst, performed by atomic
absorption spectroscopy (AAS) and inductively coupled plasma-optical
emission spectrometry (ICP-OES), revealed that the Pd loading in Pd/TSNH>

was equal to 2.2 wt.%.

In the second step, PATSNH; and parent polymer were subjected to XRD
measurements (Figure 45). Both samples revealed reflections characteristic
for polymeric resin, which were not affected by the Pd nanoparticles presence.
The additional signal at 260 = 40.1° associated with Pd (1 1 1) was observed
for PATSNH.. Based on the peak broadening, the average Pd nanoparticle size

was estimated at 4 nm.

110

http://rcin.org.pl



Results and discussion

Figure 45. XRD results for pure polymer and PATSNHa.

The oxidation state of Pd nanoparticles was determined in further
investigation with X-ray photoelectron spectroscopy. The obtained results are
collected in Table 15. The Pd 3ds/> peaks for Pd and PdO appeared at 334.38 eV
and 335.56 eV [243,244], respectively. Compared to the reported bulk
composition [8], the small shift towards lower energies and slight asymmetry
of the peak implies the existence of Pd species in the nanoparticulated form
[244]. Additionally, the total concentration of palladium on the catalyst surface

was estimated at 1.54 at.%.

Table 15. Binding energies of the Pd 3ds/2 and Pd 3ds,2 of the PATSNH: catalyst.

BE [eV] FWHM Area [%]
3dsp 334.38 1.36 48.11
3dsp 339.64 136 32.04
3dsp 335.65 1.36 8.29
3dsp 340.91 136 5.52
3dsp 336.95 1.36 3.63
3dsp 342.21 1.36 2.41

TEM imaging confirmed the observations from XPS. SEM and TEM

investigation showed that small nanoparticles were well dispersed
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on the polymer surface. An average nanoparticle size was estimated at ~ 2 nm

(Figure 46).

Figure 46. TEM results and particle size distribution for 2.2 wt.%
PdTSNHo>.

The general assumption for the catalytic hydrogenation of nitrocyclohexane
in the liquid flow reactor was to conduct the process at conditions comparable
with  batch hydrogenation studies [189,190,192,193,196,197]. Hence,
all of the experiments were performed at arelatively low-pressure range
(1-10bar) and broad temperature range (298 - 303 K). Moreover,
in the research mentioned above [189,190,192,193,196,197], on average 0.6 g
of nitrocyclohexane (3.87 mol) and 0.1 g of acatalyst was used in batch
experiments. Hence, the application of the same amount of a catalyst
with a combination of 20.5 pmolne min?! flow ensured the contact
of a comparable amount of the substrate with a catalyst during a 3 h process
(3.69 mol). This operation allowed for some comparison with the reported

results [189,190,192,193,196,197].

The application of PATSNH> in NC hydrogenation led to the formation
of two different products: cyclohexanone oxime and cyclohexylamine
(Figure 47). The influence of the reaction conditions on the catalyst’s activity
and selectivity was quite well visible (Figure 47). The formation
of the cyclohexanone oxime did not depend as much on pressure as it depended

on the reaction temperature. In general, a higher pressure requires a higher
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temperature to achieve 100 % selectivity to cyclohexanone oxime (298 K
for 5 bar, 313 K for 10 bar). On the other hand, with increasing temperature and
pressure the selectivity to cyclohexylamine also increases. Its maximum value

was achieved at 373 K under 2 bar (Figure 47).

Figure 47. Impact of reaction conditions on the catalytic performance
of 2.2 wt.% PdTSNHz in the hydrogenation of nitrocyclohexane in the liquid
flow conditions, 20.5 pmolnc min™, 60 ml min™ Ha, 0.1 g of catalyst,

residence time 2.7 min.

In comparison to the results reported in the literature [190,196,197],
PdTSNH; gave lower conversion. For example, Liu et al. [197] achieved 96.4 %
conversion combined with 96 % selectivity to cyclohexanone oxime
in the process performed for 3 h at 3 bar and 323 K in ethylenediamine.
However, considering that the proposed solution allows for along-term
process, inferior activity is reduced to some extent. Moreover, despite the lower
overall activity of PATSNHo, its selectivity can be easily modified by changing
the reaction temperature and pressure. Hence, the catalyst is more universal.

Additionally, the application of environmental friendly solvent (ethanol)
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increases the attractiveness of PATSNH;, but also the entire nitrocyclohexane

hydrogenation.

5.2.2 Catalytic hydrogenation of nitrocyclohexane with CuZnAl

hydrotalcites derived catalysts

The catalytic hydrogenation of nitrocyclohexane with the PATSNH> was
the first step in development of new catalysts with potential chemical industry
applications. Following the international trend of increasing the economic
efficiency of catalytic materials, it was decided to switch to low-cost transition
metals. Inspired by the results obtained by Zhang et al. [192] for Cu catalysts
and the successful application of hydrotalcite derived materials
in hydrogenation reactions [245-249], a decision to use CuZnAl hydrotalcites

derived catalysts was made.

Two catalysts with a different amount of Cu were prepared following
the procedure described in details in Chapter 4.1.7. Chemical compositions
of raw hydrotalcites were determined by ICP-OES (Table 16). The obtained
results showed slight differences between both materials. However,
in each CuZnAl hydrotalcite, zinc and copper were detected at higher amounts

than assumed theoretically.

Table 16. Theoretical and determined by ICP-OES Cu, Zn and Al composition.

Molar ratio

Hydrotalcite ~ Theoretical Determined by ICP-OES
Cu:Zn:Al Cu Zn Al
CuZnAl(0.5-1-1) 0.5-1-1 0.61 1.26
CuZnAl(1-1-1) 1-1-1 1.23 1.26 1

Before further temperature treatment of raw hydrotalcites, the thermal
stability of these materials was determined by thermogravimetric analysis
combined with monitoring of HO and CO; evolution by mass spectroscopy

(Figure 48). The process of thermal decomposition was similar for both
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materials. Each one demonstrated four main regions of mass loss, which were
comparable in terms of temperature range value and percent mass loss
(Table 17). The first two regions correspond to the process of dehydration and
dihydroxylation, during which surface and interlayer water were released and
the layered structure of hydrotalcites was collapsed. This was confirmed
by changes in blue dotted lines with apeak maximum at 476 K
for CuZnAl(0.5-1-1) and 466 K for CuZnAl(l-1-1). The observable peak
broadening was caused by the water bound on metal in the form of hydroxyl
groups. The third region (800 K - 1000 K) correspond to the release of CO>
from the hydrotalcites interlayer region, where it was bounded as carbonate
anions. This process allowed for the formation of new acid-base sites, previously
blocked by carbonates, which are desired in the catalytic hydrogenation
of nitrocyclohexane. =~ However, at atemperature above 923 K,
there is a possibility of spinels formation, which are inactive in hydrogenation
processes. Hence, this temperature should not be exceeded in order to obtain
the active form of CuZnAl materials. The last fourth region was also connected
to the release of CO;, with a maximum at 1094 K for CuZnAl(0.5-1-1-) and
at 1023 K for CuZnAl(1-1-1).

Figure 48. TGA and dTGA of CuZnAl(0.5-1-1) and CuZnAl(1-1-1).
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Comparative analysis between tested hydrotalcites showed that
CuZnAl(0.5-1-1) is more thermally stable, which can be the effect of lower
amount of Cu in its structure. The obtained results allowed
for the determination of safe temperature conditions for further treatment
of the materials. Hence, both CuZnAl hydrotalcites were calcined at 773 K

for 3 h in the air stream, which led to the formation of mixed oxides materials.

Table 17. Quantification of TGA experiments.

Trnax I1 Tmax II Tnax v Tmax  Total
[wt.%)] [K]  [wt%] [K] [wt%] [K] [wt%] [K] [wt%]

CuZnAl

0.5-1-1 18.56 433 9.23 499 504 916 1.25 1023 34.08

1-1-1 16.44 472 10.03 511 573 903 214 1094 3434

The mixed oxides were subjected to temperature-programmed reduction
measurements (TPR) (Figure 49). For both CuZnAl materials, two unseparated
but distinguished peaks were observed, with a clear shift towards lower
temperatures for CuZnAl(0.5-1-1). The presence of two peaks related to Cu
reduction is usually explained in the literature by the existence of different
copper species with adifferent availability for hydrogen [250-252].
For example, the reduction process of highly dispersed CuO occurs at a much
lower temperature than for aggregated species. Moreover, CuO with a stronger
interaction with a support material reduces at higher temperatures [253].
Considering the results of further characterisation tests, the reported effects
[250-253] may be the reasonable explanation of results obtained
for CuZnAl(0.5-1-1) and CuZnAl(1-1-1). However, the existence of two copper
reduction peaks may also be the effect of a subsequent reduction of Cu?* to Cu'*
and Cu'* to the metallic form, in which Cu,O appears as a stable intermediate
form [254]. For samples activated at 673 K for 3 h in 10 % Hy/Ar,
additional measurements showed relatively high reducibility of Cu species in

CuZnAl materials (~ 98 %).

116

http://rcin.org.pl



Results and discussion

Figure 49. TPR of CuZnAl mixed oxides and CuZnAl catalysts after activation

procedure performed at 673 K for 3 h in 10 % Hz/Ar.

The surface analysis of CuZnAl catalysts showed differences between those

two materials (Table 18). CuZnAl(1-1-1) had a significantly lower specific

surface area than CuZnAl(0.5-1-1). Nevertheless, both catalysts demonstrated

similar pore volume. Additionally, the determined Cu surface area,

in accordance with Witoon et al. [255], was relatively low for both CuZnAl

catalysts (Table 18).

Table 18. Surface area, porosity and Cu surface area of activated CuZnAl

Mesopores  Cu surface

catalysts.
Specific
Catalyst surface area
[m?* g]
CuZnAl(0.5-1-1) 115
CuZnAl(1-1-1) 60

pore volume area
[em’g’]  [m®gear]
0.16 7.4
0.3 10.7

http://rcin.org.pl

117



Results and discussion

Acid-base  properties seem to be an essential parameter
for nitrocyclohexane  hydrogenation  [189,190,192,193,196,197].  Hence,
the amounts and strength of acid and basic sites in CuZnAl materials were
determined in temperature-programmed desorption experiments with NHs

and CO; (Figure 50).

Figure 50. A) NH3-TPD and B) CO»-TPD profiles for CuZnAl(0.5-1-1) and
CuZnAl(1-1-1) catalysts.

In agreement with the literature, NH3-TPD profiles showed three
desorption maxima (Figure 50A), which could be attributed to weak, strong,
and moderate acidic sites (o, B and y) [256]. However, for tested catalysts,
there was a noticeable shift of desorption peaks towards higher temperatures
(~ 20 K). The presence of the Lewis and Brensted acid sites have been reported
before for CuZnAl [256]. The Lewis acid sites proved to be generated
by the deposition of alumina and zinc onto copper surface [257]. On the other
hand, Brensted acid sites' formation is the effect of substitution of 3+ cation into
copper, which produce a labile proton (bonded to the surface by ionic forces)
[258]. Moreover, strong Breonsted acid sites are produced by electronegative
cations of alumina [256]. Both tested materials differed in the number

of different acid centres. The catalyst with higher copper content contained
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approximately 38 % more acidic sites, with significant domination

in the number of weak acid sites (Table 19).

Table 19. Distribution of acidic sites on CuZnAl catalysts.

Acidic site distribution [mmolns g7]

Catalyst

Weak Moderate Strong Total
CuZnAl(0.5-1-1) 1.4 0.6 11 31
CuZnAl(1-1-1) 23 0.8 1.2 43

On the other hand, temperature-programmed desorption of CO; allowed
for the investigation of the Lewis and Bronsted basic sites in CuZnAl materials
(Table 20, Figure 50B). As for acidic sites, both profiles were deconvoluted
into three peaks related to weak, moderate and strong basic sites. The presence
of weak type () was related to OH- groups, medium (f3) to metal-oxygen pairs
(i.e. Zn-0, Al-O and Cu-0) and strong (y) to low-coordination oxygen atoms
[259]. The overall amount of basic centres was 25 % higher for CuZnAl(0.5-1-1),
suggesting that basicity decreases with Cu content. However, it is only observed
in the case of weak sites. The number of moderate and strong centres increased.
Such observations could be explained in terms of alumina's weak basicity,
which could be significantly influenced by Cu and Zn presence on the surface.
Hajduk et al. [256] demonstrated that in multicomponent mixed oxide systems,
the overall acidic-alkaline characteristics are often dominated by one
cation-type component. Hence, the weak basicity of alumina was diminished
with increasing Cu concentration in CuZnAl(1-1-1). Stronger basicity was related
to unsaturated metal cations, which were able to act as Lewis basic sites [256].
Additionally, higher specific surface area combined with alumina weak basic

sites could contribute to greater basicity of CuZnAl(0.5-1-1).
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Table 20. Distribution of basic sites on CuZnAl catalysts.

Basic site distribution [mmolcoz g7

Catalyst

Weak Moderate Strong Total
CuZnAl(0.5-1-1) 83.7 9.6 4.1 97.4
CuZnAl(1-1-1) 353 29.7 8.5 73.5

Temperature treatment of CuZnAl hydrotalcites and then CuZnAl mixed
oxide materials induced structural changes. XRD measurements performed
for CuZnAl materials at each stage of their biography allowed for tracking and

monitoring these effects (Figure 51 and 52).

Figure 51. XRD profiles of CuZnAl(0.5-1-1) at different stages of its
biography.

For both hydrotalcites, sharp and symmetric diffraction lines were observed
at 20 ~ 11.7°, 23.5°, 34.6°, 39.2°, 46.7°, 60.0° and 61.3°, which proved their high
crystallinity and layered structure [260]. The calcination process led
to the disappearance of these characteristic reflections and resulted
in the appearance of one broad diffraction signal at 28 ~ 35.6°. This reflection
could be attributed to the formation of CuO (26 = 35.6°, 38.7°, 48.8° [261]) and

ZnO (20 = 31.8°,34.4°, 36.2°, 56.8° [262]). However, its indistinguishable shape
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suggested the amorphous character of the mixed oxides and homogeneous
dispersion of CuO and ZnO in Al;Os lattice. Activation of both CuZnAl
materials led to the appearance of reflections characteristic for the crystalline
form of copper, probably in the form of metal nanoparticles on the surface

of mixed oxide support material (ZnO-ALO5).

Figure 52. XRD profiles of CuZnAl(l-1-1) at different stages of its
biography.

The above results were related to the changes induced in the bulk phase
of tested materials. However, only the surface analysis could complement
the information about CuZnAl catalysts. Hence, in the next step, the XPS
measurements for calcined and activated materials were performed.
The application of in-situ reduction allowed for the measurements of precisely
the same area of the samples, which ensured a more accurate evaluation

of structural differences.

The conducted experiments took into consideration the possible
detrimental effects of irradiation for collected results. It is well known
that the combined effect of exposure to X-rays and ultra-high vacuum can

damage the sample [263]. Moreover, the detailed examination of Cu LMM
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Auger lines as well as the Cu 2p XPS core level peak showed remarkable X-ray
irradiation effects [264]. Hence, in order to verify the reproducibility of the
obtained results, the Cu 2p, Cu LMM and Zn 2p spectra were repeatedly
recorded for the activated CuZnAl(I-1-1) with a shorter time of acquisition
(1h instead of 2.5 h). The comparative analysis did not show any differences,
which confirmed that the chemical states of copper and zinc are relatively
stable in the incident radiation.

The comparison of the surface compositions for the materials after
calcination and after activation showed significant differences in elements
concentration (Table 21). Enrichment of the surface with Cu was observed
for both catalysts, 1.9 at.% for CuZnAl(0.5-1-1) and 8.5 at.% for CuZnAl(1-1-1).
The analysis of copper chemical state indicated the presence of Cu®,

but also Cu'* (Cuz0) and Cu?* (CuO) (Table 21).

Table 21. XPS results for CuZnAl materials after calcination and in-situ

activation.
CuZnAl(0.5-1-1) CuZnAl(1-1-1)
Element, oxidation state, form Composition [at.%)]
calc act calc act
Cu: Cu®, Cul* 8.9 10.8 1.3 19.8
Zn : Zn**
7Zn0, Zn(OH),, ZnALO, 24.8 253 17.9 20.2
Al : A+

ALO, AI(OH), AIOOH, ZnALO, ~ 384 401 469 383

O : CuO, Cu;0, ZnO, Al,O;,
24.4 21.1 19.5 18.4

COy»
C : C-C/C-H, HCO5/COs* 35 2.7 41 31
Cu/Zn 036 043 063 098
Cu/Al 023 027 024 052
Zn/Al 065 063 038 053
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High resolution Cu 2p XPS spectra for both catalysts showed the presence
of Cu® and Cu'* species, with a broad doublet contribution (main orbital peak
located at 932.4 eV). Additionally, also Cu?* species (933.3 eV) and typical

poorly resolved and broad satellite features of Cu?* were detected (Figure 53).

Figure 53. High resolution XPS Cu 2p signal for a) CuZnAl(0.5-1-1) and
b) CuZnAl(1-1-1).

Analogous surface analysis for Zn showed a visible increase in zinc surface
concentration after activation in the hydrogen stream. Its presence was
associated with Zn?* in the form of: ZnO, Zn(OH); and/or ZnAl;O4 (Table 21).
Additionally, high resolution Zn 2ps; spectra (Figure 54) demonstrated
a single peak at 1021.7 eV, which indicated the presence of Zn?* (Zn-O) surface

species.

The position of the Zn 2ps; peak is slightly shifted towards higher energies
in comparison to the reported values (1021.1 eV) [265] (Figure 54). It could be
explained by a different chemical environment and was assigned to Zn-O-Cu
bonds. Based on the electrostatic model, the larger electronegativity of Cu,
compared to Zn, induces O - Cu electron transfer in Zn-O-Cu configuration.
Such a phenomena led to a shift in electron density of the Zn-O bond toward
the oxygen atoms, and in consequence, increased the electron deficiency
of the Zn atoms [266]. Moreover, a dynamic SMSI effect in combination

with a reduction of ZnO particles may lead to partial coverage of copper
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nanoparticles with ZnOx, which was reported by Behrens et al. [267]
for the Cu/ZnO/Al>Os3 catalyst used for methanol synthesis.

Figure 54. High resolution XPS Zn 2ps,, signal for a) CuZnAl(0.5-1-1) and
b) CuZnAl(1-1-1).

The surface analysis in terms of the Al concentrations demonstrated
a completely different trend. The activation of the CuZnAl(0.5-1-1) increased
the aluminium surface concentration by 1.7 at.%. On the other hand,
the same process performed for CuZnAl(1-1-1) resulted in a decrease of 8.6 at%.
For both catalysts, aluminium was present in the different forms of AP**: AL,Os,
Al(OH)3, AIOOH and/or ZnAl,O4 (Table 21). Despite the described results,
Al analysis was only an estimation. It was related to the coincidence
of Al 2p-Cu3p and Al 2s-Cu 3 s photoelectron signals and deconvolution
of Al 2p and Al 2 s signals from common signals. Nevertheless, this analysis

allowed for the determination of general trends.

The comparison of the XPS results for calcined and activated CuZnAl
materials showed a marked increase in the concentration of zinc and copper
in the surface layers after the activation step. The enrichment scale was
different for tested catalysts. This phenomenon was much stronger for CuZnAl
with higher copper concentration and took place at the expense of Al

which moved to the deeper layers (Table 21).
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HRTEM and STEM-EDS measurements performed for both activated
CuZnAl materials allowed for a more profound investigation of the surface
of the catalysts (Figure 55 - 58). The analysis of average particle size and
distribution for CuZnAl(0.5-1-1) showed the narrowly distributed metal
nanoparticles (~ 3 nm), which have been identified as CuZn alloy surrounded
by ZnO (Figure 55 and 56). It was confirmed by STEM-EDS, which revealed
the presence of Cu and Zn in the same locations at EDS maps. On the other
hand, the distribution of nanoparticles size for CuZnAl(1-1-1) was much broader
(with two maxima at 10 and 16 nm), and the average size was equal to 16 nm
(Figure 57). In this case, phase identification showed Cu-ZnO core-shell

structure, where Cu was surrounded by ZnO (Figure 58).

Figure 55. TEM and STEM-EDS results for CuZnAl(0.5-1-1) after activation
in 10 % Ha/Ar at 673 K for 3 h.
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Figure 56. Particles size distribution for CuZnAl(0.5-1-1) after activation in
10 % Ha/Ar at 673 K for 3 h.

Figure 57. TEM and STEM-EDS results for CuZnAl(1-1-1) after activation in
10 % Ha/Ar at 673 K for 3 h.
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Figure 58. Particles size distribution for CuZnAl(1-1-1) after activation in
10 % Haz/Ar at 673 K for 3 h.

All of the characterisation measurements performed for CuZnAl
materials at different stages of their biography revealed similarities and
differences in their structure. Seemingly similar catalysts demonstrated
substantial differences during TEM analyses, which proved to be essential

in the nitrocyclohexane hydrogenation.

Before catalytic experiments, blank tests in all reaction conditions were
performed. The obtained results showed negligible activity in all of the whole

range of tested temperature and pressure.

On the other hand, both catalysts showed excellent activity and selectivity

in nitrocyclohexane hydrogenation (Figure 59 - 62, Table 22).

The catalytic performance of CuZnAl(0.5-1-1) at 5 bar is presented
in Figure 59. The catalyst activity increases remarkably with the increasing
temperature. As aresult of hydrogenation of nitrocyclohexane
in the temperature range of 298-358 K, two products were obtained:
cyclohexanone and cyclohexanone oxime. After exceeding the temperature

358 K, the formation of cyclohexanol was observed at the expense of the other
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two compounds. Despite the slight fluctuation of selectivity, cyclohexanone
was the dominant product in the whole temperature range. An increase
in pressure to 10 bar resulted in significant growth of the overall activity,
especially at higher temperatures (Figure 60). As with the experiments carried
out at 5 bar, three reaction products were observed, and cyclohexanone was still
the major. However, at higher temperatures, cyclohexanol was produced
with a much higher yield. Nevertheless, it should be stressed that in the whole
temperature and pressure range, cyclohexanone (necessary in the synthesis
of cyclohexanone resins an essential in the production of adipic acid used
in nylon production) was the dominant product of catalytic hydrogenation

of nitrocyclohexane with CuZnAl(0.5-1-1).

Figure 59. Results of catalytic hydrogenation of nitrocyclohexane
with CuZnAl(0.5-1-1), 5 bar, 60 ml min™ H», 20.5 pmolnc min™,

0.1 g of the catalyst, contact time - 96.5 s.
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Figure 60. Results of catalytic hydrogenation of nitrocyclohexane
with CuZnAl(0.5-1-1), 10 bar, 60 ml min™ Ha, 20.5 umolnc min’,

0.1 g of the catalyst, contact time — 96.5 s.

On the other hand, the catalytic performance of CuZnAl(l-1-1) was
completely different in the whole temperature and pressure range (Figure 61
and Figure 62). The main product of nitrocyclohexane hydrogenation was
cyclohexylamine - an essential building block for pharmaceuticals production.
Surprisingly, despite the higher overall activity, this catalyst was completely
inactive at temperatures below 358 K. An increase in catalytic activity with
increasing temperature was also observed for this catalyst, with a marked
maximum at 403 K. However, along with these changes, the catalyst’s
selectivity also changed. Catalytic hydrogenation of nitrocyclohexane under
5bar with CuZnAl(l-1-1) resulted in cyclohexanone, cyclohexanol,
cyclohexylamine and dicyclohexylamine. The first two substances were
detected mainly in the lower temperature range, while the increase in
temperature made dicyclohexylamine a major side product. Further application
of higher pressure did not change the overall activity of CuZnAl(1-1-1) but
affected the catalyst’s selectivity (Figure 62). The highest efficiency
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in cyclohexylamine production at 5 bar was preserved in the reaction

conducted at 10 bar, but the selectivity to this compound increased to 100 %.

Figure 61. Results of catalytic hydrogenation of nitrocyclohexane
with CuZnAl(1-1-1), 5 bar, 60 ml min™ Hz, 20.5 pmolnc min,

0.1 g of the catalyst, contact time - 96.5 s.

Figure 62. Results of catalytic hydrogenation of nitrocyclohexane
with CuZnAl(1-1-1), 10 bar, 60 ml min™'Hy, 20.5 pmolxc min”,
0.1 g of the catalyst, contact time - 96.5 s.
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Both CuZnAl catalysts proved to be active in nitrocyclohexane
hydrogenation and selective to different products: CuZnAl(0.5-1-1)
to cyclohexanone CuZnAl(1-1-1) to cyclohexylamine. Analysis of their efficiency
in the formation of these products showed optimal parameters
for their production (Table 22). The maximum cyclohexanone efficiency was
determined for CuZnAl(0.5-1-1) at 5 bar and 413 K (3.12 mmol h'! gc),
and the maximum for cyclohexylamine was observed for CuZnAl(1-1-1) at 10 bar
and 403 K (8.88 mmol h! gca).

Table 22. Effectivity of CuZnAl catalysts in the formation of selected products:

(A) cyclohexanone and (B) cyclohexylamine.

CuZnAl(0.5-1-1) CuZnAl(1-1-1)
p T yields to products yields to products
[bar] [K] [mmol h'! geae] [mmol h'! geae]
(A) (B) (A) (B)
298 0.2 0 0 0
33 11 0 0 0
328 13 0 0 0
343 L5 0 0 0
5 358 21 0 0.5 0.7
373 2.6 0 13 3.9
388 2.6 0 0.8 7.5
403 2.9 0 0 7.9
413 3.1 0 0 4.6
298 1.4 0 0 0.5
313 1.0 0 0 0
328 1.2 0 0 0
343 1.4 0 0 0
10 358 2.8 0 0 1.2
373 2.9 0 1.2 4.2
388 2.8 0 0.4 7.1
403 2.6 0 0 7.9
413 3.1 0 0 7.8
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One of the advantages of conducting the catalytic reaction in continuous flow
reactors is the possibility of carrying out the process for along time.
Hence, the stability of a catalyst is one of the most essential properties.
Long term experiments with CuZnAl catalysts were performed at optimal
conditions (Figure 63 and 64). The activity of both catalysts was relatively
stable for 900 minutes, which means that hydrotalcite derived materials are
relatively stable under reaction conditions. Although the selectivity
to cyclohexanone fluctuated a little for the CuZnAl(0.5-1-1), the production
of this compound was stable (~ 3 mmol h' gc..) for 15 h without any signs
of deactivation (Figure 63). Asimilar observation was performed
for CuZnAl(l-1-1) in terms of cyclohexylamine formation (Figure 64).
However, atiny amount of cyclohexanone was detected in contrast

to screening results.

Figure 63. Results of catalytic hydrogenation of nitrocyclohexane
with CuZnAl(0.5-1-1), 60 ml min™ Hy, 20.5 pmolnc min?, 0.1 g of the catalyst,

contact time - 96.5 s.
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Figure 64. Results of catalytic hydrogenation of nitrocyclohexane
with CuZnAl(1-1-1), 60 ml min™ H3, 20.5 pmolnc min™, 0.1 g of the catalyst,

contact time — 96.5 s.

Significant differences in the catalytic performance between CuZnAl
hydrotalcite derived catalysts could be discussed in terms of various factors
such as specific surface area of the active phase, the size of metal nanoparticles,
the acidity and basicity of tested material and the copper-zinc interactions.
The higher overall activity of CuZnAl(l-1-1) could be explained
by the proportional correlation between copper specific surface area and
catalytic activity [268]. However, due to the slight difference in the copper
specific surface area between those two catalysts, it was an improbable cause
of the different selectivity of CuZnAl. Nevertheless, both catalysts differed
significantly in terms of average particle size. CuZnAl(0.5-1-1) demonstrated
more than three times smaller metal nanoparticles (3 nm), which indicated
the presence of a much larger number of open planes and defect/edge sites
with coordinately unsaturated atoms [268]. Moreover, the presence of smaller
copper nanoparticles means alarger interface area with the metal oxide,
leading to synergistic interactions with the support material [269] and

the formation of Cu-Zn alloy. On the other hand, larger nanoparticles

133

http://rcin.org.pl



Results and discussion

of CuZnAl(l-1-1) mainly contain low-index facets, with fewer defect

or edgesites [270].

Additionally, Zhao et al. [271] proved the importance of the Cu/Zn ratio.
The lower Cu/Zn ratio promotes the formation of Cu-ZnOx species,
which increase the amount of Cu?* active sites. Similar observations were
performed by Wang et al. [272]. ZnO promotes the dispersion of Cu species
and affects the ratio of Cu*/Cu®. Interestingly, Behrens et al. [267] indicated
the impact of Zn®* species at Cu defects/steps on decreasing reaction barriers

and increasing the binding strength in methanol production.

Scientific reports indicate the impact of zinc species (CuZn, CuZnOy)
on catalytic performance in different processes [267,273-275]. Nevertheless,
the interpretations of reported results are not consistent. Some of the reports
explain the catalytic performance by the presence of CuZn, and some
by the presence of Cu-ZnOx [267,273,274]. Moreover, Liu et al. [275] proved
the effect of the zinc source on catalytic behaviour. The electron transfer
from Zn to Cu and Al can cause partial reduction of ZnO and the formation
of oxygen deficiency species Zn(*?). This phenomenon is inversely related
to a number of weak acid centres and proved to be much stronger for zinc
carbonate and zinc nitrate than for the CuZnAl with zinc oxide.
Hence, a higher amount of weak basic sites and a lower number of weak acid
sites for CuZnAl(0.5-1-1) could promote CuZn nanoparticles' formation.
Despite the fact that ZnO may act as a reservoir for spillover hydrogen [276],
which improves the hydrogenation process, metallic zinc in the CuZn alloy
successfully blocked the Cu hydrogenolytic properties. As a consequence,
this catalyst showed the selectivity to the products of partial hydrogenation
of nitrocyclohexane: cyclohexanone and cyclohexanone oxime. On the other
hand, Cu-ZnO core-shell structure surrounded by ZnO, observed
for CuZnAl(1-1-1), allowed for efficient hydrogenation without restrains and
the formation of cyclohexylamine and dicyclohexylamine — products of further

hydrogenation.
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The performed catalytic tests were unique due to the applied liquid flow
conditions. Most of the studies were conducted in batch reactors
[188-190,192,193,196], and only one in the gas flow reactor [176].
Hence, it is tough to perform a straight comparison of the obtained results with
other research groups' achievements. However, as for the PATSNH,, the applied

conditions allowed to perform comparative analysis.

As mentioned before, most of the studies were focused on applying noble
metal catalysts in nitrocyclohexane hydrogenation. Although they showed
superior hydrogenolytic properties(e.g. palladium [197]), the high cost of such
metals encourages searching for alternatives based on cheaper transition
metals, e.g. Cu, Co and Ni. The first attempts to use these metals
in nitrocyclohexane hydrogenation were performed at the beginning
of the 1950s [175]. Despite the high yield in cyclohexylamine production
with Cu and Nij, these catalysts required harsh conditions: 100 bar 423 K and
30 bar 313 K, respectively. Recent works of Zhang et al. [192] proved that non-
noble catalysts may be active at milder conditions. The application of 15 wt.%
CuSiO; allowed to achieve 92 % selectivity to cyclohexanone oxime combined
with 74 % conversion in the process performed for 3 h at 373 K under 10 bar.
In the same conditions, Ni catalyst was selective to cyclohexanone oxime
(59 %) and Co catalyst to cyclohexanone (88 %). The most recent studies of Yao
et al. [193] proved that the combination of Ni with the addition of Cu
(20%Ni-2%Cu/active carbon) gave 96 % conversion after an 8 h process
performed in ethylenediamine at 353 K and 3 bar with 96.4 % selectivity

to cyclohexanone oxime.

Comparing the above results [126,193,197] with those obtained for CuZnAl
catalysts, it can be stated that CuZnAl materials demonstrated satisfactory
activity per time unit. The catalytic performance of CuZnAl(l-1-1) is in line
with the earlier study for monometallic copper catalysts [175] - 100 % selectivity
to cyclohexylamine. However, CuZnAl(1-1-1) works effectively at 10 times lower

pressure. On the other hand, equally efficient CuZnAl(0.5-1-1) was selective
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to cyclohexanone, which could be explained by the modification of Cu
performance by Zn. Moreover, both of the tested catalysts demonstrated stable
performance for 15 h. Hence, the obtained results should certainly be regarded

as satisfactory.

All of the obtained results suggest that hydrogenation of nitrocyclohexane
in liquid flow conditions could be an excellent alternative source of various
valuable chemicals. The application of the flow technique eliminates many
problems of batch conditions but also facilitates the performance
of the nitrocyclohexane hydrogenation. The presented research is a first step,
perhaps asmall, but extremely important one, to further investigation
of catalytic hydrogenation of nitrocyclohexane in the liquid flow conditions

with readily available transition metals as catalysts.
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Conclusions

The uncontrolled development leads to progressive degradation
of the environment, which markedly worsen the quality of life of all living
organisms. The obtained results proved that -catalytic hydrogenation
is a versatile solution for such problems. It may be used to remove existing
contaminants and prevent the formation of new ones. The application
of effective  catalysts in reactions of industrial importance, like
nitrocyclohexane hydrogenation, lowers costs and increases efficiency.
Moreover, the introduction of continuous flow operation mode into water
purification from chloroorganic compounds and selective hydrogenation
of nitrocyclohexane is a part of the international trend of making catalytic

processes more effective and environmentally friendly.

Palladium nanoparticles supported on activated carbon with turbostratic
structure proved to be very efficient in the removal of trichloroethylene
from water, both in batch and flow conditions. Further experiments showed
that adequate synthesis procedure allows for obtaining comparable active
catalysts but based on cheaper Ni nanoparticles. In the case of Ni catalysts,
bigger nanoparticles = demonstrated  higher activity and stability
in hydrodechlorination of trichloroethylene in the aqueous phase.
Moreover, the application of the continuous flow operation opens completely
new perspectives for water purification from chloroorganic contaminants.
Catalysts with poor activity in a batch reactor turned out to be very active
in a flow reactor, which, among other things, was the effect of reducing
the deactivation of the catalyst by removing the reaction products more

efficiently.

The solutions obtained in water purification could be easily transferred into
the removal of other chloroorganic contaminants. Diclofenac,
recently recognized as severe pollution, could be neutralised by Pd-based
catalysts. The results presented in this research for Pd-loaded zeolites surpass
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all of the results reported so far for other catalysts used in water purification

from diclofenac.

The outstanding performance was related to the broad distribution
of Pd particle size. This phenomenon results from a different role of various
nanoparticles, smaller ones promote the activation of the C-Cl bond,
while bigger ones activate H> more efficiently. Pd/SiO> with a bimodal
character of particle size distribution clearly outperformed monomodal
catalysts. It suggests that striving for unifying nanoparticles may not be the only

solution in hydrodechlorination processes.

As was mentioned before, catalytic hydrogenation is primarily used
in industrial manufacturing processes. Selective hydrogenation
of nitrocyclohexane could be an excellent source of various useful chemical
compounds. Nevertheless, studies over this reaction have been performed
mainly in the batch conditions, at elevated pressure and temperature.
However, the obtained results showed high applicability of this transformation
in the continuous liquid flow conditions. Pd nanoparticles grafted
on the polymeric  resin  (PATSNH2)  offered efficient  production
of cyclohexylamine and cyclohexanone. The selectivity of this catalyst could

be easily changed by the modification of reaction conditions.

However, the most attractive results were obtained for CuZnAl hydrotalcite
derived catalysts. The alteration of the copper content completely modified
the selectivity of the used materials. It was caused by the modification
of catalysts morphology and the formation of different Cu species: CuZn alloy
or Cu-ZnO core-shell structure, which results in the formation
of: cyclohexanone, cyclohexanone  oxime, cyclohexylamine  and

dicyclohexylamine.

All of the tested catalysts demonstrated satisfactory catalytic performance.
Thorough characterization of catalytic materials at different stages

of their biography allowed drawing general conclusions about parameters
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crucial for their performance. Therefore, I hope that the presented results and
their analysis will fill some knowledge gaps about catalytic hydrogenation

processes and contribute to the design of more effective catalysts.
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