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Abstract

The direct synthesis of dimethyldichlorosilane has been studied for more
than 60 years, owing to its significance in the silicones industry. The
direct process is a reaction of distinct complexity because of silicon
taking part in the catalytic cycle and forming CusSi and CuisSis alloy
phases, where CusSi is the catalytically active intermediate. In addition,
the side reactions and cracking of chloromethane during the direct
reaction lead to coke formation on the active surface. In spite of its
importance, the role of CuCl and Zn on the coke formation, CusSi
formation, and its transformation to CuisSis phase is not entirely
understood. A series of reacted contact mass samples with varying
reaction time and amount of CuCl and Zn was characterized by using x-
ray diffraction (XRD) to study the phase transformation. Raman
spectroscopy and thermogravimetric analysis (TGA) coupled with mass
spectrometry (MS) were utilized to investigate the structural order and

reactivity of coke, respectively.

XRD analyses of samples with CuCl and Zn indicated that the standard
amount of CuCl and Zn limited the enrichment of inactive copper and
Cui5Si4 formation, while five times the amount of CuCl and Zn caused
high enrichment of inactive copper. Samples without the addition of Zn
exhibited a high tendency of CuisSis4 and inactive copper formation. In
addition, the investigation on the structural order of deposited coke by
using Raman spectroscopy revealed that the addition of Zn changes the
coke to a more ordered graphitic carbon, as the reaction proceeds. TGA
analyses pointed out that coke in all the reacted contact mass samples

starts to oxidize at around 200 °C. In Zn-promoted samples, the CO2
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mass spectrum peak became more distinct and narrower with an increase
in reaction time. While in samples without Zn, the CO: signal was
noticed to be broad with a shoulder peak at a higher temperature of 340
°C. It was found that Zn-promoted samples had slightly more reactive

coke.
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1 Introduction

The direct synthesis of dimethyldichlorosilane (M2), commonly referred
to as the Rochow reaction, was first discovered by Eugene G. Rochow
and formed the basis of the modern silicone production, a several billion-
dollar per year industry [1]-[3]. Dimethyldichlorosilane (M2) is the
most desired monomer in the industrial-scale production of silicones
[4]-[6]. Silicones are high-performance synthetic polymers containing
repeating Si-O backbone units, where organic groups are attached to the
silicon via a silicon-carbon bond [7]. The importance of
dimethyldichlorosilane (M2) is highlighted by the crucial role of
silicones in our society. Silicones are used in the medical industry,
automotive industry, and cosmetic industry [3]. Silicones are extensively
used in the automotive industry owing to their water resistance and
electrically insulating properties [3]. Silicones are now being employed

in the medical industry as they are compatible with human tissue [8].

The direct synthesis is a heterogeneous catalytic process, whereby a
solid mixture of a Cu-based catalyst, silicon (Si) and selected promoters,
referred to as the contact mass, reacts with gaseous chloromethane to
produce a wide range of products [9]. It is believed that the significant
discovery of Rochow was the use of the copper catalyst. Equation 1.1
shows the direct process of dimethyldichlorosilane (M2) and the
formation of by-products [2], [5], [10]. Dimethyldichlorosilane (M2),
the most desired product out of a variety of compounds formed, is

produced with 80-90 % selectivity [11].
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The direct synthesis of dimethyldichlorosilane is a unique and
complicated process, as it is a gas (CH3Cl) — solid (Si) — solid (Cu
catalyst) reaction [12]. This gas-solid-solid reaction is affected by
several factors, including reaction time, reaction temperature, type of
reactor, complex component interactions, and a number of products
produced [12], [13]. The reaction between silicon and Cu-based catalyst,
in the direct reaction, is also influenced by mixing, grinding, and
proportion of these two phases, as well as the thickness of the SiOz layer
on silicon [14]. Furthermore, the main reactant, silicon, plays a role in

the catalytic process and forms the active CusSi alloy phase [15].

Like many other catalytic processes, the Rochow reaction is also a
victim of catalyst deactivation due to the formation of coke on the
surface of the active solid phase [16]. The coke formation occurs due to
the cracking of chloromethane at localized hotspots formed in the direct

process [17]. The nature of formed coke is not completely understood;



however, it is established that the nature of the coke formed is controlled
by active solid phase, reaction conditions, preparation of the contact
mass, catalyst properties, and the type of the reactor [14]. The direct
synthesis of dimethyldichlorosilane has been studied extensively over
the years, and several mechanisms have been proposed [18]-[20].
Bazant  proposed  that the  high  selectivity  towards
dimethyldichlorosilane in the direct process might be due to the

formation of an active intermetallic compound, CusSi [20].

1.1 Scope of the Thesis

In spite of the extensive research on the direct synthesis of
dimethyldichlorosilane, the role of promoters and catalyst on the
formation of CusSi alloy phase and its transformation to other copper
silicide phases is not entirely understood [10]. Furthermore, there is no
consensus among the researcher on the mechanism behind the catalyst
deactivation due to coke formation [10]. In order to understand the
mechanism behind catalyst deactivation by coke formation, it is first
essential to investigate the type of coke by analyzing its structural order,
and reactivity. Relevant analytical techniques have been employed and
optimized to better understand the nature of the contact mass sample,
and the formation of coke and CusSi alloy phase. In this work, copper-
based catalyst, unreacted contact mass, and reacted contact mass
samples are analyzed by utilizing a number of characterization
techniques. The results are discussed in relation to the previously

reported studies.






2 Theory
2.2 The complexity of the Direct Synthesis

The copper-catalyzed direct synthesis of dimethyldichlorosilane (M2)
has been studied for more than 60 years, but the exact reaction
mechanism and role of the catalyst is still not clear [21]. The direct
process is the only gas-solid-solid catalytic reaction at an industrial scale

[22]-[24].

When the contact mass, a mixture of Si, Cu-based catalyst, and
promoters come in contact with the CH3Cl gas at a temperature of 290-
330 °C, the production of M2 takes place, as shown in Equation 2.1 [25].
As detailed by Equation 1.1, a number of other products and by-products
are formed along with dimethyldichlorosilane. Selectivity towards the
most desirable product, dimethyldichlorosilane (M2), is affected by the
selection of Cu-based catalyst, promoters, and impurities present in the

silicon [22], [26].

Si(sy + 2CH3Clg, (CH;),SiClyy) 2.1

—_—
290-330 °C

The interface between copper and silicon is so complicated that silicon
itself takes part in the catalytic cycle [15]. Zhang et al. reported that
copper is not the main active catalytic phase but reacts with silicon to
form an active intermediate Cu-Si alloy, Cu3Si [10]. In a fluidized bed
reactor, the Rochow reaction comes to a halt before all the silicon is

consumed due to the deactivation of the active phase by coke deposition



and enrichment of inactive copper on the surface [26]. All of the
discussed factors in the Rochow reaction, i.e., the role of the catalyst, the
role of the active phase, selection of promoters, and catalyst deactivation

due to coke formation, make it a particularly complicated process.

2.3 Role of the Cu-based Catalyst

The direct synthesis of dimethyldichlorosilane became possible due to
the use of metallic copper as a catalyst by Rochow and Miiller [18]. Hurd
and Rochow reported that the reaction of pure silicon with
chloromethane, without the addition of copper, results in a very minute
yield of methylchlorosilanes [18]. Ever since, various compounds of
copper have been studied as a catalyst in the Miiller-Rochow process
[10]. These compounds of copper, also called coppers, are not the active
catalysts themselves, but rather the catalyst precursors as they ultimately
transform to an active phase [10]. However, the term “catalyst” and
“catalyst precursor” are often used interchangeably in the Rochow

reaction [10].

In the past decade, CuCl has been extensively studied as a catalyst in the
Rochow reaction due to its ability to increase reaction activity and
decrease the induction period [27]. The induction period is a universal
term in the Rochow reaction and is defined as the time period when the
active catalytic surface is formed [28]-[30]. Silicon conversion and
selectivity towards M2 is affected by CuCl morphology, particle size,
route of synthesis, composition, and structure [25]. The emphasis on the
morphology of the CuCl catalyst has been reported previously [12]. It
was reported by Chen et al. that CuCl crystals with the dendritic



structure and exposed (1 1 1), (2 0 0), and (2 2 0) planes demonstrate
higher silicon conversion and selectivity toward dimethyldichlorosilane
than irregularly structured CuCl [12]. Acker et al. showed that CuCl
prepared by wet chemical method exhibits higher reactivity than
industrial-bought dry process CuCl [14]. Equation 2.2 shows a

generalized reaction between CuCl and Si in the direct synthesis [25].

Si+ CuCl ————— > SiCl,+ Cu’ 22

The activated Cu” diffuses to the bulk of silicon to form the active

copper-silicide phases [25].

2.4 Role of the CusSi Active Phase

In the Rochow reaction, the catalytic ability of copper evolves due to
being able to form binary intermetallic compounds [31]. Trambouze et
al. reported that CusSi, known as #-phase, is the active intermetallic
specie and acts as the active catalytic phase in the Rochow reaction [32].
The reaction progresses by continuous consumption of Si from CusSi
alloy, and the free Cu" again diffuses into the bulk Si to form new CusSi
species [33]-[36]. It was reported that the concentration of #-phase
decreases while the amount of metallic copper increases with the
reaction time [32]. On the contrary, Krylov et al. proposed that -phase
acts as a reservoir for free copper [37]. This was, however, debunked by
Voorhoeve, who confirmed that CusSi was found to be present in all the

reacted contact masses [31].



Falconer et al. suggested that CusSi provides an active surface for
selective dimethyldichlorosilane formation, but it is not the only copper
silicide phase present in the reacted contact mass [23], [38]. Another
intermetallic compound CuisSis, called e-phase, has also been
discovered in the reaction [38]. Luo ef al. showed that the formation of
CuisSi4 depends on the CuCl particle size [38]. Agglomeration of CuCl
particles leads to the formation of CuisSis [38]. CuisSis acts as a
continuous reservoir for the catalytic x#-phase, but the reactivity is

decreased due to this decomposition step of CuisSis to CusSi [38].

2.5 Role of Zn and Sn as Promoters

A promoter is a material which, when added to a reaction in a small
quantity, increases the performance of the catalyst [39]. Promoter itself
has no significant catalytic ability but interacts with the active catalytic
phase to enhance the reaction activity [40]. Wessel et al. studied the role
of zinc (Zn) and tin (Sn) as promoters in the Rochow reaction by
formulating the contact mass mixture with 88.98 wt.% Si, 10 wt.% Cu,
1 wt.% Zn, and 0.02 wt.% Sn composition [41]. It was reported that Zn
decreases the enrichment of inactive metallic copper by efficiently

dispersing the copper on the silicon surface [41].

Ward et al. found that Zn and Sn, when added together, show a
synergistic effect [2]. Sn, when added alone, has no effect on the
reactivity and selectivity [2]. It was reported that the addition of Zn and
Sn, in small quantity, increases the selectivity towards M2 by hindering

coke formation [42]. Zn inhibits the deposition of coke by acting as a



methylating agent, and its methylating power is improved by the

addition of Sn [42].

The promoting ability of Zn and Sn is highly dependent on their
respective concentrations [36]. These promoters, when added in
amounts of more than 1 wt.%, have an adverse effect on M2 selectivity
[43]. Wang et al. also reported that the addition of Zn in CuCl-Si contact
mass increases the formation of CusSi alloy, while the addition of Sn

increases the consumption of the active CusSi [36].
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2.6 Catalyst Deactivation by Coke Formation

Catalyst deactivation, described as degradation of catalytic activity and
selectivity over time, is an inescapable process [44], [45]. There are
different modes of catalyst deactivation, such as catalyst poisoning due
to chemisorption of species on catalytic sites, thermal degradation due
to loss of surface area, vapor formation by reaction of gaseous phase
with catalyst, and coke formation where deposition of carbonaceous
species on the active catalytic sites hinders the reaction [45]. Both terms,
“coke” and “carbon’ are used interchangeably, as the difference between
carbon and coke is somewhat arbitrary [39]. Bartholomew described
coke as a product of the decomposition of hydrocarbons and carbon as a

product of carbon monoxide (CO) disproportionation [44].

Deactivation of a catalyst by coke formation is a pervasive occurrence
in reactions involving hydrocarbons [46], [47]. The structural order of
the coke formed depends on the properties of the catalyst and reaction
conditions [48]. It is reported that the surface structure of catalytic sites,
such as the pore structure of the catalyst, affects the formation of C-C

bonds during coke formation [45].

Properties of coke, such as hydrogen to carbon ratio (H/C), reactivity,
and oxidation temperature, depend on certain conditions of formation
[45]-[47]. At reaction temperatures below 200 °C, coke is formed
mainly due to vapor condensation and has a relatively high hydrogen-to-
carbon (H/C) ratio [49]. This type of coke is referred to as white coke
and mainly consists of polyolefins [39], [45]. Coke formed at a
temperature above 200 °C consists of polyaromatic condensed-ring

structures and features an H/C value of 0.5 or less [39], [47]. Nature of
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carbonaceous species formed at a reaction temperature of 800 °C and
above mirrors the properties and structure of graphitic carbon [50]. Such
type of coke has essentially no hydrogen contents and is highly ordered
[39].

2.6.1 Coke Formation in the Direct Synthesis

The mechanism behind catalyst deactivation by coke formation is the
least understood areca of the Rochow reaction [41]. As discussed in
section 2.6, the formation of coke is dependent on the reaction conditions
and type of catalyst. Side reactions during the direct process result in the
coke formation on the active catalytic sites [20]. Clarke reported that
carbon deposited on the surface is the result of the cracking of
chloromethane on copper [27]. An empirical description of coke

formation is shown in Equation 2.3 [27].

2Cu + 2CH;3;Cl——— > 2CuCl+CH4 + Hy + C 2.3

Bazant et al. proposed that the coke deposited on the active sites due to
decomposition of methyl radicals may consist of polymethylenes [20].
Wessel and Rethwisch studied the effect of Zn promoter on the
formation of Coke [41]. It was reported that there are two types of cokes
formed on the surface; a-coke, which does not affect the catalytic
activity, and B-coke, which is formed on top of the actives sites and is
responsible for the degradation in the activity [41]. B-coke was found to
have a higher oxidation temperature than the a-coke [41]. The deposition

of coke on the active sites results in the enrichment of inactive copper
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[38]. In order to understand the mechanism behind catalyst deactivation
by coke formation, it is first essential to investigate the type of coke by
analyzing its structural order, and reactivity. The analytical techniques

utilized for this purpose are discussed in the following section.
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2.7 Characterization Techniques

Characterization techniques relevant to the investigation of the role of
catalyst and promoter on the active phase formation and coke deposition
are studied in this section. X-ray diffraction (XRD) is a commonly used
tool to study the crystalline structure of a material and phase
transformations. Thermogravimetric analysis (TGA) and Raman

spectroscopy are utilized to analyze the properties of the deposited coke.

2.7.2 Powder X-ray Diffraction (XRD)

Being a non-destructive and relatively fast method, powder x-ray
diffraction (XRD) is the most frequently applied characterization
technique, usually used to recognize the presence of different crystalline
phases in the powder material and their structure [39]. When a metallic
anode is bombarded with high energy electrons, radiations of specific
wavelengths are emitted. The properties of the emitted radiations depend
on the selection of the metallic anode. In powder XRD, the usual
standard is to use Cu-Ka radiations from copper anode [39]. Cu-Ka
(A=1.54 A) lines are emitted when a primary electron creates a hole in
the K shell, which is then filled from the L shell [51]. The energy of Cu-
Ka lines is sufficient to penetrate solid material, and the wavelength is

almost the same order of magnitude as the inter-atomic distances [52].

In a crystalline solid, the diffraction of incoming x-rays occurs due to
the elastic scattering of x-rays photons by planes of periodically spaced
atoms [51]. The diffracted x-rays, which are in phase, lead to
constructive interference. The condition of the constructive interference

is governed by Bragg’s law, given in equation 2.4, where 4 is the
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wavelength of x-rays, d is the interatomic distance, and 6 is the incident

angle of x-rays [51], [53].

nA = 2dsinf n=123,...) 2.4

2 k Bragg's Law 2
3 ¥

nA=2dsin6
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Figure 2.1: Diffraction of x-rays by atoms in a periodic lattice,
governed by Bragg’s law. Reproduced from reference [53].

In a crystalline powder sample, the constructive interference occurs, as
there will always be a crystal plan direction which is positioned at a right
angle with the incident beam. The width of the diffracted peak can also
provide information about the crystallite size, D, as explained by the

Scherrer formula in equation 2.5 [39].

FWHM — KA x57.3 55
" Dcosf '
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In Scherrer formula, K is a constant related to the crystalline shape and
can be taken as one, @ is the incident angel, 4 is the wavelength of x-rays,

and FWHM is the full width at half-maximum of a diffracted peak.

2.7.3 Raman Spectroscopy

Raman spectroscopy falls under the category of vibrational spectroscopy
techniques. It is based on the principle that when a material is irradiated
with a monochromatic light such as a laser, the electromagnetic
radiations will get scattered by the molecules of that material [54], [55].
If the frequency of the photons of electromagnetic radiations (vo) is the
same as the molecular vibrations (vm), the molecule will get excited to a
higher virtual energy state. Upon de-excitation, the scattering of the
radiations will either be elastic, i.e., the scattered light has the same
frequency as the incident light (vo=vm) or inelastic, i.e., the scattered
photons have a higher or lower frequency than that of the incident
photons (vo £ vm). Elastic scattering is known as Rayleigh scattering,

and the inelastic scattering is the Raman scattering.

Figure 2.2 illustrates the Rayleigh and Raman scattering [56]. In Raman
scattering, if the final energy level of the molecules is higher than the
initial state (vo + vm), it is called Stokes scattering [54]. If the final
energy of the molecular vibrations is lower than that of the initial state
(vo - vm), then this is referred to as the anti-Stokes scattering [57]. The
signal intensity of Stokes scattering is considerably higher than that of
the anti-Stokes scattering; thus, a Raman spectrometer calculates
frequency changes produced by the Stokes scattering. In Rayleigh

scattering, the molecule rises to a higher virtual energy state but quickly
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falls back to its initial ground state, without any energy change. The

scattered photon, thus, has the same frequency as the incident light [54].

---------------------------- A" 777777 Virtual Energy
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Figure 2.2: Rayleigh scattering and Raman scattering
illustration. Raman scattering consists of stokes and anti-stokes
lines. The thickness of each line represents the signal intensity.
Reproduced from reference [56].

The phenomenon of Raman scattering was first discovered by Sir C.V.
Raman [58]. This characterization technique can provide effective
information about the changes in the composition of a material. In cases
where the use of XRD is not applicable, such as when the material has
an amorphous phase, Raman spectroscopy becomes even more practical.
Analysis of the Raman spectrum of powder material is complicated due
to the variable particle size and inhomogeneous particle distribution
[39]. The vibrations modes that can be detected by Raman spectroscopy

technique are referred to as Raman active modes.
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2.7.4 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) is a temperature-programmed
characterization technique utilized to determine the change in the sample
mass, while the temperature is raised at a linear rate [59]. The
temperature range of TGA instruments is more than 1200 °C, and it can
analyze mass change caused by drying, oxidation, reduction, and
decomposition [60]. The atmosphere in the TGA analysis can be set to
oxidative, reductive, or inert. In an oxidative atmosphere, either air or
pure oxygen is pumped to the instrument’s chamber, while in an inert
atmosphere, usually helium or argon is fed to the instrument [60]. TGA
analysis requires a minimal amount of sample in the range of a few
milligrams. It is possible to perform TGA with a post-analysis
instrument such as a gas chromatography instrument (GC) or a mass
spectrometer (MS), which can provide an insight to the reaction
mechanism and mass conservative changes. The TGA results are
analyzed by plotting the mass change with respect to temperature or
time. Another valuable representation is the use of derivative
thermogravimetry (DTG) which can pinpoint the rate of mass change at

a specific temperature value [61].

This characterization technique is sensitive to several parameters, such
as the heating rate, process enthalpy, electrostatic forces, and electronic
drift [60]. Sudden changes in the heating rate, usually caused by the
variations in the gas flow, can give rise to apparent mass increase or
mass loss. This is attributed to the buoyancy effect [61]. The buoyancy
effect is caused by the decrease in the density of the surrounding gas in
the TGA chamber. This usually occurs at initial temperatures when the

gas flow is turned on and causes an apparent increase in mass [61]. To
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minimize the buoyancy effect, it is recommended to keep the gas flow

the same throughout the experiment.

2.7.5 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) is a widely used thermal
analysis technique and applied to measure thermal changes in a sample
as a function of temperature [62]. DSC is usually coupled with
temperature-programmed techniques, such as TGA [63]. DSC works by
examining the difference in the thermal changes of sample material with
that of a reference sample [62]. This indirect and “differential” method
is employed because there is no method that can directly measure the
heat flow in and out of a sample [64]. Based on the method of
determining the thermal events in the sample, there are two types of DSC
systems: the heat-flux DSC, which measures the heat flow difference
based on the temperature difference, and power-compensated DSC

which works by measuring the enthalpy change of the sample [65].

In power-compensated DSC, a material sample and reference sample are
placed on a separate heating element, and the temperature difference is
always kept zero (47=0) [65]. When a thermal change occurs in the
material sample, the power to the heating element is also changed in
order to keep the temperature difference to zero [65]. This power change
is plotted either as an exothermic peak or an endothermic peak. An
endothermic event occurs when positive power input is required, and an
upward peak is noticed. On the other hand, in an exothermic event, the

compensated power is observed as a downward peak.
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3 Materials and Methods

3.1 Catalyst and Contact Mass Samples

The metallurgical grade silicon, CuCl catalyst and contact mass samples
were provided by Elkem Silicon Materials. Unreacted contact mass
mixture, denoted as SO-URCM, contains a standard amount of CuCl
catalyst, Zn as a promoter, and Sn as a promoter. Reacted contact mass
samples were reacted in a fluidized bed reactor for a defined amount of
time without any subsequent addition. The reactor was run at 4 bar and
300 °C, while chloromethane and argon gases were fed at a rate of 285

mL/min and 10 mL/min, respectively.

Samples S11 and S15 are promoted with a standard amount of both
promoters, Zn and Sn, and have a reaction time of 5 and 16 hours,
respectively. In contrast, S12 and S16 are only promoted with a standard

amount of Sn and have a reaction time of 5 and 16 hours, respectively.

S13, S17, and S19, samples with five times the amount of catalyst, Zn,
and Sn, have a reaction time of 5, 16, and 40 hours, respectively. S14,
S18, and S20 were reacted for 5, 16, and 40 hours, respectively, with

five times the amount of catalyst and Sn, but without the addition of Zn.

Table 3.1 summarizes the explanation of the analyzed samples. The
classification of the reacted contact mass samples is carried out based on

the reaction time and relative amount of Zn.



20

Table 3.1: CuCl, pure silicon, fresh contact mass, and reacted
contact mass samples with an explanation of the added species.

Sample Explanation CuCl Zn Sn
amount amount amount
Cu(Cl Pure CuCl - - -
Si-Ref ~ MG silicon - - -
SO SO0-URCM Standard Standard Standard
S11 S11-CuZnSnSi-5h Standard Standard Standard
S12 S12-CuSnSi-5h Standard - Standard
S13 S13-Si5(CuZnSn)-5h Stimes  Stimes 5 times
S14 S14-Si5(CuSn)-5h 5 times - 5 times
S15 S15-CuZnSnSi-16h Standard Standard Standard
S16 S16-CuSnSi-16h Standard - Standard
S17 S17-Si5(CuZnSn)-16h  Stimes  Stimes 5 times
S18 S18-Si5(CuSn)-16h 5 times - 5 times
S19 S19-Si5(CuZnSn)-40h  Stimes  Stimes 5 times
S20 S20-Si5(CuSn)-40h 5 times - 5 times

MG: Metallurgical grade. URCM: Unreacted contact mass
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3.2 X-ray Diffraction (XRD)

X-ray diffraction was carried out with the DaVincil diffractometer,
which employs Cu Ka radiation (A=1.54060 A) from the copper anode.
The optimized results were obtained when using a total scan time of 60
minutes. A 15 mm cavity sample holder was found to provide good
results while utilizing less quantity of the powder sample. For each
sample, a continuous scan from a 26 range of 15° to 80° was run. The
obtained raw files were analyzed with Bruker AXS DIFFRACT.EVA
(v5.1) to strip the Cu Ka peaks from the spectrum. The stripped data was
then matched with the powder diffraction database (PDF) by The
International Centre for Diffraction Data (ICDD).

3.3 Raman Spectroscopy

Horiba Jobin Yvon LabRAM HRS800 spectrometer, operated by
LabSpec 6 Spectroscopy Suite software, was used to measure the Raman
spectrum of the samples. The instrument was configured to use 632 nm
Ne-Ne laser, xSOLWD objective, and 600 gr/mm grating in a range of
200 cm!' - 1800 cm!. A built-in microscope with x50 objective lens was
used to focus the laser onto the selected spot. The fluorescence effect
was minimized by de-focusing the laser and optimizing the acquisition
and accumulation parameters for each sample measurement. The
instrument was configured to run in multi-accumulation mode to avoid

the peaks caused by cosmic rays.
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3.4 Thermal Analysis

Thermogravimetric analysis (TGA), differential scanning calorimetry
(DSC), and mass spectrometry (MS) of samples were performed on
Netzsch STA 449C Jupiter TGA/DSC instrument coupled with Netzsch
Aéolos QMS 403C Mass Spectrometer. For each measurement, the
temperature profile was set at a heating rate of 10 °C/min from the initial
temperature to 800 °C. Analysis in the oxidative atmosphere was carried
out with the gas flow set at 25 mL/min of argon and 55 mL/min of air
(20% O2 80% N2). The experiments in an inert atmosphere were carried
out with the gas flow set at 80 mL/min of argon. It is noteworthy that

exothermic peaks in the DSC curve are plotted downwards.

Before starting the measurement, each sample was kept in the TGA
chamber for 30 minutes at stand-by while the gas flow was turned on.
This was done to achieve an isothermal environment and consequently
to minimize the buoyancy effect. The buoyancy effect causes an
apparent mass increase at the initial temperature if the temperature

difference between the sample and the environment is too high.
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4 Results and Discussion

Contact mass samples with varying amount of CuCl, Zn and reaction
time have been thoroughly characterized to investigate the crystalline
phase structure of pure silicon and CuCl, formation of surface
complexes, the evolution of CusSi and CuisSis alloy phases, silicon
oxidation, degree of the structural order of carbonaceous material, and

reactivity of the deposited coke.

4.1 Characterization of Si, CuCl and CuClI/Si

mixture

Figure 4.1 shows the XRD spectrum of the pure silicon sample, Si-Ref.
Figure 4.2 shows the XRD spectra of CuCl and unreacted contact mass
sample, SO. XRD spectra in both figures are measured from the 26 value
of 15° to 80°. The XRD diffractogram of Si-Ref, presented in Figure 4.1,
shows five characteristic peaks of silicon at 26 values of 28.5°, 47.3°,
56.1°, 69.1°, and 76.4° [4], [66]. The standard XRD pattern of silicon
(ICDD 00-027-1402), also plotted in Figure 4.1, shows that these peaks
belongto (1 11),(220),(311),(400), and (3 3 1) planes of silicon,

respectively.

In Figure 4.2, the standard XRD pattern of CuCl (ICDD 04-007-2951)
pinpoints the CuCl diffraction peaks at 26 values of 28.5°, 33°, 47.4°,
56.2°, 69.2° and 76°, which belongto (1 11),(200),(220),(311),
(4 00), and (3 3 1) planes, respectively.
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An enhanced CuCl spectrum from 26 value of 30° to 34° 20 is also
presented in Figure 4.2, which shows the presence of copper(II) chloride
(CuCl2) in the CuCl sample. The first peak in the enhanced plot, at
32.47° 26, has been reported to belong to (2 2 0) plane of CuClz [67],
[68]. The peak at around 16° in the CuCl spectrum also shows the
presence of CuClz and belongs to (0 0 1) plane [69], [70]. Pure CuCl is
white, but the visible observation of the CuCl sample indicated a

greenish color, which is introduced due to the presence of CuClz [71].

It is immediately observed that all the characteristic peaks of CuCl other
than the relatively weaker peak at 33.03°, are positioned at the same 26
values as those of silicon. Wang et al. also pointed out this overlapping
of silicon and CuCl peaks when studying the structure of CuCl/Si
mixture for the Rochow reaction [72]. This phenomenon makes it harder
to identify the presence of CuCl in the reacted or unreacted contact mass
samples with the help of XRD analysis. The XRD spectrum of unreacted
contact mass sample SO, in Figure 4.2, shows five major diffraction
peaks at the same 26 values as those for pure silicon (Figure 4.1). These
peaks are the combined effect of silicon and CuCl. The weaker peak at
33.03° 26 in the CuCl spectrum is not detected in the XRD spectrum of
sample SO. In the Rochow reaction, the reaction between silicon and
CuCl begins with the formation of the surface Cu-Si-Cl complexes, as

shown in Equation 4.1 [72].

CuClgy +Sigg) 220 Co Cu-Si-Cligompien) +SICly 4.1
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Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) result for Si-Ref in the oxidative atmosphere is
shown in Figure 4.3. The mass change curve for Si-Ref reveals that the
sample undergoes an initial mass loss of 1.35 %, from the initial
temperature to 100 °C, due to drying of the absorbed moisture [73].
From 100 °C and onwards, oxidation of silicon over the whole
temperature range is noticed. It has previously been reported that the
oxidation of silicon occurs at both lower and higher temperatures [74].
Wessel et al. reported that this continuous oxidation of silicon happens
in the reacted contact mass samples as well, and makes it difficult to

draw a baseline in the TGA curve [41].
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Figure 4.3: TGA and DSC results of Si-Ref sample in an
oxidative atmosphere (55 ml/min air and 25 ml/min argon).
Measured from 35 °C to 800 °C at a heating rate of 10 K/min.



27

2
—TGA
100 | ——DSC
L1 —
80 - 20
= £
i\— J exo E
a 60 1 L 0 E
g -
40 - 8
L1 0
20 -
0 T T T '2
200 400 600 800

Temperature (°C)

Figure 4.4: TGA and DSC results for CuCl in an oxidative
atmosphere (55 ml/min air and 25 ml/min argon). Measured from
35 °C to 800 °C at a heating rate of 10 K/min.
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Figure 4.5: TGA and DSC results for CuCl in an inert
atmosphere (80 ml/min argon). Measured from 35 °C to 800 °C
at a heating rate of 10 K/min.
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Figure 4.6: TGA and DSC results of unreacted contact mass
sample, SO-URCM, in an oxidative atmosphere (55 ml/min air
and 25 ml/min argon). Measured from 35 °C to 800 °C at a heating
rate of 10 K/min.

Figure 4.4 and Figure 4.5 show the TGA/DSC analysis of the CuCl
sample, in an oxidative and inert atmosphere, respectively. Below 100
°C, CuCl does not experience any significant mass loss in both
atmospheres. From 400 °C to 800 °C, CuCl goes through a mass loss of
88 % in the oxidative environment, as shown in Figure 4.4, and a mass
loss 0f 98 % in an inert environment, as shown in Figure 4.5. The melting
point of CuCl is reported to be around 422 °C [75]. Above this
temperature, CuCl is dissociated into vapor phase CuszCls(g), CusaClay),

and CusCls(g) in the following manner [76].
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3CUC1(S) —_— CU3C13(g) 4.2
4CU.C1(S) _— CU4C14(g) 4.3
5CU.C1(S) —_— CUSC15(g) 4.4

Multiple attempts to obtain the MS spectra for Cu.Cl: (x=3,4,5) were
conducted using the procedure reported by Guido et al., but due to the
upper mass-to-charge ratio of the available mass spectrometer
instrument, none were successful [76]. Figure A.4 and Figure A.5 show
the mass spectrometry results for CuCl in an oxidative and inert

atmosphere, respectively.

Figure 4.6 shows the TGA/DSC results for the unreacted contact mass
sample, SO, in an oxidative atmosphere. Below 100 °C, sample SO
undergoes a mass loss of around 2.5 % due to the drying process. Figure
A.6 shows the mass spectrometry (MS) ion current signal for water

(m/z=18) below 100 °C for sample S0, in an oxidative atmosphere.

Unlike Si-Ref in Figure 4.3, sample SO in Figure 4.6 experiences a
continuous mass loss after 100 °C, which becomes quite sharp at around
422 °C, the melting point of CuCl [75]. This mass loss can be attributed
to the decomposition of catalyst precursor, CuCl, as described in Figure
4.4. Similar behavior is noticed for the SO sample in inert TGA
measurement, shown in Figure A.7. It should be noted that the mass
change in Figure 4.6 for sample SO is a combined effect of the mass
increase due to silicon oxidation and mass decrease due to CuCl

decomposition.
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Figure 4.7 shows the Raman spectra of Si-Ref, and unreacted contact
mass sample, SO, from the Raman shift value of 200 cm™! to 1400 cm.
Both spectra are offset along the y-axis by an arbitrary value and have
also been cut at a random value of the highest peak at 519 cm™ for

clarity.

Five major peaks at Raman shift values of 300 cm™', 430 cm™, 519 cm-
1,615 cm™, and 940 cm™! in the Raman spectra of both samples belong
to unique phononic modes of pure silicon. Uchinokura et al. pointed out
that these peaks are related to the Raman spectrum of silicon, while the
tallest peak at around 519 cm™ is the one-phonon silicon peak [77].
Graczykowski et al. reported that the peaks at 300 cm™ and 430 cm™! are
attributed to the 2TA phononic mode of silicon [78]. Peaks at 520 cm’!
and 940 cm™ were reported to belong to LO and 2TO phononic modes
of silicon, respectively [78]. The peak at 615 cm™ could either belong to
the TO or TA phononic modes [78]. Here TA implies transverse
acoustic, TO is short for transverse optic, and LO stands for longitudinal

optic [78].
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Figure 4.7: Raman spectra for pure silicon, Si-Ref, and
unreacted contact mass sample, SO. Measured from Raman shift
value of 200 cm™ to 1400 cm! in visible light with 632 nm laser.
Both spectra are offset along y-axis for clarity.

The peaks at around 300 cm™ and 615 cm™ show a relatively high
intensity in sample SO. This could be due to the contribution of oxides

of copper, which show the Raman peaks at around 293 cm™! and 623 cm

11791
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4.2 Effect of CuCl and Zn on the Active Phase

Formation

CusSi is known to be the active catalytic phase in the Rochow reaction
[72]. Wang et al. reported that the presence of the CusSi in the contact
mass represents the potential activity [36]. Effect of Zn on the CusSi
formation and its phase transformation is studied by analyzing samples

from S11 to S20 with x-ray diffraction (XRD).

Figure 4.8(a), Figure 4.9(a), and Figure 4.10(a) show the XRD spectra
for samples S11 to S14 (5 hours reaction time), S15 to S18 (16 hours
reaction time), and S19-S20 (40 hours reaction time), respectively. All
the diffractograms in the mentioned figures are analyzed from the 26
value of 15° to 80°. Enlarged views between 26 values of 42° and 46°
are presented in Figure 4.8(b), Figure 4.9(b), and Figure 4.10(b), which
correspond to samples S11 to S14, S15 to S18, and S19-S20,
respectively. For clarity and comparison, each spectrum has been offset
along the y-axis by an arbitrary value.
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Figure 4.8: XRD spectra of S11, S12, S13 and S14. (a) 260 range
of 15° to 80°. % shows CuisSi4. « shows metallic Cu (b) 26 range
of 42° to 46°. Standard PDF for Cu3Si and CuisSis are plotted.
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Figure 4.9: XRD spectra of S15, S16, S17 and S18 in Bragg-
Brentano geometry. (a) Measured in 26 range of 15° to 80°. x
shows CuisSis4. @ shows metallic Cu (b) Enlarged view from 26
range of 42° to 46°. PDF (00-059-0262) for CusSi, and (04-014-
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Figure 4.10: XRD spectra of S19 and S20 in Bragg-Brentano
geometry (a) Measured in 26 range of 15° to 80°. x shows
CuisSi4. « shows metallic Cu (b) Enlarged view from 26 range of
42° to 46°.
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XRD spectrum for each contact mass sample shows the characteristic
silicon peaks at 26 values of 28.5°, 47.3°, 56.1°, 69.1°, and 76.4°. These
peaks belong to the crystalline structure of silicon and have been
discussed in section 4.1. XRD peaks at 26 value of 43.3° and 50.4°
belong to (1 1 1) and (2 0 0) planes of metallic copper (ICDD 00-004-
0836) [80]. The characteristic XRD peaks for CusSi also referred to as
n-phase, are located at 26 values of around 44.5° and 45.1° (ICDD 00-
059-0262) [21], [72], [81]-[83]. The Diffractogram peaks for CusSi are
present in each contact mass sample, except S11 and S12, with varying
intensity, as shown in Figure 4.8(b), Figure 4.9(b), and Figure 4.10(b).
Another copper silicide phase, CuisSi4, denoted as e-phase, is also
detected by the XRD at around 34.5°, 43.7°,45.71°,47.7°, and 58.3° 26
values (ICDD 04-014-4307). Luo et al. has previously reported the
presence of CuisSis in the reacted contact mass samples [38]. Both #-
phase and e-phase are also plotted as their respective standard Powder
Diffraction File (PDF) cards in Figure 4.8(b), Figure 4.9(b), and Figure
4.10(b).

In the XRD patterns of samples with the standard amount of CuCl —S11,
S12, S15, S16 — there is no peak related to the unreacted CuCl. While
for samples with five times the amount of catalyst, a small CuCl peak at
33.03° is found for S17, S18, S19, and S20, indicating the presence of
unreacted CuCl. A previous study reported that the addition of CuCl in
higher concentrations has an adverse effect on the selectivity, reaction
rate, and induction time due to the high tendency of particle
agglomeration [21]. Agglomeration of catalyst particles also leads to a

higher tendency of inactive copper enrichment [21]. After 16 hours of
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reaction, samples with five times the amount of CuCl (S17 and S18)

show an intense copper peak at a 26 value of 43.3°.

The role of Zn on CuxSi (x=3, 15) can be clearly explained by comparing
the Zn-promoted samples to the samples without Zn. In Figure 4.8(b),
the peaks at around 43.7° and 45.7°, attributed to CuisSi4, show higher
intensity for S14 (without Zn) than Zn-promoted sample S13. S18, the
sample with 16 hours of reaction time in Figure 4.9, shows a much
higher CuisSi4 peak intensity, than the Zn-promoted S17. For samples
after 40 hours of reaction time, S19 and S20, in Figure 4.10, the Cui5Si4
peak intensity is relatively lower and comparable. It was reported that
during the course of the Rochow reaction, the quantity of e-phase

(CuisSis) increases initially and then tends to decrease [38].

It has been widely accepted that Zn has a positive effect on the selectivity
of M2 by increasing the formation of CusSi [2], [36], [42]. Five hours
reacted samples S11 (Zn-promoted) and S12 (without Zn), in Figure
4.8(b), peak related to CusSi alloy phase in not detected. This could be
the result of the continuous consumption of the active phase [36]. For
samples with 16 hours of reaction time, in Figure 4.9(b), the Cu3Si peak
intensity is more prominent for S17 (Zn-promoted) than S18 (without
Zn). It should be noted that S17 is reacted with five times the amount of
CuCl and Zn, while S18 only contains five times the amount of CuCl.
After 40 hours of reaction time, S19 and S20 exhibit similar behavior,

as shown in Figure 4.10(b).

Weber et al. reported that the formation of e-phase (CuisSis) occurs due
to the agglomeration of catalyst particles [84]. It is known that Zn acts

as a dispersion agent by increasing the enrichment of silicon on the Cu-
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Si alloy [30]. In the Rochow reaction, #-phase can decompose to e-
phase. The n-phase to e-phase transformation occurs according to
Equations 4.5, 4.6, 4.7, and 4.8 [84]. Equation 4.9 summarizes the
process in a simplified form [85]. The presence of Zn in the contact mass
increases the tendency of CusSi formation and decreases the CuisSis

formation by acting as a dispersion agent [30].

78Si(s) + 12CuCl gy ——— 4Cu3Sig) + 3SiCly(, 4.5
31Cu3Si) + 12CuCl ) ) ———— 7Cu5Siy() + 3SiClyy 4.6
90Cu5Sig(s) + 20CuClg)(g) ——31Cuy5Siy) + SSiCly) 4.7
CusSig) + 4CuCl(g) ) ——— 9Cug) + SiCly, 4.8

CU.3Si — Cu158i4 — CUSSi —= Cu 4.9

It was reported that the higher concentration of CuisSi4 increases the
selectivity towards M2 and the reactivity in the initial phase, but the
reaction stops earlier due to copper enrichment and higher coke
deposition [85]. A previous study, investigating the Rochow reaction
with CuO catalyst, also reported the presence of Cue.69Si specie in the
reacted contact mass sample [86]. However, it was not detected in any

of the analyzed reacted contact mass samples.
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4.3 Surface Analysis to Study Order of Coke

Raman spectroscopy has been widely utilized to investigate the degree
of structural order of the carbonaceous species, and the change of order
via graphitization [87]-[91]. A few problems encountered during the
experimental work, related to the fluorescence effect and heterogeneous

nature of contact mass, are discussed first.

4.3.6 Fluorescence in the Raman spectra

Figure 4.11 shows the Raman spectrum of sample S16 from the Raman
shift value of 200 cm™ to 1800 cm!'. The characteristic silicon peaks at
Raman shift values of 300 cm™!, 420 cm™, 519 cm™, 615 cm™', and 940
cm! are discussed in section 4.1. The peaks related to the carbonaceous
material are detected at around 1130 cm™, 1310 cm™, and 1600 cm™', and

discussed later in section 4.3.8.

In the Raman spectrum of sample S16, the upward shift of the whole
spectrum, the downward peak at around 780 cm™', and the straight line
at around 1400 cm™ is caused by the fluorescence phenomenon [92].
Vogelaar reported that the fluorescence effect when analyzing carbon-
based material is caused by the backscattering photons of random energy

[92].
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Figure 4.11: Raman spectrum of S16. Measured with 632 nm
laser from Raman shift of 200 cm™ to 1800 cm™.

The ideal solution would be to switch to a laser with less power [93]. To
minimize the effect of fluorescence, it has been suggested to de-focus
the laser beam, optimizing the exposure time and number of
accumulations [92]. These parameters were optimized for each spectrum
measurement. For further analysis, each spectrum is shifted to zero
intensity, and a linear baseline correction is applied using LabSpec 6

Spectroscopy software.
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4.3.7 Inhomogeneous Surface Distribution

Figure 4.12 shows the Raman spectra for sample S11 (Zn-promoted with
5 hours of reaction time) at two different spots. Each spectrum is
measured from the Raman shift value of 200 cm™ to 1800 cm™. Both

spectra have been offset along the y-axis by an arbitrary value.

Intensity (a.u.)
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Figure 4.12: Raman spectrum of S11 at two different spots.
Measured with 632 nm laser from Raman shift of 200 cm™! to
1800 cm™.
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The characteristic silicon peaks at Raman shift values of 300 cm™, 420
cm!, 519 cm’!, 615 cm™, and 940 cm™ are detected for both spots. These
standard peaks belong to specific phonons of silicon and have been
discussed in section 4.1. The intensity of the main silicon peak at 519
cm™! for spot 2 is much lower than that of spot 1, as can be observed in

Figure 4.12.

It has been known that the Raman peak intensity of a specie in a
heterogeneous material is directly proportional to its relative
concentration at that surface point [94], [95]. Thus, the spots that show
lower intensity for the silicon could have more coke deposition on the
particle surface. The carbon peaks at around 1100 cm™, 1310 cm™!, and
1600 cm™ for spot 2 show higher intensity than those of spot 1. Such
variations in the peak intensities from spot to spot are related to the
inhomogeneous distribution of surface species in the powder samples
[39]. Figure A.1 shows the Raman spectra on silicon-rich spots for a few
other samples. To investigate the chemistry of the coke phase with
respect to reaction time, and amount of CuCl and Zn, multiple
measurements are taken at different spots. An average of at least five
most frequently repeating spectra is then selected for comparison and

discussion.
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4.3.8 Phase Chemistry of Coke

Figure 4.13 shows the Raman spectra of samples with a standard amount
of CuCl, Sn, and Zn (S11 and S15) and samples with a standard amount
of only CuCl and Sn (S12 and S16). It is noted that S11 and S12 are
reacted for five hours, while S15 and S16 have a reaction time of 16
hours. Figure 4.14 shows the Raman spectra of samples S13, S17, S19,
S14, S18, and S20 from bottom to top. S13, S17, and S19 are reacted for
5, 16, and 40 hours, respectively, with the addition of five times the
amount of CuCl, Sn, and Zn. S14, S18, and S20 are also reacted for 5,
16, and 40 hours, but with five times the amount of CuCl and Sn only.

Each spectrum, in both figures, is offset along the y-axis for clarity.

The peaks at Raman shift values of 300 cm, 420 cm™, 519 cm’!, 615
cm™!, and 940 cm! indicate the crystalline nature of silicon and have
been discussed in section 4.1 [96], [97]. The peaks at around 1120 cm™,
1310 cm™ and 1600 cm™! are attributed to the carbonaceous material
[87]. Tuinstra and Koening reported that carbonaceous materials are
distinguished by two main bands; the band at around 1310 cm™ is called
disordered (D) band, and the one at around 1600 cm™ is known as the
graphitic (G) band [87]. The D band at around 1310 cm™ is caused by
the in-plane defects of heteroatoms such as oxygen and hydrogen, and
its intensity and broadness are increased in less ordered carbon [90],
[98]. The G band is associated with the in-plane vibrations of aromatic
carbon in the graphitic carbon structure [98]. The exact nature of the
band at around 1150 cm™ is not clear. Beyssac et al. assigned this band
to poorly organized coke [99]. Guichard et al. assigned this peak to C-H
vibrations [100]. This peak might also be related to the presence of
hydrogenated coke [101].
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Figure 4.13: Raman spectra of S11, S15, S12 and S16
samples. Measured with 632 nm laser from Raman shift of
200 cm™! to 1800 cm’'.
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Figure 4.14: Raman spectra of S13, S17, S19, S14, S18 and
S20 samples. Measured with 632 nm laser from Raman shift
of 200 cm™! to 1800 cm’.
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S11 and S12, samples with and without Zn, respectively, show all
carbonaceous peaks at around 1120 cm™, 1310 cm™!, and 1600 cm™.
Both samples have a reaction time of 5 hours, but S12 has a relatively
less intense silicon peak. The main silicon peak at around 519 cm™ is
noticed to be more intense for the Zn-promoted sample S11 than that of
the sample S12 (without Zn). This could be the result of the particle
surface being covered by either the unreacted catalyst or the #-phase.
The former point is more likely to be accurate, as the XRD
diffractograms of S11 and S12, in Figure 4.8, show a very small peak
intensity for CusSi. Gasper-Galvin ef al. suggested that Zn increases the
dispersion of copper on the silicon surface [42]. The surface of sample
S11 is more homogeneous in nature as compared to that of S12. Raman
spectra of samples S13 and S14, in Figure 4.14, reveal a similar result,
where the silicon peak at around 520 cm™ has a higher intensity for Zn-
promoted S13 than that of S14. Both samples have a reaction time of 5
hours and reacted with five times the amount of CuCl and Sn. It is noted
that Sample S13 is also promoted with five times the amount of Zn.
Samples with more than five hours of reaction time (S15, S16, S17, S19,
and S20) do not exhibit this change in silicon peak intensity with respect

to reaction time, as shown in Figure 4.13 and Figure 4.14.

A commonly used spectral feature to analyze the carbon peaks in the
Raman spectrum is the ratio of D-band intensity to G-band intensity
[102]. This can quantitatively provide insight into the structural order of
carbon. As mentioned in section 4.3.6, Raman spectra of contact mass
samples are a victim of fluorescence effect. Although an effort was made
to minimize this effect by creating a baseline, the relative intensities of

peaks may have changed during the process. ID/IG ratios are listed in
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Table 4.1; however, ID/IG values are not used for further discussion.
Another important spectral feature is the use of carbon peak width and
full width at half maximum [98], [99], [103], [104]. In order to
investigate the degree of structural order of the deposited carbon

material, full width at half maximum (FWHM) of and G-band is

discussed.
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Figure 4.15: Raman spectra of reacted contact mass samples.
Measured with 632 nm laser from Raman shift of 1000 cm!
to 1750 cm™!.
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Figure 4.15 shows an enlarged view of Raman spectra of all the analyzed
samples from the Raman shift value of 1000 cm™ to 1750 cm!. Each
spectrum is offset along the y-axis by an arbitrary value for clarity. Full
width at half maximum (FWHM) values of G-band, listed in Table 4.1,
are calculated using Spectragryph optical spectroscopy software [105].
S11 and S13 show that with increasing reaction time, FWHMGg value
decreases from 96.68 cm™ (S11) to 84 cm™ (S13), as presented in Table
4.1. Similarly, S15, S17, and S19, samples with five times the amount
of catalyst and Zn, show that with the increase of reaction time from 5
hours (S15) to 17 hours (S17) to 40 hours (S19), FWHMGgc decreases
from 113.4 cm™ (S15) to 87.2 cm! to 59.2 ecm™ (S19), respectively.
Figure 4.15 also shows that G-band changes from a broad peak to a
narrower and more distinct peak, from S15 to S17 to S19, respectively.
This trend of G-band indicates that graphitic carbon in the Zn-promoted
contact mass samples becomes more ordered with fewer defects, as the

reaction proceeds [106], [107].

On the other hand, samples reacted without the addition of Zn show the
opposite behavior. FWHMg for S12, sample reacted for 5 hours, is
around 49 cm™'. After 16 hours of reaction, for S16, FWHMGg increases
to around 220 cm'. Samples with five times the amount of catalyst, but
no Zn, demonstrate the same pattern. FWHMGg for S14 is around 113 cm”
!, and after 16 hours of reaction time (S18), FWHMGg increases to 121
cm'. S20, after 40 hours of reaction time, shows a higher FWHMg of
188 cm!. This suggests that without the addition of Zn promoter, the
phase of carbon changes to poorly ordered graphitic structure as the

reaction proceeds [98]. Beny-bassez and Rouzaud reported that the
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poorly ordered carbon in a sample with a broad G band is caused by

defects in the graphitic structure [90].

Table 4.1: FWHM of and G band. ID/IG ratios for all the reacted
contact mass samples.

Sample FWHMg (cm™) ID/IG ratio
S11 96.68 0.9
S12 49 0.97
S13 84 0.89
S14 112.9 1.2
S15 113.4 0.93
S16 219.88 1.03
S17 87.2 1.15
S18 121 0.93
S19 59.2 1.03
S20 188.065 1.03

Beyssac reported that the intensity of the carbon peak at around 1130
cm! is more prominent in poorly ordered carbon [99]. Such is the case
with the contact mass samples without the addition of Zn. Figure 4.15
shows a more prominent carbon peak at 1130 cm™! for samples without
Zn (S12, S14, S16, S18, and S20) than for samples with Zn (S11, S13,
S15, S17, and S19). Contact mass samples reacted without the addition
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of Zn exhibit higher D-band intensity than Zn-promoted samples, as
shown in Figure 4.15. This relatively intense D-band, in samples without
Zn, attests to the highly disordered carbon, due to the presence of
aromatic species [108]. The investigation of carbon peaks demonstrates
that the presence of Zn as a promoter tends to change the phase of the

deposited carbon to a more structurally ordered carbon.
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4.4 Effect of Zn on the Reactivity of Coke

Surface analysis of deposited coke by Raman shed light on how the
structural order of coke is affected by the Zn promoter and its evolution
over reaction time. Thermogravimetric analysis (TGA) coupled with
mass spectrometry (MS), in the oxidative atmosphere, is utilized to study
the effect of Zn on the reactivity of coke in the bulk of the contact mass.
The results of TGA/MS analysis carried out in an inert atmosphere for
all the samples are given in Figure A.8 to Figure A.15. It is noted that
S13 and S14 are not analyzed with TGA. For the sake of convenience,
this section is divided into two sub-sections: samples with Zn, and

samples without Zn. The results are then compared and discussed.

449 Samples with Zn

Figure 4.16 and Figure 4.17 show the thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC)) and mass spectrometry
(MS) results for sample Slland S15, respectively, in the oxidative
atmosphere. Both S11 and S15 samples are promoted with Zn and Sn,

where S11 has a reaction time of 5 hours, and S15 is reacted for 16 hours.

Sample S11, in Figure 4.16(a), shows slight variations in the TGA curve,
while sample S15, in Figure 4.17(a), experiences a continuous mass loss
over the whole temperature range, with an overall mass loss of around
2.5 %. Below 100 °C, the mass loss in sample S11 is negligible.
However, for S15, the mass loss below 100 °C is observed to be more
than 1 %. This mass change is attributed to the drying process of water
and dehydration of Si-OH groups present in the reacted contact mass

sample [109]. The corresponding MS ion current curves for water
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(m/z=18) in Figure 4.17(b) for S15 provides a validation that this initial

mass loss is indeed due to the removal of H20.

The MS ion current curve for CO2 (m/z=44), in Figure 4.16(b) and
Figure 4.17(b), shows the formation of carbon dioxide. The CO2 MS
spectrum for S11 starts at a temperature of 180 °C, with a peak at 336
°C, and there is no indication of accompanying water MS spectrum
(m/z=18) at this temperature. For S15, the CO2 MS spectrum starts to
show at a relatively higher temperature of 200 °C, with a peak at 300 °C.
Similar to S11, the CO2 MS spectrum is not accompanied by an H2O MS
signal (m/z=18) at this temperature. The TGA and DSC curves of S11
and S15 do not indicate any distinct change at the formation temperature
of COz. This could be the result of either simultaneous oxidation of
silicon and copper species in the sample or due to a small quantity of

carbonaceous material being decomposed.
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Figure 4.16: TGA, DSC and MS analysis of S11 in oxidative
atmosphere (55 ml/min air and 25 ml/min argon) from 35 °C to
800 °C at 10 °C/min heating rate. (a) TGA curve on the left and
DSC curve on the right (b) MS ion current for H2O (m/z=18) on
the left and COz (m/z=44) on the right.
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Figure 4.17: TGA, DSC and MS analysis of S15 in oxidative
atmosphere (55 ml/min air and 25 ml/min argon) from 35 °C to
800 °C at 10 °C/min heating rate. (a) TGA curve on the left and
DSC curve on the right (b) MS ion current for H2O (m/z=18) on
the left and COz2 (m/z=44) on the right.
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Figure 4.18 and Figure 4.19 show the TGA, DSC, and MS results for
S17 and S19; these samples are promoted with five times the amount of
CuCl, Sn, and Zn. S17 and S19 have a reaction time of 16 and 40 hours,
respectively. The thermal analysis is carried out in an oxidative

atmosphere from 35 °C to 800 °C at a heating rate of 10 K/min.

Below 100 °C, samples S17 and S19 experience a mass loss of around
1.5 % and 4 %, respectively, as demonstrated by the respective TGA
curves in Figure 4.18(a) and Figure 4.19(a). The H2O MS spectrum
(m/z=18) of S17 and S19 are presented in Figure 4.18(b) and Figure
4.19(b), which show the drying process below 100 °C in the form of a

decreasing slope around 100 °C.

From 100 °C to around 420 °C, S17 sees a slight mass increase, while
S19 undergoes an initial mass decrease and then increase. This can be
attributed to the combined effect of mass loss by decomposition of
carbonaceous species and mass increase by the oxidation of silicon and
copper species. The disadvantage of TGA is again underlined here, as it
is not possible to distinguish between these two phenomena just by
analyzing the TGA curve. Wessel reported that during the oxidative
TGA analysis, the oxidation of silicon and copper species occurs and
makes it impossible to draw a baseline [41]. The exothermic DSC peak,
at 294 °C for S17 and at 264°C for S19, corresponds to the formation of

CO2 by decomposition of carbon material.

In S17 and S19, the substantial mass decrease from 420 °C to 800 °C is
caused by the decomposition of unreacted CuCl in the contact mass. A
detailed discussion of the thermal analysis of CuCl is presented in

section 4.1.
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The CO2 MS signal for S17, in Figure 4.18(b), shows the starting
temperature and peak temperature is 167 °C and 294 °C, respectively. In
Figure 4.19(b), sample S19 shows a narrow CO2 MS signal with a
starting temperature of 198 °C and a peak temperature of 264 °C. An
exothermic peak in the DSC curves of sample S17 and S19 occurs at 294
°C and 264 °C, respectively. This peak is the combined effect of the
decomposition of carbonaceous species and the successive formation of

COa.
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Figure 4.18: TGA, DSC and MS analysis of S17 in oxidative
atmosphere(55 ml/min air and 25 ml/min argon) from 35 °C to 800
°C at 10 °C/min heating rate. (a) TGA curve on the left and DSC
curve on the right (b) MS ion current for H2O (m/z=18) on the left
and COz (m/z=44) on the right.
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Figure 4.19: TGA, DSC and MS analysis of S19 in oxidative
atmosphere (55 ml/min air and 25 ml/min argon) from 35 °C to
800 °C at 10 °C/min heating rate. (a) TGA curve on the left and
DSC curve on the right (b) MS ion current for H2O (m/z=18) on
the left and COz (m/z=44) on the right.
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4.4.10 Samples without Zn

The TGA, DSC, and MS analyses of samples S12 and S16, both without
Zn and a reaction time of 5 hours and 16 hours, respectively, are
presented in Figure 4.20 and Figure 4.21. Figure 4.22 and Figure 4.23
show the TGA/MS results for samples S18, and S20, both with five
times the amount of CuCl and Sn, and a reaction of 16 hours and 40
hours, respectively. It is stated that S18 and S20 are not promoted with
Zn.

The TGA curve for sample S12 shows an overall mass change of less
than 1 %. The TGA curve for sample S16 experiences a mass loss of
around 2 % below 100 °C due to the removal of water, as demonstrated
by the H20 (m/z=18) MS signal in Figure 4.21(b). It is observed that S16
undergoes an overall mass loss of 3 %. The CO2 MS spectrum for both
samples, in Figure 4.20(b) and Figure 4.21(b), shows a broad peak with
a double shoulder, first at around 300 °C and then at around 340 °C. The
CO2 MS signal for S12 and S16 has an initial temperature of 158 °C and
168 °C, respectively.

Figure 4.22(a) and Figure 4.23(a) show that the samples with five times
the amount of CuCl and Sn, S18 and S20, undergo a mass loss of around
1 to 2 % below 100 °C due to drying, as evidenced by the relative H.0
MS spectra in Figure 4.22(b) and Figure 4.23(b), respectively. As
discussed earlier, the mass loss below 100 °C in all the reacted contact
mass samples could be the combined results of the removal of water and

dehydration of Si-OH bonds [109], [110].

From 100 °C to 400 °C, S16 and S12 go through a mass increase due to

oxidation of copper and silicon species. XRD spectra of S18 in Figure
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4.9 and S19 in Figure 4.10 reveal a high concentration of metallic copper
in these samples. Clarke reported that free copper is very prone to
oxidation [27]. Such is the case with S17 and S19 as well; the mass
decreases after 420 °C in S18, and S20 is the result of the decomposition

of unreacted CuCl.

The CO2 MS signals for S18 and S20 show a distinct and narrow peak
at around 300 °C. The starting temperature of CO2 formation for both
samples is around 200 °C. The DSC signal for S18 and S20 shows an
exothermic peak at around 300 °C, which is related to the decomposition
of carbonaceous species and the formation of COz. From 100 °C to 400
°C, a mass increase is observed in sample S18 and S20. XRD analysis
of S18 and S20, in Figure 4.9 and Figure 4.10, respectively, shows an

intense Cu peak for both samples.

From 420 °C to 800 °C, S18 and S20 go through a substantial mass loss
of 8 % and 18 %, respectively. As discussed in section 4.1, the
decomposition temperature of CuCl is 420 °C. This mass loss in S18 and
S20, samples with five times the amount of CuCl and Sn, is related to

the decomposition of the unreacted CuCl.
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Figure 4.20: TGA, DSC and MS analysis of S12 in oxidative
atmosphere (55 ml/min air and 25 ml/min argon) from 35 °C to
800 °C at 10 °C/min heating rate. (a) TGA curve on the left and
DSC curve on the right (b) MS ion current for H2O (m/z=18) on
the left and COz (m/z=44) on the right.
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Figure 4.21: TGA, DSC and MS analysis of S16 in oxidative
atmosphere (55 ml/min air and 25 ml/min argon) from 35 °C to
800 °C at 10 °C/min heating rate. (a) TGA curve on the left and
DSC curve on the right (b) MS ion current for H2O (m/z=18) on
the left and COz2 (m/z=44) on the right.



60

6
exo
105 4 v
L 4
100 4 S K\_\ ED
< _'2 =
> 951 S
© 0 E
S 9 \/’V’_\ o
(7]
--2 D
85 - —TGA
(a) ——bpscf-4
80 ’ r .
-11 x10'11
2 x10 5
——H0
z 15 —; l1s
- Fed
5 o 58
+ I 1 1 =9
5 = 35 5
o8 o8
c c
] 0.5 L 0.5 ©
0 - - ; 0
200 400 600

Temperature (°C)

Figure 4.22: TGA, DSC and MS analysis of S18 in oxidative
atmosphere (55 ml/min air and 25 ml/min argon) from 35 °C to
800 °C at 10 °C/min heating rate. (a) TGA curve on the left and
DSC curve on the right (b) MS ion current for H2O (m/z=18) on
the left and COz2 (m/z=44) on the right.
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Figure 4.23: TGA, DSC and MS analysis of S20 in oxidative
atmosphere (55 ml/min air and 25 ml/min argon) from 35 °C to
800 °C at 10 °C/min heating rate. (a) TGA curve on the left and
DSC curve on the right (b) MS ion current for H20 (m/z=18) on
the left and COz (m/z=44) on the right.
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4.4.11 Comparison of Coke Reactivity

A summary of initial temperatures and peak temperatures of CO2
formation, along with the calculated H/C ratios for all the analyzed
samples is listed in Table 4.2. H/C ratios are calculated using Equation
4.10. Amo and Acoz in Equation 4.10 correspond to the area under the
curve of H2O MS peak, and CO2 MS peak of a reacted contact mass
sample, respectively. An2o and Acoz in Equation 4.11 correspond to the
area under the curve of H2O MS peak and CO2 MS peak of NaHCO3

sample, respectively.

A
H/C=-22 xRF 4.10
Co,
2A
RF = —% 411
AHzo

Figure A.16 shows the mass spectrometry results of NaHCOs3 in the
oxidative atmosphere. The correlation factor, RF, is calculated from the
oxidative TGA/MS of NaHCO:3 since the H/C for NaHCOs is one. It was
noticed that the calculated H/C values could be unreliable due to the non-
quantitative nature of the available mass spectrometry instrument.
Further discussion on the reactivity of coke is, thus, based on the

oxidation temperatures of coke.

In all the contact mass samples, the initial temperature of oxidation of
coke is below 300 °C, as shown in Table 4.2. It was reported that the
coke oxidized below 400 °C is to be attributed to soft coke, and it
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consists of amorphous structures, alkylated mono-aromatics, and di-
aromatics [111]. On the other hand, hard coke has a higher oxidization
temperature and comprises of poly-condensed aromatics [111]. Another
study reported that hard coke is oxidized above 600 °C [73]. Thermal
analysis of the reacted contact mass samples does not show any presence
of hard coke. The presence of hard coke implies a high degree of
graphitization of coke and shows a Raman peak at Raman shift value of
around 2700 cm™' [99], [101], [112]. However, as seen in Figure 4.15,
reacted contact mass samples show the carbon material peaks below

2000 cm™! only.

Table 4.2: Temperature profile of CO2 formation and H/C ratios
of all the reacted contact mass samples.

Initial The peak End Shoulder

Sample temp of temperature temp of peak ::iﬁ)
CO:MS  of CO0MS CO:MS temp
- (°C) (°C) (°C) (°C) -
S11 <200 336 440 - <0.01
S15 <200 300 440 - <0.01
S17 <200 ~300 410 - 0.28
S19 <200 ~260 400 - 0.37
S12 <200 300 480 340 <0.01
S16 <200 300 470 340 0.37
S18 <200 ~300 380 340 0.06

S20 <200 ~290 380 340 0.32
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The deposited coke in every contact mass sample is soft coke in nature
but with varying reactivity, as can be noticed from the peak temperature

of CO2 formation.

Zn-promoted samples, SI11 and S15, show that reactivity of coke is
increasing with reaction time. Peak coke oxidation temperature of five
hours reacted sample, S11, is around 340 °C. After 16 hours of reaction
time, the peak coke oxidation temperature has decreased to 300 °C in
S15. This effect is amplified in samples with five times the amount of
Zn: S17 with 16 hours of reaction time, and S19 with 40 hours of
reaction time. MS COz peak of S19 is very narrow as compared to that
of S17. After 40 hours of reaction time, S19 has a high reactive coke,
with a peak temperature of around 260 °C. A peculiar behavior was
noticed during the Raman analysis of S19. Oxidation of surface coke
started to occur during the Raman spectroscopy if the laser was focused
for more than 5 minutes. This was observed only in sample S19. Figure
4.24 shows the Raman spectrum of a specific spot of S19 before and
after 5 minutes of exposure to the laser [113]. Figure A.2 shows the
microscopic image of this S19 spot before and after laser exposure.
Vogelaar noticed a similar incident and reported that this effect shows

the high reactivity of coke [92].
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For Samples reacted with the addition of a standard amount of CuCl and
Sn but no Zn, named S12 (5 hours reaction time) and S16 (16 hours of
reaction, the peak temperature of the CO2 formation remains the same
with respect to the reaction time. Both samples show a second peak at
around 340 °C, indicating that coke in these samples is less reactive than
S11 and S15. S18 (16 hours reaction time) and S20 (40 hours reaction
time), samples without Zn but five times the amount of CuCl and Sn,
however, do not follow this trend. After 40 hours of reaction time, S20

shows a peak temperature of 290 °C.

During the thermal analysis, the sample mass was kept the same for each
measurement. A comparison of the mass spectrum of S11 and S12 shows
that the CO: signal of S12 has a higher peak intensity than the Zn-
promoted S11. S12 also shows a broader CO2 peak with a shoulder peak.
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Similar behavior is noticed when comparing the MS CO: spectrum of
Zn-promoted S15 to S16. COz peak intensity of S16 is much higher with
a shoulder peak. The results are in agreement with a previous study
reported by Wessel [41]. It was reported that contact mass samples
reacted without Zn had a higher deposition of coke. Wessel categorized
the coke into two types: a-coke, which is oxidized at a lower
temperature, and B-coke, which is oxidized at higher temperatures [41].
It was suggested that only B-coke is responsible for the catalyst
deactivation as it is deposited on the active surface sites [41]. The first
shoulder of CO2 MS signal in S12 and S16 can be assigned to a-coke
and the second shoulder to the B-coke. Zn-promoted samples, S11, S12
S17, and S19, reveal only a single CO2 MS peak. As discussed in section
4.2, Zn-promoted samples have a high tendency of active site formation.
The CO2 in Zn-promoted samples could belong to the B-coke. This
investigation is in agreement with the previous study on catalyst

deactivation by coke formation in the Rochow reaction [41].
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5 Conclusion

The thesis work on the direct synthesis of dimethyldichlorosilane was
performed with the aim of investigating the role of catalyst precursor
CuCl, reaction time, and zinc (Zn) promoter on the formation of the #-
phase CusSi, its transformation to CuisSi4, and the deactivation process.
The research on the catalyst deactivation by coke formation is of
particular importance, as there are few reported studies on it, in spite of
its impact on the industrial-scale operation. To be able to distinguish the
type of coke deposited on the active sites, it was deemed essential to
study the properties of the formed coke, such as the degree of structural
order of coke and changes in the reactivity with respect to reaction time,
and concentration of CuCl and Zn. For this purpose, the CuCl sample,
unreacted contact mass sample (S0), and a series of reacted contact mass
samples with varying reaction time, and concentrations of CuCl and Zn
were analyzed with x-ray diffraction (XRD), Raman spectroscopy, and

thermogravimetric analysis coupled with mass spectroscopy (MS).

It was found that the concentration of CuCl and Zn has a controlling
effect on the formation of Cu3Si and its transformation to CuisSi4 during
the reaction. XRD analysis shows that, in samples promoted with the
standard amount of CuCl and Zn (S11 and S15), the tendency of CusSi
to CuisSi4 transformation is less, and there is very low enrichment of
inactive copper, due to the promoting ability of Zn to act as a dispersion
agent. Samples with five times the amount of CuCl and Zn (S13, S17,
and S19) reveal a higher tendency of Cu3Si to CuisSis conversion during
the reaction. For samples without the addition of Zn (S12, S14, S16, S18,
and S20), the agglomeration of catalyst particles leads to high
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enrichment of inactive copper and enhanced presence of CuisSi4. This is
consistent with the previously reported studies on the role of Zn as a
dispersion agent. A previous study reported that the formation of Cuis5Sis
results in reaction activity loss due to an extra step of decomposition of
CuisSi4 to CusSi, as discussed in section 4.2. The enrichment of free
copper in samples without Zn may also be the result of high coke
formation, as the coke formed on the active catalytic sites leads to the

deactivation of free active copper (Cu").

The use of Raman spectroscopy and thermogravimetric analysis to study
the structural order and reactivity of coke, respectively, proved to be
challenging but valuable. It was observed that in Zn-promoted samples
(S11, S13, S15, S17, and S19), as the reaction time increases, the
structure of carbon becomes more ordered with fewer defects, while in
samples reacted without the addition of Zn (S12, S14, S16, S18, and
S20), phase of carbon changes to a structure of less order with an
increase in reaction time. The increasing disorder of the coke in samples
without Zn with respect to reaction time is the result of aromatic species.
Thermal analysis showed that coke formed in all the reacted contact
mass samples is soft coke, which starts to oxidize at around 200 °C. The
Zn-promoted samples show that the reactivity of coke increases with
reaction time, and the MS (m/z=44) COz peak becomes more distinct
and narrower. The CO2 MS signal in samples reacted without the
addition of Zn (S12, S14, S16, S18, and S20) is broad with a shoulder
peak at around 340 °C, leading to a conclusion that these samples contain

relatively less reactive coke.
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6 Future Work

Several aspects of CusSi formation and coke deposition on the active
sites need to be further investigated. X-ray analysis clearly indicated the
tendency of CusSi formation with respect to reaction time and the
presence of Zn. However, a more quantitative approach is needed to
conclude the discussion on the role of Zn. Zhang employed aqueous
selective leaching of CusSi from the reacted contact mass [114]. It was
reported that the CusSi alloy phase could be separated by dissolving the
reacted contact mass in a mixture of NH4OH and H20, and then further

analyzed [114].

As discussed in section 4.3, Raman spectroscopy is a commonly used
technique to characterize the structural order of carbon and, a crucial
spectral feature of this technique is the ratio of intensities of D-band and
G-band (ID/IG). However, the use of the ID/IG ratio is of less value if
the spectrum is affected by the fluorescence phenomenon, as the
fluorescence phenomenon affects the relative intensities of D-band and
G-band peaks (section 4.3.6). The use of a laser with a lower wavelength
is recommended for carbon-containing samples [115]. Quantification of
coke by using temperature-programmed oxidation technique, as detailed
by Wessel and Rethwisch, would further clarify how the quantity of

formed coke varies as the reaction proceeds [41].

Surface analysis of reacted contact mass samples with scanning electron
microscopy (SEM) to study the localized coke hotspots could not be
carried out due to restricted laboratory access caused by the COVID-19

pandemic. The buildup of coke on the surface and enrichment of inactive
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copper is to be studied by using scanning electron microscopy (SEM)

coupled with energy-dispersive spectroscopy (EDS).
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Appendix A.

A.1 Raman Spectroscopy Results
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Figure A.1: Raman spectra of Si-Ref, SO, S11, S13 and S16
samples. S11, S13, and S16 spectra are measured at silicon rich
spots. Measured with 632 nm laser from Raman shift of 200
cm™ to 1800 cm™.
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Figure A.2: Microscope image of S19 sample showing coke
oxidation under Raman laser of 633 nm wavelength. (a)
Microscope image before exposure to laser (b) Microscope
image of same spot after 5 minutes of exposure to laser.



A.2 Thermal Analysis Results
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Figure A.3: Mass spectroscopic analysis of Si-Ref sample in
oxidative atmosphere (55 mL/min air and 25 mL/min argon) from
35 °C to 800 °C at 10 °C/min heating rate.
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Figure A.4: Mass spectroscopic analysis of CuCl sample in
oxidative atmosphere (55 mL/min air and 25 mL/min argon)
from 35 °C to 800 °C at 10 °C/min heating rate.
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Figure A.5: Mass spectroscopic analysis of CuCl sample in inert
atmosphere (80 mL/min argon) from 35 °C to 800 °C at 10
°C/min heating rate.
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Figure A.6: Mass spectroscopic analysis of SO sample in
oxidative atmosphere (55 mL/min air and 25 mL/min argon)
from 35 °C to 800 °C at 10 °C/min heating rate.
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Figure A.7: TGA, DSC and MS analysis of SO in inert
atmosphere (80 mL/min argon) from 35 °C to 800 °C at 10
°C/min heating rate. (a) TGA curve on the left and DSC curve on
the right (b) MS ion current for H20 (m/z=18)
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Figure A.8: TGA, DSC and MS analysis of S11 in inert
atmosphere (80 mL/min argon) from 35 °C to 800 °C at 10
°C/min heating rate. (a) TGA curve on the left and DSC curve on
the right (b) MS ion current for H20 (m/z=18) on the left and CO2
(m/z=44) on the right.
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Figure A.9: TGA, DSC and MS analysis of S15 in inert
atmosphere (80 mL/min argon) from 35 °C to 800 °C at 10
°C/min heating rate. (a) TGA curve on the left and DSC curve on

the right (b) MS ion current for H20 (m/z=18) on the left and CO2
(m/z=44) on the right.
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Figure A.10: TGA, DSC and MS of S17 in inert atmosphere (80
mL/min argon) from 35 °C to 800 °C at 10 °C/min heating rate.
(a) TGA curve on the left and DSC curve on the right. Mass loss
at around 400 °C is attributed to CuCl decomposition. (b) MS ion
current for H2O (m/z=18) on the left and CO2 (m/z=44) on the
right.
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Figure A.11: TGA, DSC and MS analysis of S19 in inert
atmosphere (80 mL/min argon) from 35 °C to 800 °C at 10 K/min
heating rate. (a) TGA curve on the left and DSC curve on the
right. Mass loss at around 400 °C is attributed to CuCl
decomposition. (b) MS ion current for H2O (m/z=18) on the left
and COz (m/z=44) on the right.
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Figure A.12: TGA, DSC and MS analysis of S12 in inert
atmosphere (80 mL/min argon) from 35 °C to 800 °C at 10 K/min
heating rate. (a) TGA curve on the left and DSC curve on the
right. Mass loss at around 400 °C is attributed to CuCl
decomposition. (b) MS ion current for H2O (m/z=18) on the left
and COz (m/z=44) on the right.
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Figure A.13: TGA, DSC and MS analysis of S16 in inert
atmosphere (80 mL/min argon) from 35 °C to 800 °C at 10 K/min
heating rate. (a) TGA curve on the left and DSC curve on the
right. Mass loss at around 400 °C is attributed to CuCl

decomposition. (b) MS ion current for H2O (m/z=18) on the left
and COz (m/z=44) on the right.
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Figure A.14: TGA/MS analysis of S18 in inert atmosphere(80
mL/min argon) from 35 °C to 800 °C at 10 °C/min heating rate.
(a) TGA curve on the left and DSC curve on the right. Mass loss
at around 400 °C is attributed to CuCl decomposition. (b) MS ion
current for H2O (m/z=18) on the left and CO2 (m/z=44) on the



s f—— | Texo | o
100 - »
§ ! _5 E
> 95 %
(%]
(1] ~
S 90 ——TGA 8]
——DSC 8
L .10
85 -
(a)
80 : : :
g x10™ x10t
—_HO
— ——CO_ +15
= ° o
L L
c o c o
g =, 109 3
S S
5 = S5 =
o8 o8
5 L5 §
0

200 400 600
Temperature (°C)
Figure A.15: TGA, DSC and MS analysis of S20 in inert
atmosphere (80 mL/min argon) from 35 °C to 800 °C at 10 K/min
heating rate. (a) TGA curve on the left and DSC curve on the
right. Mass loss at around 420 °C is attributed to CuCl

decomposition. (b) MS ion current for H2O (m/z=18) on the left
and COz (m/z=44) on the right.
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Figure A.16: Mass spectrometry result of NaHCOs3 in oxidative
atmosphere (55 ml/min air and 25 ml/min argon) from 35 °C to
800 °C at 10 K/min heating rate. H2O (m/z=18) on the left and
COz2 (m/z=44) on the right.
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B.1 Risk Assessment
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@ Detailed Risk Report
ID 34532 Status Date
Risk Area Risikovurdering: Helse, miljg og sikkerhet (HMS) Created 03.09.2019
Created by Hammad Farooq Assessment started  03.09.2019

Responsible

Hammad Farooq

Measures decided
Closed
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Print date:
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Printed by:
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@ Detailed Risk Report

Risk Assessment:

CAT, Master student, 2019, Hammad Farooq

Valid from-to date:
9/3/2019 - 8/31/2020

Location:
Glgshaugen, Kjemi Blok 5 (K5)

Goal / purpose

Risk assessment of my thesis work as a Master's student: "Effect of CuCl and Zn on the Cu3Si Formation and Coke Deposition in the
Direct Synthesis of Dimethyldichlorosilane"”.

Background
International master's student

Description and limitations

- The use of thermogravimetric analysis (TGA) to study and analyze the mass change with temperature. Heating up the samples in the
range of 30-800 degrees celsius. Using synthetic air and protective argon gases at atmospheric pressure for a duration of almost 3
hours for each run.

- Raman Spectroscopy to determine the degree of order of the carbon species present in the samples. Ex-situ experiment using the
633 nm visible laser.

- X-ray diffraction analysis to determine the crystalline structure.

>>>April-May-June 2020 - preventive measures towards Covid-situation:

1) Switch off procedure for Soxhlet Extraction in Lab 317
- Soxhlet extraction is a continual process that can be run 24 hrs without any oversight. Maximum temperature would be upto 200 °C.

- Equipment can be shutdown by just turning off the heater, either from on-board power button or by plugging off the power cord.
- As an extra measure, cooling water should be kept on, after shutting down the heater.

2) Extra-safety measurements in the lab
- No toxic gases are involved in the process. Some organic solvents (Dichloromethane) have a low boiling point.
- Soxhlet extraction is semi-closed system. If the cooling water is kept ON, chances of fumes formation are low to none.

3) Safety measures related to spread of covid19 infection:

- Avoid touching the face

- Disinfection before and after with ethanol on all surfaces you are in contact with (door knob - card reader with code panel
- Keep 2m distance from colleagues

- Use nitrile gloves when touching shared lab set-ups and equipment

- Wash hands as often as possible

Prer i ions and simplifi
- HSE training

- Training for TGA (lab K5 441)

- Training for Raman (lab K5 427)

- Training for XRD ( K2-113)

Attachments

apparatus card.pdf

References
[Ingen registreringer]

Norges t isk-naturvi i Print date: Printed by: Page:
universitet (NTNU)

Unntatt offentlighet jf. Offentlighetsloven § 14 20.08.2020 Hammad Farooq 2/16



@ Detailed Risk Report
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Summary, result and final evaluation

The summary presents an overview of hazards and incidents, in addtition to risk result for each consequence area.

Hazard: Chemicals used
Incident: Contact with Silicon powder when handling samples provided by Elkem
Consequence area: Helse Risk before . Risiko after “')
e
measures: measures:
Ytre miljo Risk before @ Risiko after @
measures: measures:
Hazard: Laser class 3 in Raman spectroscopy
Incident: Eye injury
Consequence area: Helse Risk before @ Risiko after @
measures: measures:
Hazard: Exposure to X-rays in XRD lab
Incident: Skin burn
Consequence area:  Helse Risk before @ Risiko after 0
L
measures: measures:
Hazard: High temperature of upto 800°C in TGA experiment
Incident: Hand burn
Consequence area: Helse Risk before Risiko after D
measures: measures:
Hazard: Pressurized gas (air and/or inter gas)
Incident: Gas leak
Consequence area: Helse Risk before . Risiko after )]
measures: measures:
Materielle verdier Risk before - Risiko after D
measures: measures:
Norges rvif i Print date: Printed by: Page:

i ul
universitet (NTNU)
Unntatt offentlighet jf. Offentlighetsloven § 14 20.08.2020 Hammad Farooq 3/16
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Detailed Risk Report

Hazard: Working in the lab under covid-situation

Incident: Contact with

y used glass

Consequence area: Helse

Risk before () Risiko after ]
measures: measures:
Final evaluation
Norges i urvi Print date: Printed by:
universitet (NTNU)

Page:
Unntatt offentlighet jf. Offentlighetsloven § 14 20.08.2020 Hammad Farooq 4/16
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@ Detailed Risk Report

Organizational units and people involved

A risk assessment may apply to one or more organizational units, and involve several people. These are Isited below.

Organizational units which this risk assessment applies to

- Institutt for kjemisk prosessteknologi

Participants

Readers

Mehdi Mahmoodinia

Estelle Marie M. Vanhaecke
Hilde Johnsen Venvik
Kristin Hgydalsvik Wells
Zhenping Cai

Jens Norrman

Edd Anders Blekkan
Others involved/stakeholders

[Ingen registreringer]

The following accept criteria have been decided for the risk area Risikovurdering:
Helse, miljg og sikkerhet (HMS):

Helse Materielle verdier Omdgmme Ytre miljo

Norges i urvi i Print date: Printed by: Page:
universitet (NTNU)

Unntatt offentlighet jf. Offentlighetsloven § 14 20.08.2020 Hammad Farooq 5/16
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@ Detailed Risk Report

Overview of existing relevant measures which have been taken into account

The table below presents existing measures which have been take into account when assessing the likelihood and consequence of
relevant incidents.

Hazard Incident Measures taken into account
Chemicals used Contact with Silicon powder when handling Safety goggles

samples provided by Elkem

Contact with Silicon powder when handling Lab gloves

samples provided by Elkem

Contact with Silicon powder when handling Safety goggles

samples provided by Elkem

Contact with Silicon powder when handling Lab gloves

samples provided by Elkem

Laser class 3 in Raman spectroscopy Eye injury Safety goggles

Eye injury Safety goggles
Exposure to X-rays in XRD lab Skin burn Safety goggles

Skin burn Lab gloves

Skin burn Safety goggles

Skin burn Lab gloves
High temperature of upto 800°C in TGA Hand burn Lab gloves
experiment

Hand burn Safety goggles

Hand burn Lab gloves
Pressurized gas (air and/or inter gas) Gas leak Gas detectors

Gas leak Gas detectors
Working in the lab under covid-situation Contact with commonly used glass Safety goggles

equipment

Contact with commonly used glass Lab gloves

equipment

Contact with commonly used glass Disinfection with Ethanol

equipment

Contact with commonly used glass Disinfection with Ethanol

equipment

Contact with commonly used glass Apparatus Card

equipment

Existing relevant measures with descriptions:

Safety goggles
When handling silicon powder samples or performing Raman spectroscopy, safety goggles are mandatory.

Lab gloves
[Ingen registreringer]

Gas detectors
[Ingen registreringer]

Norges t isk-naturvi i Print date: Printed by: Page:
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@ Detailed Risk Report

Lab coat
[Ingen registreringer]

Disinfection with Ethanol
Commonly used glass equipments should be washed and disinfected with ethanol before and after use.

Apparatus Card
Apparatus card has been signed by my supervisor and pasted on the fumehood in Lab317.

rvif i Print date: Printed by: Page:
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B Detailed Risk Report

Risk analysis with evaluation of likelihood and consequence

This part of the report presents detailed documentation of hazards, incidents and causes which have been evaluated. A summary of
hazards and associated incidents is listed at the beginning.

The following hazards and inci has been d in this risk

¢ Chemicals used
«  Contact with Silicon powder when handling samples provided by Elkem
* Laser class 3 in Raman spectroscopy
* Eyeinjury
* Exposure to X-rays in XRD lab
*  Skin burn
+ High temperature of upto 800°C in TGA experiment
* Hand burn
* Pressurized gas (air and/or inter gas)
¢ Gas leak
*  Working in the lab under covid-situation

+  Contact with commonly used glass equipment

Norges t isk-naturvit i Print date: Printed by: Page:
universitet (NTNU)
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Detailed Risk Report

Detailed view of hazards and incidents:

Hazard: Chemicals used

Risk involved in handling of the chemicals being used

Any exposure to silicon powder can cause irritation to skin.

Cause: Improper handling

Description:

Improper handling of silicon powder can be hazardous to skin and environment.

Likelihood of the incident (common to all consequence areas): Less likely (2)
Kommentar:

Lab gloves and goggles are available in the lab and mandatory to use.

Consequence area: Helse

Assessed consequence: Medium (2)

Comment: Exposure to silicon may lead to reddening of skin, but with use of safety
goggles and lab gloves, the consequences are not high.

Consequence area: Ytre miljg
Assessed consequence: Small (1)

Comment: If silicon powder is handled carefully, the chances of any incident are
minute.
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@ Detailed Risk Report

Hazard: Laser class 3 in Raman spectroscopy

Exposure to class 3 laser in Raman-IR (K5.427).

Class 3 lasers are hazardous for eye exposure and may cause burns to the retina.

Cause: Direct contact with laser

Description:
If the laser beam is directed towards someone's eyes, it can cause damage to retina.

Likelihood of the incident (common to all consequence areas): Unlikely (1)
Kommentar:

Knowledge and training of Raman IR along with use of PPE (safety goggles) reduces the likelihood.

Consequence area: Helse
Assessed consequence: Medium (2)

Comment: Exposure to class 3 laser is considered to be relatively less dangerous when
using proper PPE.

Norges i u
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B Detailed Risk Report

Hazard: Exposure to X-rays in XRD lab

When performing XRD analysis, exposure to x-rays may be caused by leakage of primary beam through cracks in
shielding.

Incident: Skin burn

Exposure to x-rays from primary beam can cause reddening of skin and skin burn.

Cause: Cracks in shielding

Description:
If there are cracks in the shielding, primary beam may leak through.

Likelihood of the incident (common to all consequence areas): Less likely (2)
Kommentar:
Lab training is provided and PPE (safety goggles and lab gloves) are mandatory to wear when working in the
lab.
Consequence area: Helse Risk:
d consequence: dit (2) "...

Comment: Exposure to leaked rays can cause skin burn.

Norges i u
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Detailed Risk Report

Hazard: High temperature of upto 800°C in TGA experiment

During thermal gravimetric analysis of the samples, temperature rises upto 800°C.

I nt: Hand burn

Handling of crucible before TGA has cooled down can cause hand burn.

Cause: Direct contact

Description:

Direct contact with crucible before the TGA has cooled down can lead to hand burn.

Likelihood of the incident (common to all consequence areas): Unlikely (1)

Kommentar:

It is highly unlikely that someone will touch the sample crucible before TGA has cooled down.

Consequence area: Helse
Assessed consequence: Very large (4)

Comment: Contact with crucible at 800 degree celcius can cause serious damage to
skin. Adequate knowledge and proper handling of equipment must be
employed.
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B Detailed Risk Report

Hazard: Pressurized gas (air and/or inter gas)

Pressurized gas bottles of synthetic air or an inert gas are used in TGA experiment.

Incident: Gas leak

Improper installation of gas regulators may lead to gas leak.

Cause: Improper installation

Description:
Gas may leak through if the gas regulator is not installed properly.

Likelihood of the incident (common to all consequence areas): Unlikely (1)
Kommentar:

Hasn't happened while running any of my experiments however it happened with other people.

Consequence area: Helse
Assessed consequence: Small (1)

Comment: Synthetic air or an inert gas like Ar is not readily harmful.

Consequence area: Materielle verdier
Assessed consequence: Medium (2)

Comment: Leakage of gas over time can be expensive, but the leakage can be
detected in time using gas detectors.
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Detailed Risk Report

Hazard: Working in the lab under covid-situation

Working on Soxhlet extraction setup in Lab317 in the fumehood.

I nt: Contact with

Glass equipments that are used by other users, such as round bottom flask, water bath, oil bath, thermometer,
funnel, and beakers, may pose risk of infection, during covid-situation.

Likelihood of the incident (common to all consequence areas): Less likely (2)
Kommentar:

Likelihood of skin contact is quite low.

Consequence area: Helse
Assessed consequence: Large (3)

Comment: During covid19-situation, consequences may be severe.
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Detailed Risk Report

Overview of risk mitiating measures which have been decided:

Below is an overview of risk mitigating measures, which are intended to contribute towards minimizing the likelihood and/or
consequence of incidents:

Overview of risk mitigating measures which have been decided, with description:
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B Detailed Risk Report

Detailed view of assessed risk for each hazard/incident before and after mitigating
measures
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