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Investigation of basic-acid site properties on catalytic depolymerisation of Nylon-6
A Study On Metals and Metal Oxide Supports

Gabriel Samuelsson

Department of Chemistry and Chemical Engineering

Chalmers University of Technology

Abstract

In the last 100 years, plastic pollution has become a huge issue, with over 350 million tonnes
of waste generated each year. Heterogeneous catalysis of plastic waste represents a promising
alternative to conventional recycling methods, yet remains rather undeveloped, particularly for

polyamides, such as nylon-6.

The purpose of the study was to investigate the effect of the basic and acid sites of the incorpo-
rated metal oxides of MgO, SrO, WO3, La,03, Y,03 and MnOy for the hydrogenative depoly-
merisation reaction of nylon 6 to -caprolactam using a Ru/ZrO, based catalyst. The work was
carried out by investigating both co-precipitated and commercial ZrO, based catalysts, using

several analysis methods to characterize the catalysts and reaction products.

The results of the study showed that the commercial ZrO,-based catalysts, compared to the co-
precipitated catalysts, exhibited higher surface areas, increased pore volume and average pore
diameter, as well as a large increase in basicity and acidity, likely due to improper precipitation,
as shown by the ICP-MS results. The conversion of nylon-6 was shown to not vary greatly
between the two different catalysts, however, for some commercial ZrO,-based catalysts, the
conversion decreased by up to 40%, while the SrO-based catalysts showed up to double conver-

sion compared to the Ru/ZrO, catalyst.

The most effective catalyst was found to be the Ru/10SrO-ZrO, catalyst, with a nylon-6 conver-
sion of 42,4% and 33,8% -caprolactam yield. The effectiveness was likely related to the high
degree of strong basic sites present on the surface of the catalyst and possibly the perovskite
SrZrOj3 structure, however further studies of this phenomenon and possibly increased ruthenium

loading were suggested to further improve the catalyst.

Keywords: Plastic waste, Sustainability, Depolymerisation, Nylon-6, Hydrogenation, Catalysis,

-Caprolactam
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Introduction

Due to their versatility, cost effectiveness, and durability, plastic polymer materials have be-
come indispensable in modern society. However, end-of-life mismanagement has caused major
environmental challenges, resulting in lasting ecological damage of approximately 350 million
tonnes of plastic waste produced every year [1], and high economic costs as a result of the

take-up of high pollution control measures required.

1.1 Plastics

In essence, plastics, both industrial and commercial, are different forms of synthesized poly-
mers, consisting of repeated smaller building blocks, also known as monomers, forming high
molecular weight polymers with the occasional branches or functional groups. As a result of the
immense variability of synthetic polymer structures, an almost endless amount of polymers can
be synthesized and optimized to t the needs of the material and environment in which they will
be used. The most common synthetic polymers include polyethylene (PE), which includes both
high-density polyethylene (HDPE) and low-density polyethylene (LDPE), polyethylene tereph-
thalate (PET), polyvinyl chloride (PVC), polyamides (PA), polypropylene (PP), polystyrene
(PS), and polyurethane (PU). A selection of synthetic polymers, including the molecular struc-

ture of PE, PET and PVC, are shown in Figure 1.1.
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Figure 1.1: Commonly used commercial polymers, showing the molecular structures of PE,

PET, and PVC

One of the rst discoveries of synthetic polymers was made in 1869 by John Wesley Hyatt,
as a substitute for ivory, due to the diminishing supply of naturally sourced ivory from wild
elephants [2]. This polymer, named celluloid, was made by treating cellulose made from cotton
bre with camphor, resulting in a material that can be processed to mimic natural polymers and

substances like tortoiseshell, horn, linen, and ivory [2].

A truly synthetic polymer took more years to develop. Not until 1907, a man named Leo
Baekeland invented Bakelite, the rst fully synthetic polymer, free from any natural raw mate-
rials, marketed as "the material of a thousand uses" [2]. This polymer was made as a substitute
for shellac, a natural electrical insulator, to meet the needs of the electri cation of the United

States.

Hyatt's and Baekeland's major success caused a global rush in the development of new synthetic
polymers [2]. Although Hyatt and Baekeland polymers were created for a suitable task, new
research and development was instead focused on creating new polymers and then nding uses
for them later [2]. Years later, in modern-day society, thousands of plastic polymer varieties

have emerged and can now be found anywhere you look.

In many communities and developing countries around the world, recycling infrastructure sim-
ply does not exist and the economic incentive to recycle does not prevail. As a result of plastic
production increasing by an average of 8% every year from 1950-2022 [3], the amount of plas-
tic waste has also far exceeded the recycling capabilities of modern society. In 2019, an average
of only 9% polymers out of 350 million tons of plastic waste worldwide were being recycled
and 22% improperly disposed of, often disposed in improper land lls, bodies of water or as
littering [4]. These problems become more obvious in developing countries, where plastics of-

fer a cheap way to develop without the waste management capabilities of developed countries.

2



1. Introduction

Due to the large amount of improperly disposed waste and large amounts of land Il waste, a

better system for pro table recycling must be implemented.

1.2 Waste management

One of the widely available plastic recycling methods, developed as a response to current prob-
lems we face, is mechanical recycling, which deals primarily with post-consumer waste in a
closed-loop system or post-industrial waste in a open-loop or semi-closed loop [5]. Mechanical
recycling, where common methods include thermal extrusion, is the use of thermal conduc-
tion and viscous shearing to induce thermal softening or plasticization, and producing extrudes.
However, thermal conduction and viscous shearing also causes thermo-oxidative and sheer in-
duced chain degradation [5]. Mechanical recycling also struggles with impurities in the form
of mixed polymer blends [5]. Mixed polymer blends cause fractures in the extrudes and phase
separation as a result of melt incompatibility, causing major inef ciencies in the recovery and
reuse of plastic waste, as well as ineffective transfer of stress and strain across phase bound-
aries, causing degraded mechanical properties with each recycling cycle [5]. As a result of
degradation of mechanical properties, the number of times a material can truly be recycled is
limited, often limited to three to ve times, which in turn truly limits the scope and possibili-
ties of a circular economy [5]. These inef ciencies have led researchers all over the world to
explore alternative recycling methods and improvements to existing technologies for increased
sustainability and effectiveness. Due to the requirements of pure polymer blends in the feed-
stock, extensive plastics sorting is required, and this is one of the reasons why PET recycling is

mostly successful, while other plastics struggle [5].

Chemical recycling methods, including methods such as pyrolysis, hydrolysis, and aminolysis,
are some of the alternatives to mechanical recycling. However, these methods often involve low
selectivity due to char formation and critical product separation (pyrolysis), harsh reaction con-
ditions with high-pressure gas / solvents, acid / basic catalysts (hydrolysis and aminolysis) and
potential negative environmental impact of solvents (hydrolysis and aminolysis) [6][7]. Due to
the problems of current commercial chemical recycling methods, newer and greener recycling
methods have been investigated to increase selectivity and yield using less harsh conditions and
solvents [6]. Catalytic depolymerisation of plastics is one promising method due to the charac-

teristics of catalysts, causing a lower reaction energy barrier and contributing to lower energy
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use, offering a way for all countries to increase their recycling capabilities. One polymer with
speci ¢ focus is polyamides, speci cally nylons, commonly found in shing equipment, ropes,
and certain automotive parts, which cause a great deal of oceanic pollution and harm to aquatic
lifeforms, one of the major problems of current waste mismanagement, causing disruptions in

aquatic ecosystems.

One method currently investigated is the reductive depolymerisation of aliphatic polyamides,
the market is mainly represented by nylon-6 and nylon-6,6 polymers [8], using hydrogen as
a reducing agent accompanied by a catalyst for more ef cient depolymerisation. Only a few
of these have so far emerged, the most promising being the homogeneous catalytic reductive
depolymerisation of nylon-6 and amides, using the ruthenium pincer catalyst [8]. However,
homogeneous catalysis suffers from the problems of catalyst reuse, product separation, etc., and
does not directly form-caprolactam, instead it forms alcohols and amines. To avoid the product
separation costs of homogeneous catalytic reaction, enable polymer to monomer recycling, and
maximize the selectiveness and yield efaprolactam, heterogeneous catalysis methods have
been investigated using the active metal catalyst ruthenium on supported zirconia (Ba&eO

way to reduce the cost of product separation using homogeneous catalysis [9]. The investigation
was related to optimizing the reaction conditions using the Ru/Zefalyst. Due to the success

of the study, the effects of modi cations to catalyst support will be investigated to potentially

increase the conversion of nylon-6 t@aprolactam using reductive catalytic depolymerisation.

1.3 Aim

Based on the Ru/Zr{xatalyst, the aim of the study is to examine whether modi cations, mainly
affecting acidity and basicity, in the form of different ZrGupport compounds, can alter the
catalytic activity of the catalyst used for the reductive catalytic depolymerization of nylon-6.
Speci cally, this is done by investigating whether the choice of metal oxide inclusions, includ-
ing Mg, Sr, W, Y, La, and Mn oxides in zirconia-based composites affects the characteristics,
reactivity, and effectiveness of the catalyst. Using the results of the study makes it possible to
further develop industrial processes for catalytic recycling and add to the database of informa-

tion available for future studies.
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1.4 Speci cation of the issue being investigated

Due to the limited studies on catalytic hydrogenation depolymerisation reactions of nylon-based
polymers, as previously reported, the aim of the study was to investigate the acidity/basicity and

how the support characteristics affect the catalytic activity.

The following questions are to be answered during the thesis: How does the microstructure of
the support affect the properties of the catalyst; How does the ratio of different metal oxides
affect the microstructure of the support and properties of the nalized catalyst; To what extent
does basicity and acidity of the catalyst affect depolymerisation of nylon-6 and; Is the hy-
drogenative depolymerisation of nylon-6 using Ru/MEXO,-based catalysts a valid catalytic

depolymerisation method worthy of further research.
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Theory

Noble-metal catalysts are generally expensive to produce or buy, so the improvement and max-
imization of the catalytic activity for the given task are required. This is done by varying the
chemical structure and identity of the support structure and any dopants such as promoters or
inhibitors. The characteristics of the support materials are crucial to the given situation; an ex-
ample of this is the porosity of the support, which limits the polymer chain length that makes
contact with the active metal particles in the pores of the support. Other characteristics, such as
surface roughness and surface species, including promoters and inhibitors, are also crucial when
designing the catalyst. Metal-support interactions are also crucial in the design of the catalyst;
Stronger interactions may reduce the activity of the catalyst or increase selectivity towards re-
actions that require such speci cations, while weak interactions could cause too reactive active
metal particles, reducing the selectivity of the reaction or allowing more non-reactive reactions
[10].

These are merely a few examples of the characteristics that are critical when designing catalytic
particles for use in chemical reactions. The design process of a catalytic reaction is inher-
ently time-consuming as a result of the incredible amounts of catalyst combinations available,
which necessitates multiple experiments and characterization techniques to identify an optimal

approach.

When dealing with depolymerisation reactions, controlling the pore sizes of the catalytic mate-
rial is crucial. A slight modi cation of the catalytical particle structure or support compaosition
can cause vast differences in effective surface area and pore diameter [11]. In a study reported
by Cisneros et al.[11], the introduction of MgO doping on ZrQOsupports caused the pore
diameter to reduce to almost half its size and an increase of 50% in the speci c surface area
(SSA). The high surface area indicates that the metal loading can be performed in a highly dis-

persed manner, where each active metal particle will expose the maximum of its surface area

7



2. Theory

to reactants, increasing the turn-over frequency (TOF) of the catalyst [12]. The support struc-
ture also increases thermal stability and prevents loss of surface area due to sintering over time
of unsupported active metal catalysts [12]. The increase in SSA logically also increases the
reaction rates and conversion of reactants as a result of the higher TOF of higher surface area
active metal particles [12], allowing higher capacities and therefore increased feed ow in a po-
tential continuous reactor. This is possible because of the increased reaction kinetics of larger

surface-area catalysing particles.

On the other hand, the composition of the catalyst system signi cantly in uences the surface
properties of the material. A study on GOPD conducted byliyamoto et al.[13] demon-

strated that, for the Ru/Mg-La-ZeCand Ru/Sr-La-Zr@ catalysts, there was quite a difference

in number and characteristics of basic sites. The higher amount pti€&§orption (immol/g)

of the Ru/Mg-La-ZrQ catalyst indicated that there was a greater number of basic sites on the
surface area of the support. These differences provide clear evidence of the distinct basic sites
present in each catalyst and demonstrate how the incorporation of metal oxides in uences the

surface characteristics of the catalyst.

2.1 Catalysis

The most important aspect of improving chemical reactions on the industrial scale is making
them ef cient, both in terms of conversion and pro tability. Catalysts are one of the most im-
portant factors in the design of chemical reactions because of their inherent ability to lower the
activation energy of the reaction and increase the selectivity toward the desired reaction path-
ways [14]. These facts make them more ef cient in terms of the reduction in energy required
and minimizing waste [14]. Catalysts come in many shapes, such as in pellets or in solutions,
the former being used mainly in heterogeneous catalysis, while the latter are used mainly in

homogeneous catalysis.

Having both reactants and catalyst in the same phase, liquid reactants in acidic / base solu-
tions commonly refer to homogeneous catalysis. Homogeneous catalysis reactions are gener-
ally more ef cient than reactions using heterogeneous catalysis because of the homogeneous
nature of the reaction mixture, allowing greater control and selectivity [15]. However, the prod-

uct mixture will require possibly extensive and/or expensive separation methods to obtain rela-
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tively pure products, contributing to the cost of operation for operating homogeneous catalytic

reactions.

2.1.1 Heterogeneous catalysis

As a result of the disadvantages of homogeneous catalysis, heterogeneous catalysis has been
used to study the feasibility of catalytic depolymerisation of nylon 6. Heterogeneous catalysis

is the reaction in which the reactants and catalyst are of a different phase, e.g. solid catalysts
with liquid phase reactants or solid catalysts with gas phase reactants. Heterogeneous catal-
ysed reactions generally have easier separation of the products from reactants and catalysts than
homogeneous catalysed reactions, often requiring as little as a ltration setup or similar meth-
ods to isolate the product from unreacted reactants, allowing for easier reuse of catalysts [15].
However, this method has a huge aw, mainly in the limitation of mass transfer that causes inef-
ciencies in the reaction kinetics. This is one of the reasons why different solvents and intense

stirring are used to try and increase the mass transport.

In Heterogeneous catalysis, some of the commonly used methods of catalysing reactions are
the loading of reduced active metals, often metals such as Ru, Pt, Pd, Fe, Co, or Ni, on zeolites
or metal oxide supports. The reduced active metal reduces the activation energy of the reaction
by forming stabilized intermediate phases, allowing for more reaction pathways. To prevent
sintering of the active metal, the active metal is often used together with a support material, any
thermally stable porous structures providing a large surface area, such as alumina, silicate or zir-
conia [10]. One of the most important additions to metal oxide support catalysts is the inclusion
of inhibitors and promoters, which alters the reactivity and selectivity of the active metal site
[16]. Inhibitors generally decrease the activity of the active metal, as well as change the selec-
tivity towards certain reaction paths or remove intermediates and bi-products, causing a change
in the reaction kinetics, possibly favouring another reaction path and changing the reaction se-
lectivity [16]. Promoters, on the other hand, although generally inert by themselves, increase
the activity of nearby active metal sites, often by donating or removing electrons, causing an
increase in activity. This may not always be preferable because of the changes in selectivity,
but a combination of inhibitors and promoters can create really speci c reaction pathways. For
example, the Haber-Bosch synthesis process, in which reduced iron is used, is often promoted

by K,0O, alumina, or CaO [17].
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2.2 Nylon 6 polymerisation

Nylon 6 is a highly versatile polymer commonly used in textiles, packaging materials and, in
some capacities, industrial applications such as tires, hoses, and belts [18]. The polymerization
reaction, turning-caprolactam into nylon 6 is usually carried out in a slightly acidic water so-
lution or using an anionic initiator, a strong base, such as NaOH in an anhydrous environment
[18]. Because of the anhydrous conditions required for anionic initiated polymerization reac-
tions and the dif culties that these present, industrial polymerization reactions are most likely
to be carried out by hydrolytic reaction mechanics. The continuous reaction, as described by
Hu & Yang[18], is commonly initiated at 230-240°C and the chain growth stage proceeds at

temperatures of 260°C.

Figure 2.1: General polymerization reaction ofcaprolactam. The reaction mechanisms fol-
lows a fairly standard ring-opening polymerization process. A polymer of length n requires n

-caprolactam molecules.

A similar reaction to the reverse reaction in Figure 2.1, without forming excess water and us-
ing H, will be studied, transforming the nylon 6 polymer into its monomeric counterpart:
caprolactam, commonly referred to as a depolymerisation reaction. Although there are some
recycling methods currently commercially available for different types of polyamides, most of

them use quite harsh reaction conditions, as described in Section 1.2, and only a few stud-

10



2. Theory

ies have been performed on more sustainable recycling methods, such as the hydrogenative
catalytic depolymerisation of nylon 6 [19]. This patented study was optimized using the ho-
mogeneous Ruthenium pincer catalyst, KO-tert-butyl (8mol%), 70 bar,pfHd 150°C for

48 h, resulting in 77 80% conversion of nylon-6 (resins) and formation of 6-amino-1-hexanol

in 24—-26% vyield [19]. Although this study was relatively successful, the industrial synthesis
of nylon-6 and other nylons uses caprolactam as feedstock as opposed to 6-amino-1-hexanol,

making this process unsuitable for the re-polymerization of nylons.

2.3 Catalyst preparation methods

Because of the wide range of catalysts available on the market and the speci ¢ characteristics re-
quired for every reaction, the vast majority of industrial catalytic applications are different from
each other. Although common in some industries, one size ts all rarely applies in the eld of
catalysis. As a result of the complexity of catalytic systems, multiple preparation methods exist
to accommodate the speci ¢ properties desired. One of the promising catalysts to investigate is
the Ru/MQ,-ZrO, catalyst due to the previous success of using unmodi ed Ru/Zit@ydro-
genative catalytic depolymerisation of Nylon-6 [9]. Some of the common methods, which were

used in this study, are incipient wetness impregnation and co-precipitation methods.

2.3.1 Co-precipitation

Co-precipitation is one of the methods used to prepare supported catalysts; however, it was
mainly used for support preparation during this work and thus required another method to nal-
ize the catalyst, the incipient wetness impregnation described below. The supports are prepared
by using two or more metal oxide precursors and dissolving them in a solution together with
the optional polymer or surfactant, which is sometimes used to form a template by surfactant
self-assembly, in which the catalyst structure can easily take shape. The precipitation is then
formed by changing the solubility criteria of the new metal oxide polymer (MOP) structure by

a precipitation agent, commonly done by changing the pH of the solution. The precipitation
is then easily Itered to form an almost ready-to-use support structure [11]. To nalize the
support, it needs to be dried in an oven and calcined to burn the template, forming the desired

porous structure.
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2.3.2 Incipient wetness impregnation

Incipient wetness impregnation, also known as dry impregnation, is a catalyst preparation
method in which a catalyst precursor solution is absorbed into a pre-fabricated support struc-
ture, using capillary forces to |l the pore volume of the support material. In contrast to wet
impregnation, where the impregnation volume is larger than the pore volume, dry impregnation
is designed in such a way that the volume of the precursor solution does not exceed the volume
of the pores of the support. This reduces the need for recycling or handling excess precursor
solution waste produced by wet impregnation methods [20]. Limited liquid Iling also elimi-
nates the need for Itration, but also leaves counterions, commonly Cl ions, nitrates or sulfates
as residual from the precursor salt, on the surface of the support material, sometimes even after
calcination [20][21].

Precursor salts can look vastly different depending on which chemical or metal is required
during impregnation. In the case of ruthenium, ruthenium(lil) nitrosyl nitrate was used, while
zirconia support precipitated from zirconyl nitrate hydrate was used instead, both of which
contain nitrates, making it generally easier to remove via calcination. Ruthenium(lll) nitrosyl
nitrate, a salt that forms nitrosyl nitrate counterions; compared to chlorides and sulfates, it is
not retained and is marginally easier to remove [21]. Chloride ions are also known to inhibit
and deactivate active metal sites, causing a reduction in catalytic activity. Therefore, the choice

of precursor salt and preparation method is crucial to obtain the desired result [21].

2.4 Characterisation methods

When dealing with any type of research or project, the characterization of the results is a vital
part of understanding why the result turned out the way it did, why it works, or how it could
have been improved. Factors such as catalyst structure, surface area, surface species, poros-
ity, basicity, acidity, metal-support interactions, and morphology are of huge interest within
catalysis. To investigate these characteristics of prepared catalytic particles, numerous methods
including XRD, Ny-physisorption, NB-TPD, CG-TPD, H-TPR, and CO/C@DRIFTS can

be utilized to derive the properties of catalytic systems and chemical reactions.
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2.4.1 N physisorption

The Nb-Physisorption analysis method is a methodology developed to measure the porous prop-
erties of materials, mainly SSA, as well as the pore volume and average pore size distributions.
This is done by measuring the nitrogen adsorption properties of the material during lling and
emptying of the pores. In the instrument, this is done by an increase, accompanied by a corre-
sponding decrease in nitrogen pressure in the specially designed sample tubes. The measure-
ments are taken at -196°C, the boiling point of nitrogen. This low temperature reduces the

kinetic energy of the adsorbate, facilitating easier adsorption,of N

The BET theory is an extension of Langmuir theory, the theory behind monolayer molecular
adsorption in the way of modulating multilayer molecular adsorption [22]. The BET theory is
thus based on the following assumptions: Gas molecules physically adsorb on a solid in layers
in nitely; gas molecules only interact with adjacent layers, and the Langmuir theory can be
applied to each layer; the enthalpy of adsorption for the rst layer is constant and greater than
the second (and higher); the enthalpy of adsorption for the second (and higher) layers is the
same as the enthalpy of liquefaction [23]. The resulting theory of multilayer adsorption yields
the isotherm. Together with the isotherm and the BET equation, shown in Equation 2.1, where
factors such as equilibrium pressure, saturation pressure, and amount of adsorbed gas are used
together with the isotherm, the SSA of the catalyst can be obtained using the known value of

the volume of N.

p 1 L C 1p
V(B P)  VmC  VmC Po
The plot of the data obtained from the physisorption instrument yields the isotherm adsorption

(2.1)

plot, where the volume of Nadsorbate is plotted against the relative pressure. As the keen-eyed
ones might notice from equation 2.1, the equation can be plotted Iinearlyyusingﬁ and

X = p—F; as shown in gure 2.2. This allows the calculation of intersects and slopes to obtain the
volume of a monolayer and the BET constant, ¢, according to the formulae illustrated in Figure

2.2.
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Figure 2.2: A general representation of the linearisation of the BET equation

Now, when the monolayer volume of;Ns known, using fairly standard physical sizes of the
N, molecule, the surface area of the sample can be calculated. This is usually performed by
the instrument during measurement, but the data can also be manually plotted and calculated to

obtain the surface area.

2.4.2 X-Ray Diffraction

As aresult of the high intensity energy, X-ray diffraction (XRD) is a methodology used to study
the crystallographic structure of solid samples. As a result of their uniform spacing, diffrac-
tion patterns can be spotted from incident X-ray beams [24]. These x-rays, as a result of a
wavelength that matches closely with the interatomic distances in most crystal structures, cause
diffractions in wave patterns with x-rays diffracted from secondary atomic layers, as illustrated
in Figure 2.3. This is only possible because of the highly periodic order of crystalline materi-
als, and any attempts at recreating with amorphous materials would only result in destructive
interference and thus no characteristic signals [24]. The amount of diffraction changes based on
the incident angle of the X-rays, and at one such angle, the diffraction would cause constructive
interference intensifying the signal obtained. This constructive interference gives information
on the crystal lattice and is illustrated in Figure 2.3. Using this information obtained together
with Bragg's law, the distance between lattice planes can be calculated, and the identity of the

material can be determined.
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Figure 2.3: Two waves, in phase with each other gets re ected by atom A and B. Due to the
speci c inclination angle the phase shifted wave is shifted by exactly two wavelengths, causing
a peak in the diffraction pattern as illustrated.

By courtesy of Encyclopaedia Britannica, Inc., copyright 2002; used with permission.

2.4.3 Temperature-programmed studies

Temperature-programmed studies, commonly including-CBD to measure the basicity of a
surface material and N-TPD to measure the acidity of a surface, are characterization tech-
nigues used to determine the amount of acid / basic sites present on a surface or support struc-
ture. The acid and base sites are characterized by the adsorption of the adsorbate on the surface,
slowly increasing the temperature while monitoring the,Q&f@sorption using a MS to deter-

mine at what temperature the adsorbate desorbs, indicating the strength and the number of acidic
or basic sites [25]. Acidity and basicity are often represented by the Lewis-Brgnsted theories of
acidity and basicity. Both the Lewis theory and Brgnsted theory explain the acid/base properties
of material surfaces through the reduction and oxidation mechanisms of functional groups. The
formal de nition of an Brgnsted acid and base is such that, when reacted together, it forms their
respective conjugated base and conjugated acid [25], as shown in equation 2.2. A represents a
general Lewis acid, such as a carboxylic acid or an alcohol, while B represents a general Lewis
base, such as ammonia or NaOH. Water can also be classi ed as both a Lewis acid and a base,
due to its self-ionization properties, forming both OBEnd HO* in small quantities, as shown

in Equation 2.3.
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AH+B A +BH" (2.2)

H,O0+ H,O0 OH + H;0* K, =10 * (2.3)

An acidic site is characterized as a functional group capable of donating a proton (Brgnsted
acid) or receiving an electron pair (Lewis acid), effectively reducing the functional group [25].
The hydroxyl groups (-OH) are present at Brgnsted acid sites, -OH being able to donate a
proton, effectively reduced to Q while one of the simplest Lewis acids, the hydrogen ion, also
known as a proton, can accept an electron pair from any lone electron pair, commonly found in
the ammonia molecule (N, or similar molecules such as OHforming the ammonium ion
(NH3) or H,O.

On the other hand, a basic site is characterised as a functional group being able to accept protons
(Brgnsted base), such as the ammonia or hydroxide groups [25] mentioned previously. A basic

site can also be characterized as an electron pair donor, such@s@ .

On catalyst support surfaces, acidic sites are commonly illustrated by M-OH functional groups,
which are able to donate a proton, forming M-QAcidic sites can be detected and quanti ed
using any Lewis base, such as ammonia, wherg-NPD is a good method for this charac-
terization. A basic site often consists of oxygen anion$ jOwhich are capable of accepting
protons or donating electron pairs. A common Lewis acid, G&hich is capable of detecting

and characterizing basic sites by accepting an electron pair, is commonly used in characteri-
zation techniques such as &OPD, described above. The NHPD and CQ-TPD analysis
methods are chosen because of their ease of availability, low cost of adsorbate and small molec-

ular sizes selectively adsorbing onto the basic and acidic sites.

Reduction of metal oxide catalysts is another important aspect to consider for the characteriza-
tion of metal oxide catalyst supports. Reduction is an important step in the process of creating
reactive and active metal sites for use during any reaction. Reduction of metal oxides using
molecular hydrogen is a multistep process that involves the general removal of oxygen from the
crystalline matrix of the oxide and is driven by the formation ef0H26]. The process starts

with the adsorption and dissociation of molecular hydrogen to form atomic hydrogen. Atomic
hydrogen then diffuses into the metal oxide structure, rupturing the metal-oxygen bond. The

rupture is caused by heterolytic hydrogen, which forms hydroxyl groups and metal hydride for
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most metal oxides or $#D with the bridging oxygen of the metal oxide, creating a vacancy
[27]. The volatile metal hydrate will release the hydrate, forming water vapour, which will
desorb, creating a reduced metal, ready for use. An overly simpli ed version of the reaction is

illustrated in equation 2.4.

MO, + xHy(g) ! M + xH,O(g) (2.4)

Temperature-programmed reduction (TPR) is a common analysis method used to characterize
the oxo-reductive properties of metal oxide catalysts. Usingdfl sometimes CO) as the
reduction agent to reduce the solid sample during a set heating rate, and monitoring the ow
rate using a mass spectrometer (MS) or thermal conductivity detector (TCD) makes it possible
to characterize at which temperature the solid sample is reduced [28]. In engineering, TPR is
used to determine the optimal reduction conditions for a broad range of metal oxides used in

catalytic reductive reactions [28].

2.4.4 Diffuse Re ectance Infrared Fourier Transform Spectroscopy

Shining light through any type of absorptive medium results in the absorption of speci ¢ wave-
lengths, causing a change in perceived light. One common natural phenomenon observed every
day is that of chlorophyll, the substance responsible for transforming sunlight into energy in
plants. Chlorophyll is exceptionally good at absorbing sunlight from most visible wavelengths

except those between approximately 500-550 nm, which corresponds to the green colour.

The absorbance of light of any absorbing medium is characterised by the Beer-Lambert equa-
tion, shown in Equation 2.5, where the resulting intensity I, of any given wavelength, is de-
pendent on incident intensity,lthe length of the path through the absorbing medium x, and
the absorption coef cient k, which is an entire function depending on the wavelength of light
absorbed [29].

| =1, ek (2.5)

In the case of DRIFTSs, the absorbed energy of light creates characteristic vibrational frequencies
of molecular bonds as a way to release excess energy. DRIFTs is used to analyse molecular

composition in terms of molecular bonds and vibration frequencies using probe molecules such
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as CO or CQ to determine key characteristics of powders and/or polymers [29]. The probe
molecules adsorb to the active sites on the catalyst surface, whereas analysis can be performed

to characterize the properties.
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Methods

To answer our questions whether hydrogenative catalytic depolymerisation of nylon 6 using
acid base properties of catalyst supports might be a valid solution to improve catalytic recy-
cling depolymerisation methods, and if the acid-basic properties of RufZa€ed metal-oxide
catalysts has an effect on the conversion of nylon-6-taprolactam, a series of tests were
performed to determine the effectiveness of the Rujdy&sed catalyst. Developed to tthe re-
quirements of the work, the work was divided into three main parts: catalyst sample preparation,

characterizing the catalysts, and activity tests, including reaction product quanti cations.

The catalyst preparations involved the synthesis of the supports and the impregnation of the
active ruthenium metal, while the characterization of the supports was carried out using analysis
methods including: X-Ray Diffraction (XRD); Hydrogen Temperature Programmed Reduction
(H>-TPR); Ammonia- and carbon dioxide Temperature Programmed Desorptiog-TRE

and CQ-TPD); as well as nitrogen physisorption. The reaction tests were then performed to

investigate the properties and their effect on catalytic depolymerisation.

3.1 Synthesis of zirconia based metal oxide catalysts

The zirconia-based metal oxide catalysts were synthesized using the co-precipitation method,
which was carried out by dissolving MgO (Mg(NJ 6H,0, 99%, bought from Sigma Aldrich),

SrO (Sr(NQ),, 100%, bought from Sigma Aldrich), WAO((NH4)gH>W1,049 XH,0, 92%,
bought from Fluka Analytics), ¥Os; (Y(NO3); 6H,0, 99,8%, bought from Sigma Aldrich),

or La0; (La(NGs)3.6H,O, 100%, bought from Fluka Analytical) precursor solutions, corre-
sponding to 10 wt% metal oxide (MgO, SrO, WOr,03; or La03), together with zirconia
precursors in 300 ml of distilled water. The amounts of samples prepared were such that the

nal amount of MCQ-ZrO, support was approximately 12-13 grams, enough to perform all
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the required characterization and activity measurements and still have some support left in case
later needed for similar co-precipitated catalysts or in case something went wrong. In this study,
zirconyl nitrate hydrate (ZrO(N§),.xH,0O, 99,5%, Thermo Scienti c) was used as a result of

its simpli ed synthesis steps and ease of handling. Precursors such as zirconyl chloride require
stricter handling and disposal, as well as a more dif cult separation process to avoid catalyst

poisoning [30], motivating the use of nitrate precursors instead.

For the rst couple of batches, ethanol, expected to provide smaller particles and a narrow
particle size distribution, was used in a 1:1 ratio with water, but was quickly deemed unneces-
sary after physisorption measurements and that the precursor was still fully dissolved without
ethanol. The solvent was subsequently switched to pure distilled Milli-Q water. A preliminary
study on the use of polyethylene glycol (PEG) was also performed to test whether PEG would
work as a stabilizer. By theoretical assumptions, PEG would form the template for the support
structure, which, when calcined, would burn off, forming the desired porous catalyst structure.
This method was discontinued when the results of th@h/sisorption measurements did not
show signi cant improvements in SSA in contradiction to the previous hypothesis. For PEG-
stabilized ZrQ, the measured SSA was 41?? compared to the nearly 5%3 obtained by

La-stabilized ZrQ and pure ZrQ@ according to previous studies at the department.

Following dissolution of the support precursors, the support was precipitated using an ammonia
hydroxide (NH-OH) solution to a pH of 9; This was done with approximately 10-15 ml of
NH4OH for the 300 ml water solution. Increasing the pH of the solution to 9 was expected to
fully precipitate the co-precipitated support. Following precipitation of the solution, the solution
was aged for 18 h at 80 °C under re ux conditions. Subsequently, the solution was lItered, dried
at 100°C, and mortared to allow a ne powder to be prepared for calcination. Calcination was
carried out in a furnace, with a heating rate of 2°C/min, up to 700°C, held for 5 h, then naturally
cooled at ambient temperatures. After calcination, the support structure was nished and ready

to form the active catalyst particle after the metal was added.

3.1.1 Commercial ZrO,-based catalysts

Based on the Nstudies and reaction tests of the co-precipitated catalysts, supports similar to
the co-precipitated support-catalysts were synthesized by incipient wetness impregnation (IWI)

of the metal oxide precursor solution of MgO, SrO and YD a pre-calcined commercially
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available ZrQ support (UEP-100, available from DAIICHI KIGENSO KAGAKU KOGYO
CO., LTD). The drying and calcination of the supports to remove residual precursor nitrates
was carried out the same way as for the co-precipitated-ba3ed catalysts, except that the

calcination of the commercial MEZrO, supports were done at 500°C instead of 700°C.

3.1.2 Active metal loading of Ruthenium

With the supports prepared, the active metal loading of ruthenium was performed using IWI to
prepare the catalysts for depolymerisation tests. The precursor solution used was Ruthenium
(1) nitrosyl nitrate, with the chemical formula Ru(N®NO. The counterion [(N©s;NOJ? ,

was easily removed during calcination. The calcination following the impregnation of ruthe-
nium was carried out at a heating rate of 2°C/min up to 500°C for the co-precipitated catalysts,
while at 400°C for the commercial Zgased catalysts. The temperature was then maintained
for 5 h and then naturally cooled down. The amount of precursor solution added was determined
by N, physisorption measurements of the supports to be equal to the pore volume. The amount
of prepared catalyst was determined to be 3 grams of nished Ry-¥1@, catalyst. The ac-

tive metal loading used was 1 wt% of the total weight, in this case 0,03 g of ruthenium for 2,97
g of MOy-ZrO, support. This number was determined based on previous studies conducted at

the department [9].

3.2 Catalyst characterisation

To understand the relationship between the properties of the depolymerisation catalyst, several
analysis methods were used. These are used to relate the properties of the catalyst to the catalytic
activity, a measure of the catalytic ef ciency. Of the several analysis methods presented pre-
viously, XRD was used to characterize the phase of the catalyst, whilePR, CQ-DRIFTS

were used in order to provide data on the metal-support interactions and the reducibility of the
catalyst. N physisorption was used mainly to identify surface morphology properties, while
NH3-TPD and CQ-TPD were used in conjunction to measure the nature and properties of
acidic and basic sites. JNohysisorption was also used to characterize the morphology of the
catalyst by measuring the pore volume, diameter, and surface area. ICP-MS was also used to

characterize the wt% of the metal loading on the nished catalysts.
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3.2.1 N physisorption

Measurement of textural properties, such as pore volume, pore diameter, and speci ¢ surface
area, was performed on a Micromeretics Tristar 3000 instrument. Before measurements, the
samples were degassed in nitrogen at 200°C, for 5 h. The measurements were then taken under
liquid nitrogen conditions to maintain a temperature of -196°C. The total surface area was
calculated using the BET equation as described in Equation 2.1, while the pore diameter and

pore volume were obtained using the BJH equation.

3.2.2 X-Ray Diffraction (XRD)

XRD patterns were obtained by performing analysis using the Bruker D8 Discover instrument
witha CuK ( =1,54 A) radiation source, available at the Chalmers Materials Analysis Labo-
ratory (CMAL), with 2 increments of 0,04°, scanning between=210-70°. The diffractogram

was then compared using online databases, matching the diffractogram with the known database
of crystallographic structures and planes to identify the crystal structure and unit cell parame-

ters.

3.2.3 Diffuse Re ectance Infrared Fourier Transform Spectroscopy

Diffuse Re ectance Infrared Fourier Transform Spectroscopy (DRIFTS) was used to investigate
the acid base properties and chemisorption strengths of CO for the catalyst samples by FT-IR
methods. The spectra were obtained using a Vertex 70 instrument by Bruker equipped with a
diffuse re ectance accessory, as well as a coupled mass spectrometer to analyse the nature of

adsorbed and desorbed species of the gas ow coming out of the sample chamber.

The DRIFT measurements were performed according to a set schedule. In general, the steps
include a pretreatment using 8000 ppm While heating to 250°C and then cooling to 35°C.

The background measurements were then taken at 35°C, and thereafter the measurement began.
This was done by introducing 1000 ppm CO for 1 h at 35°C. After ushing the system with Ar,

the nal spectra were recorded.

CO,-DRIFTs was done similarly with the same pretreatment, and a background measurement

was taken at 35°C. The sample was then introduced to 1000 pppraCTh0°C for 30 min
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followed by ushing with Ar for 30 min to remove any weakly bonded £€OThe DRIFT

spectra was then recorded at 35°C.

To measure the weaker adsorption sites, adsorption efu@3 also done at 35°C for 30 min,
followed by 30 min of Ar to ush the system. The difference between the total and stronger

adsorption measurements gave the weaker adsorption sites.

3.2.4 Temperature Programmed Desorption (TPD)

Temperature-programmed desorption (TPD) measurements usingd®H; were performed
on a calorimeter (Sensys DSC, SETARAM) coupled with a HPR-20 QUI mass spectrometer.
TPD measurements were used to investigate the basic and acidic properties respectfully of the

catalyst samples.

The CQ-TPD measurements were performed by pretreatment4®-60 mg of sample under

an atmosphere of Argon at 200 °C for 20 min. 8000 ppmdds (3,5% H/Ar) was then
introduced at 200°C for 20 min and then heated to 250°C at a rate of 10°C/min to match the
reduction condition of the activity tests.,Hows for 10 min, after which the system is ushed

with Ar for 20 min. The temperature was then increased to 300°C and held for another 30 min
to remove all H. The pretreatment was then completed with the cooling of the sample tube to
40°C.

After pretreatment, 5000 ppm of G@2% CGy/Ar) was then introduced for 2 h then ushed
with Ar at the same temperature (40°C) for 1 h. The sample was then heated at 10°C/min from
40-700°C with continuous Ar ow, then kept at 700°C for 30 min to induce,Gl@sorption.

The desorption of C®was tracked during desorption using a mass spectrometer set to monitor

several gases, one of which being £@t a mass number m/z = 44,

NH3-TPD was conducted similarly to the GOPD measurements with the same pretreatment
and similar measurement. After pretreatment, the sample was cooled to 100°C and 2000 ppm
NHs was introduced for 2 h, then ushed with Ar for 1 h at the same temperature to remove any
loosely adsorbed N4 The desorption measurements were then started by heating 100-700°C
at a rate of 10°/min while monitoring NdHising a mass spectrometer, at the mass number m/z
=17.
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3.2.5 Temperature Programmed Reduction

The temperature-programmed reduction of the catalysts was performed using hydregen (H
TPR) using the same calorimetric instrument as for the TPD measurements, with a total ow of

20 ml/min during the procedure.

The measurements began with a pretreatment with argon at 300 °C for 30 min, following a ush
of the sample with 8000 ppm hydrogen (3,5%/At) for 20 min at 25°C. After pretreatment,

the sample was heated from 25-800°C undgrdw at a rate of 10°C/min, and held at 800°C

for another 30 min. During this process, hydrogen ow was tracked using the mass spectrometer

set up to monitor K at the mass number m/z = 2.

3.3 Catalytic activity

To relate the characteristics with performance and ef ciency, a series of experimental tests of
catalyst activity are required. As a preparation, commercially purchased nylon-6 was ground
into smaller particles <0.5 mm using cryo-grinding methods to be used during the depolymeri-

sation of nylon-6 reaction tests.

Based on a previous study [9], activity measurements were performed in a 450 ml Parr batch
reactor in an atmosphere of 300°C and 30 bars of H The following presents a general de-
scription of the method. Prior to activity measurements, the catalyst was reduced. This was done
by pressurizing the reaction vessel with 10 bars gfleating at a rate of 10°C/min to 250°C,

and then holding the temperature for 2 h. Before activity tests are performed, the reaction vessel
was loaded with catalyst, nylon-6 and solvent, in this case about 75 ml of hexadecane, each of
which noted the actual weights of the components added, ushed with nitrogen for some cycles,
and pressurized to 30 bapHAfter pressurization, the reactor was heated at a rate of 10°C/min

to 300°C and held for 2 h. The reaction setup is illustrated in Figure 3.1.
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