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Chapter 1

General introduction

1. GENERAL INTRODUCTION

Activated carbon holds several advantages over oxidic ceramic catalyst supports. The first
one comprises the relative inertness of its surface, which prohibits solid-state reactions
between the support and the catalytically active material in almost all cases. Secondly,
undesirable side reactions, catalyzed by the support, are generally avoided to a larger extent
on the carbon surface. Thirdly, the stability of activated carbon in strong acidic and alkaline
environments has resulted in a widespread use in liquid-phase reactions at demanding pH-
conditions for the production of fine-chemicals. Fourthly, and finally, the large heat
conductivity limits the formation of hot spots in strong exothermic reactions. The use of
activated carbon as catalyst support has been mainly restricted by its reactivity with oxygen
and hydrogen at elevated temperatures. Additionally, attrition of the support in liquid-phase
reactions, catalyzed by noble metals, is a major problem. This results in the loss of precious
metals and difficulties in separation (filtration) of the catalyst and product due to the
formation of fines. This last drawback of activated carbon can be minimized to a certain
extent by optimization of its production method.

In general, activated carbon can be synthesized from an arbitrarily chosen carbonaceous
material. In Europe, the production of activated carbon is based on wood (saw-dust),
charcoal, peat, peat coke, certain types of hard and brown coal, and the semi-coke of brown
coal as raw material. Activated carbon synthesized in the USA finds its origin primarily in
brown carbon and petroleumn products. Fig. 1 displays the world capacities for activated
carbon production in 1974 and 1990 [1], showing an increase of 40% over 15 years. This
increase is believed to be maintained over the next decade.
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Fig. 1. World production of activated carbon in kilotons in 1974 and 1990

Based on the engineering requirements for various processes, activated carbons are
manufactured in three forms: granular, powdered, and shaped products. Powdered activated
carbons are mostly applied in liquid-phase operations as single-use commodities, whereas
granular and shaped activated carbon are employed both in liquid and gas-phase applications.

Basically two types of manufacturing techniques can be distinguished. Wood based
activated carbon is synthesized by mixing pieces of wood with a strong dehydrating agent
(e.g. phosphoric acid or zinc chloride) and a subsequent treatment at 800 K. After removal
of the chemicals, a porous carbonaceous material is obtained, which still embodies the
internal structure of the original raw material. This type of activation is called chemical
activation, although principally the porous structure is developed by dissolution of tar-like
material formed during the activation. On the other hand, physical activation is applied for
partly graphitized material. After carbonization in a nitrogen atmosphere at elevated
temperatures (1000 K), activation is achieved by reacting the solid with steam at about
1300 K as depicted in reaction 1.

C(s) + H,0(2) 2 Hy(g) ~ CO(g) ey
The water-gas shift reaction (eq. 2) is under these conditions in equilibrium. Nearly equal
amounts of carbon dioxide and carbon monoxide are observed.

CO(g) + H0(g) & CO,() + Hy(g) @

Reaction 3 displays the activation of carbon by carbon dioxide (reverse Boudouard reaction).

C(s) + CO,(g) = 2CO(g) &)
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The surface chemistry will be dealt with in the next paragraph. This production method
provides the opportunity of designing the external morphology of the activated carbon. Prior
to the carbonization, binders (usually tar-like material) are added, followed by extrusion of
the mixture, carbonization and steam-activation. Thus, activated carbon extrudates can be
manufactured, which additionally may exhibit a substantially improved mechanical strength,
depending on the physico-chemical properties of the coal and binding agent. However, when
utilized as catalyst support and subjected to high stirring speeds in a liquid, the rate of
attrition is generally considered to be still too high.

1.1 Chemistry involved in steam activation of chars.

The following mechanism is generally accepted to describe the steam-activation process
in detail; it comprises a cycle in which the formation of oxygen-containing sites at defects
in the basal planes of the activated carbon and the subsequent desorption of these carbon and
oxygen containing molecules results in the gasification of the carbon to form the desired
porous structure [2,3].

0-C; - CO(g) + C/ ©)

where H,0-C; and O-Cg display the adsorption of H,O and atomic oxygen, respectively, on
a reactive carbon atom in the basal plane. Desorption of carbon monoxide (reaction 6)
generates a new reactive carbon site (Cy ).

Hydrogen may inhibit the gasification by blocking the active sites:

This mechanism is also useful in clarifying the relationship between active sites and the
reactivity of activated carbon in oxygen containing environments and provides insight into
the methods used to improve its resistance against oxidation at elevated temperatures
(>1100 K). Several techniques are reported to inhibit oxidation. Most of them are based on
the concept of deactivating the oxygen containing defects in the carbon siructure [4-6].
However, coating of carbon components with a ceramic material, to act as a diffusion barrier
for oxygen, has proven to be a more successful way of improving the oxygen resistance [7].
This coating can be applied by sol-gel methods (e.g. the deposition of borate and silicate
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glasses), and by Chemical Vapour Deposition (CVD). In this thesis, research for modifying
activated carbon is only directed towards utilization and evaluation of this last technique,
which will be described in more detail.

2. CHEMICAL VAPOUR DEPOSITION

2.1 General.

CVD is a well known technique for the deposition of solids from gaseous precursors in
the production of solid-state devices, formation of protective coatings, and the structural
design of ceramics. Examples of electronic materials produced by CVD are films of
insulators, dielectrics, semiconductors, conductors, and magnetic materials. The combination
of the synthesis of high purity films and the uniform deposition makes CVD very suitable
for the production of Very Large Scale Integrated (VLSI) fine-line devices. Typical
properties of these devices are windows and interconnections of sub-micron dimensions and
thicknesses.

To improve the corrosion resistance, oxidation resistance, or wear resistance of a
component, CVD can be utilized to deposit a thin ceramic film with the desired properties
on the substrate. Various types of coating can be distinguished, classified according to their
purpose or chemical composition. The cutting tool industry is a major market for CVD
coatings. Titanium nitride deposition, often preceded by titanium carbide formation by
reaction of TiCl, with the carbon present in the metal, and aluminium oxide deposition are
primarily used. Generation of steam is carried out by utilizing the water-gas shift reaction
during alumina deposition. The CVD-reactions are given below.

2TiCly(g) + Ny(g) + 4H, () @ 2 TiN(s) + 8HCl(g) @)
TiCly(8) + Cppea(®) + 2H,(®) # TiC(s) + 4HCl(g) ©)

H,(g) + CO,(g) = H,0(g) + CO(g)
(10)

2AICL(g) + 3H,0(2) 2 ALO;(s) + 6HCI(g)

The improvement in oxidation resistance of carbon-carbon composites by silicon carbide
coatings has led to a widespread use of these materials as aerospace heat shields and turbine
components. In this field, methyltrichlorosilane is the primary precursor to deposit
stoichiometric SiC.
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1200-1400K
CHSiCly(® =  SiC(s) + 3HCI(g) (11

H,

The high oxidation resistance of silicon carbide originates from the formation of a thin glass-
like SiO, layer at oxygen pressures exceeding 30 Pa, which protects the underlying silicon
carbide from additional oxidation [8]. For optimum performance at temperatures above
1600 K, however, it is advisable to use the multi-layer concept in order to improve the
mechanical compatibility and oxidation resistance. Thus, carbon-carbon composites are
subsequently coated with pyrolytic carbon (mechanical compatibility), silicon carbide (carbon
diffusion barrier) and alumina (oxygen barrier). The operation temperature can thus be
increased up to 2000 K.

Finally, CVD enables the production of fibre reinforced composites. The substrate consists
of a porous body in which a homogeneous deposition has to be achieved. The CVD process
for densifying porous preforms is referred to as Chemical Vapour Infiltration (CVI). An
important property of ceramic materials is their sensitivity to crack formation. By using the
CVI technique, composites can be fabricated which consist of a tough material (e.g. woven
carbon fibres) which is densified with a ceramic material (e.g. SiC). Thus, ceramic parts can
be fabricated in various dimensions and with improved physical properties. The major
problem in producing composites by CVI is achieving a small density gradient. Due to the
obvious mass transport difficulties and resulting premature pore closure, the deposition rate
is limited by the rate of diffusion of the gaseous reactants. The production of thin (3 mm)
CVI composites can, therefore, take up to several weeks, in which the deposition of the
matrix is repeatedly interrupted for intermediate diamond machining operations to remove
material from the surface and open passageways to the interior of the preform.

2.2 CVD as a tool in catalyst design.

Chemical Vapour Deposition has enormous potential in the field of catalyst design and
manufacture. The presence of the liquid phase as a transport medium of the catalyst
precursors can be avoided; deposition of a solid is achieved by the decomposition of gaseous
components. Basically, four areas of application can be distinguished, i.e. modification of
existing catalyst supports by introducing active material, modification of catalyst supports by
support coating, conversion of the catalyst support, and total support synthesis via the gas
phase. The first class of materials synthesized by CVD consists of materials which can be
acquired by conventional synthesis routes, displaying new catalytic properties owing to the
characteristic structures or compositions achieved by the CVD preparation technique. The
second class contains completely new materials whose synthesis is made possible by applying
CVD.
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Fig. 2. Concepts in catalyst design utilizing CVD

Regeneration of deactivated catalysts or catalytic reactors is the third area of application.
Catalytic activity can be restored by either re-dispersing the catalyst (e.g. chlorine treatment
of a Pt-reforming catalyst), or depositing additional catalytic material in the reactor. Fig. 2
shows the prospects for catalyst design schematically; moving from the upper to the lower
route, the innovative character of the synthesis process increases.

The methods used in this field are pure CVD gas-phase reactions and gas-solid reactions
(Reactive Chemical Vapour Deposition). Several illustrations are given below, which by no
means give a complete picture. However, the objective is only to depict some of the
possibilities of CVD-techniques in catalyst design.

2.2.1 From conventional support via CVD to active catalyst. Modifying traditional
catalyst supports via the gas phase provides the possibility of creating catalysts which are
difficult or impossible to synthesize via conventional production routes. Examples are vapour
decomposition of metal alkoxides or halides to modify the acidity of the support or adjust the
pore size of zeolites. The deposition of B,O; from B(OC,Hs); on silica resulted in a catalyst
with higher activities and selectivities for the Beckmann rearrangement of cyclohexanone
oxime than those prepared by impregnation [9]. This improvement has been ascribed to the
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formation of a larger amount of effective acid sites which display a more uniform acid
strength, compared to those resulting from impregnation with H3BO;. The structure of V,05
on SiO,, prepared by impregnation, is reported to consist of micro-crystallites [10]. EXAFS
and XANES analyses show that Chemical Vapour Deposition of V,05 on SiO, from
VO(OC,Hs); results, however, in highly disperse V,05 [11]. Thin overlays of V,05 on silica
of 200 m%/ g were found at loading levels up to 5 weight percent [12]. Several methods of
modifying pore openings of zeolites have been reported. Examples are the deposition of
GeO, from germanium methoxide on mordenite [13] and SiO, from silicon methoxide on
mordenite [14] and on HZSM-5 [15].

Tailoring the interaction between the gas-phase precursor and surface chemistry of the
support, a wide range of monometallic catalysts with varying dispersions can be designed.
Furthermore, bimetallic catalysts can be synthesized, which consist of a thermodynamically
meta-stable composition [16]. The versatility of CVD precursors opens possibilities in loading
various supports displaying different thermo-stabilities. An example is application of Pt and
Pd on zeolites by Organo-Metallic CVD [17]. Moreover, deposition of metals can be applied
to structured catalytic reactors (e.g. monoliths). Thus, homogeneous and inhomogeneous
activity profiles can be achieved which are prerequisites for attaining an optimal performance
of catalytic reactors.

2.2.2 Design of novel catalysts and catalyst supports. A nice example of application of
CVD technology in the field of support manufacture is the production of pyrogenic silica.
Utilizing CVD techniques, very high purity silica ("Aerosil” or "Cabosil") is obtained by
oxidizing a mixture of silicon tetrachloride and methane.

1100K
SiCl,(g) + CHy(g) + 20,(g) 2 SiO,(g) + CO,(g) + 4HCl(g) 12)

Development of non-oxidic ceramic catalyst (supports) discloses classes of materials which
possibly exhibit novel catalytic properties. Application of CVD may be indispensable to
achieve high surface area ceramics. Of course, some disadvantages have to be mentioned for
catalyst manufacture by CVD. First of all, deposition of the desired metals on catalyst
supports has to be carried out in fluidized bed reactors to ensure a homogeneous application
of the active phase. Susceptibility for attrition of these catalyst supports will limit the range
of applicability. Furthermore, in the course of the CVD process, part of the material will be
deposited on the reactor wall unless appropriate measures are taken. In general, CVD
reactions are carried out at elevated (> 800 K) temperatures; these conditions are usually not
acceptable in catalyst preparation owing to sintering of the support. However, these problems
can be avoided by utilizing organo-metallic CVD precursors. These components decompose
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increase of these precursors results in a general trend of CVD compared to well established
preparation techniques, in that CVD methods are usually more expensive. As a consequence,
it is advisable to apply CVD in those circumstances in which conventional synthesis methods
do not result in the desired tailor-made catalysts.

Silicon carbide is one of the ceramic materials which shows promising prospects as
catalyst support for processes operating at severe reaction conditions. Furthermore, CVD of
silicon carbide can be useful in improving the chemical and mechanical properties of
activated carbon. General aspects of silicon carbide production and application will be
highlighted below.

3. SILICON CARBIDE

3.1 General.

In 1824 Berzelius [18] was the first to report the possible formation of "Kohlensilicium",
Schiitzenberger [19] defined the stoichiometric formula "SiC" in 1892. In the previous year,
Acheson had founded the firm Carborundum, and started producing SiC based on his own
patents by the method on which current manufacture still relies on [20]. In this process the
following reactions take place at 2300 K to produce "Acheson-SiC".

Si0,(s) + C(s) & SiO(g) + CO(g) (13)
Si0(g) + 2C(s) = SiC(s) + CO(g)

High purity quartz is used as silicon donor, carbon is usually supplied by cokes. To increase
the rate of withdrawal of carbon monoxide, sawdust is usually added to this mixture.

1975 1988
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Fig. 3. World production of SiC in kilotons in 1975 and 1988
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Until 1918, the world production of SiC did not exceed 8.2 kton/year, in 1975 the annual
production reached a total of 457 kton, growing to 790 kton in 1988 [21]. Fig. 3 displays the
1975 and 1988 production volumes. While the first application of silicon carbide was as an
abrasive, additional markets in metallurgy and refractories have been developed. The
variation in fields of application in the past decade is shown in Fig. 4. In ferrous metallurgy,
SiC is added to molten iron, yielding a vigorous exothermic reaction, decomposing the
silicon carbide, which results in a hotter melt. As a result, the metal is deoxidized and
fluidity thereof is promoted.

3.2 Silicon carbide as catalyst and catalyst support.

Silicon carbide is well known for its high hardness, high resistance towards oxidation,
high thermostability, thermal conductivity, thermal shock resistance, low reactivity with
inorganic acids, and inert surface. However, utilization as catalyst support is mainly
hampered by the difficulties in attaining a sufficiently high surface area. Commercial
application of SiC is limited to processes in which the low surface area is no disadvantage.
Furthermore, silicon carbide can be used in fundamental studies as catalytically inactive
support (e.g. isotope exchange by tribochemical reaction [22]). Several authors report the use
of Acheson SiC as catalyst or catalyst support. Vernon et al. [23] investigated the catalytic
vapour-phase esterification of benzoic acid with ethyl alcohol over various oxides, supported
on 8i0,, Al,05, TiO,, and Acheson SiC. They reported the highest yields for the system
TiO,/Al,05. By extrapolating the catalyst activity to zero space velocities, the best catalyst
was found to be MgO/SiC, of which the performance was attributed to the excellent
adherence between the active material and the support.

1975 1988

Abrasive

Abrasive
160

Metallurgica
206 91

Metallurgical
436

Fig. 4. The variation in fields of application of SiC in 1975 and 1988. The
numbers are in kilotons
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Photo-catalytic reduction of carbon dioxide with metal loaded SiC powders has shown to be
possible by Yamamura ez al. [24]. In this case the semi-conducting properties of SiC allow
this catalytic application. SiC supported Ag catalysts are used in the epoxidation of ethene
[25] and the oxidative dehydrogenation of ethylene glycol into glyoxal [26]. The inertness
of the SiC surface is a major advantage for these last two applications. Boutonnet Kizling
investigated «-SiC powder as wash-coat on ceramic monoliths to obtain an improved
thermostability [27]. A micro-emulsion technique was used to deposit metals on the monolith
to overcome the presumed scarcity of reactive sites on the SiC surface, and the resulting
problems in anchoring metal ions [28]. Furthermore, they studied the rate of oxidation of SiC
in oxygen and oxygen-water mixtures and the catalytic effect of rhodium loading thereof
[29].

Due to the low surface area of non-porous Acheson SiC, much effort has been devoted
to the synthesis of high surface area SiC. Preparation of other high surface area non-oxidic
ceramics (heavy-metal carbides and nitrides) has been the subject of intensive research as
well. Vannice et al. [30] prepared porous SiC (< 50 m?/g) by decomposing organosilicon
compounds (Si(CHj3),4) at 1723 K, and tested Pt and Ni loaded SiC catalysts for the synthesis
of substitute natural gas (SNG). Hayata and Kono used CVD on graphite to co-deposit SiC
and C from SiCl,, CH, and H, at 1673 K and 6.6 kPa [31]. Subsequent removal of the
carbon resulted in SiC with 60% porosity and an average pore radius of 3 um. Fox er al.
[32] pyrolized a silicon containing organic gel (RSiO, 5), (R = alkyl, allyl, aryl) to arrive
at high surface area SiC (179 m2/g). Lednor and de Ruiter [33] investigated the thermal and
hydrothermal stability of this material.

Ledoux and co-workers investigated a modified version of the Acheson process [34-36].
Gaseous SiO was formed by a solid-state reaction between SiO, and Si at 1500 K, which was
subsequently transferred to a second reaction chamber to let it react with activated carbon
at 1375 K. Then, porous SiC is obtained, exhibiting a surface area of 197 m?/g before
calcination and 59 m?/g after calcination. Pre-impregnation of the activated carbon with
uranium or cerium in amounts of about 10 w% is reported to increase the total surface area
(after calcination) to 131 and 141 m?/g, respectively.

4. SCOPE OF THIS THESIS

The work described in this thesis deals with the modification of activated carbon by
Chemical Vapour Deposition of silicon carbide. This modification has to expand the use of
activated carbon as a catalyst support. Two concrete targets have been defined at the start
of the project, viz., achieving considerable improvements in both the mechanical strength and

10
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the resistance against oxidation. The technique to be used in achieving these goals is
restricted to CVD. Initially, deposition of a thin, but gas-tight SiC layer onto the carbon
surface was aimed for. The beneficial physical properties of SiC and the texture of the
activated carbon can thus be combined. In this thesis the results of that research are reported.
It comprises the development of a mathematical model for CVI, evaluation of several
modification methods (within the scope of CVD) and characterization and testing of high
surface area SiC developed by a new method.

Chapter 2 of this thesis describes the development of a mathematical model to evaluate
the use of CVD in coating and densification of porous structures with ceramics (route 2 of
Fig. 2). In Chapter 3 the deposition of active phases in catalyst supports and structured
catalytic reactors by decomposing gaseous precursors is modelled and evaluated (route 1 of
Fig. 2).

Experimental results of conventional Chemical Vapour Deposition of SiC on activated
carbon are reported in Chapter 4. Improvements of mechanical strength and oxidation
resistance are discussed in detail. The mathematical model described in Chapter 2 is
evaluated by comparing the predicted amounts of mass deposited in various experiments.

A novel method to convert activated carbon into porous SiC has been developed, and the
results of the fixed bed conversion of activated carbon extrudates are reported in Chapter 5.
The chemical part of this conversion mechanism is clarified. Additionally, the influence of
mass transfer is investigated.

Chapter 6 describes the use of Fluidized Bed CVD at ambient and reduced pressures for
the conversion of activated carbon granulates. The influence of various reaction parameters
on carbon conversion and textural properties is studied.

In Chapter 7 crucial physical properties of silicon carbide are reported. The stability at
demanding pH in the liquid phase as well as the thermal and hydrothermal stability are
investigated.

Chapter 8 elaborates on the synthesis and characterization of silicon carbide based
catalysts. Much attention is devoted to the stability of the catalysts at elevated temperatures.

Finally, high-temperature test reactions are carried out to provide insight into the activity,
selectivity, and stability of this support in the field of carbon dioxide reforming of methane.
The results of these screening experiments are highlighted in Chapter 9.

Chapter 10 concludes this thesis and focuses on the possible application of SiC as catalyst
support. Moreover, the potential of CVD in catalyst design is evaluated.

11
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Chapter 2

Evaluation of Isothermal Chemical Vapour Infiltration with
Langmuir-Hinshelwood type kinetics”

ABSTRACT

A model has been developed for the mathematical description of Isothermal Chemical
Vapour Infiltration (ICVI) processes. Three types of adsorption of the reactive species are
incorporated into the Kinetic equations: weak associative adsorption, strong associative
adsorption, and dissociative adsorption. The kinetic models are based on Langmuir-
Hinshelwood equations. Weak associative adsorption of the reactive species gives rise to an
exponentially shaped final deposition profile, whereas strong associative and dissociative
adsorption result in a sigmoidal shaped deposition profile in the pore. This originates from
a shift in deposition mechanism from a layered growth (weak associative adsorption) to a
moving front growth (strong associative and dissociative adsorption). For weakly adsorbing
reactive species, the residual porosity of a preform can be decreased by lowering the process
pressure. Assuming strong associative or dissociative adsorption the reverse effect can be
found at the investigated process conditions. This is caused by the change in reaction rate
dependence of the concentration inside the pore. Application of the concept of a generalized
Thiele modulus shows that for all investigated kinetic models the residual porosity of
densified preforms is smaller than one percent when the Thiele modulus is kept below 0.02.
For weak associative adsorption, this region can be achieved by lowering the pressure. With
strong associative and dissociative adsorption of the active species, it is realized by an
increase in concentration and total pressure.

"R. Moene, J.P. Dekker, M. Makkee, J. Schoonman, and J.A. Moulijn, J. Electrochem.
Soc., 141 (1994) 282-290.
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1. INTRODUCTION

Ceramic materials are well known for their refractory character and outstanding
mechanical properties. Their use is mainly limited due to their sensitivity to crack
propagation [1]. Improved toughness can be achieved by using fibres or whiskers in a
ceramic matrix fabricated by e.g. extrusion, sintering, and hot pressing. However, the
material properties of these fibre reinforced composites are worsened by fibre damaging
and/or final porosity [2]. Composites can also be fabricated by Chemical Vapour Infiltration
(CVI); the matrix material is then deposited in the porous preform which consists of 2 or 3
dimensional woven fibre structures. These preforms are subjected to much lower stresses and
temperatures in comparison with the aforementioned densification methods. A homogeneous
deposition, which results in complete pore filling of the substrate, requires a slow reaction
rate with respect to the reactant diffusion in the preform. Due to this limitation in reaction
rate, the overall densification rate becomes extremely low and the operation time for full
densification can take up to 500 hours [3-5]. Another application of CVI comprises the
coating of carbon based catalyst carriers with a thin layer of silicon carbide (SiC), to increase
their oxidation resistance and mechanical strength. Forcing reactant gases through a preform
will enhance the growth rate in the pores, and a temperature gradient opposite to the pressure
gradient can be established to obtain a high and homogeneous densification. This forced flow
CVI with a temperature gradient has been developed at Oak Ridge National Laboratory [6,7].
The authors have reported considerably shorter process times with respect to Isothermal
Chemical Vapour Infiltration (ICVI). However, it is expected to be of limited use for
densification of irregularly shaped preforms due to difficulties in obtaining a well defined
temperature and pressure gradient across the preform. Pulse CVI is another explored
procedure which exists in a repetitive cycle of evacuation and instantaneous source-gas filling
of the reactor [8]. It is reported that in this mode the problem of counter-current diffusion
of the active species and gaseous products in the pore can be overcome. This will result in
an improved densification of the preform and a decrease in processing time. Inductive heating
of carbon preforms is also reported to exhibit a positive influence on the total densification
and processing time with respect to ICVI [9], because this kind of heating can lead to
temperature profiles which result in a densification from "the inside to the outside”. By
mathematical calculations, this principle has been proven to be promising.

To gain insight and to optimize the CVI conditions, several models are proposed to
describe the densification of various substrates. The geometry of the pores changes during
deposition, and as a result, the diffusion rate of the reactants in the pore is dependent of
place and time. This implies a strong dependency of the pore radius and, hence, the axial
place on the effective diffusivity. A mathematical model should describe these changes with
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equations that are added to the mass balances. Most ICVI models assume that the preform
can be described as a single pore in which reaction and diffusion take place simultaneously
[10-12].

The implementation of correct kinetic equations is another important aspect of CVI
modelling, especially because the densification should be performed in the regime in which
the reaction kinetics are rate limiting. Middleman [13] and Sheldon and Besmann [14] have
studied the influence of a possible gas-phase reaction preceding the heterogeneous reaction
in the CVI process. They have discussed the kinetics as a function of process conditions at
the beginning of the process. However, the evolution of densification with time will influence
the gas-phase kinetics and transport properties, which can lead to discrepancies in the
modelling results. The kinetic equations used to describe the reaction rate in CVI systems on
the pore surface are usually assumed to be first order in the gas-phase concentrations. Lin
et al. [15] developed a model which incorporates a n'® order dependence of the reactants on
the reaction rate.

The kinetics of a Chemical Vapour Deposition (CVD) process can be easily compared
with kinetic behaviour encountered in heterogeneous catalysis. The reactants chemisorb on
a surface, react and desorb (catalysis) or form a solid product on the substrate surface
(CVD). One physically sound way to describe adsorption (and desorption) is by using
equations of Langmuir isotherms. The resulting equations are often referred to as Langmuir-
Hinshelwood kinetic equations. It is shown that these equations provide a mathematical
description of the kinetics of heterogeneously catalyzed reactions [16]. They have a
theoretical basis and, in practice, can be applied to multi-component systems. Similar
behaviour (kinetics based on adsorption isotherms) is found for CVD reactions e.g. for the
deposition of Si [17-19], BP [20], BC [21], TiN [21-25], and Si;N, [26,27]. Recently,
kinetic equations have been derived for the deposition of silicon carbide in which
homogeneous and heterogeneous reactions are included [28]. The practical advantage of these
Langmuir-Hinshelwood equations is found in the rationalization of a changing reaction rate
order behaviour of CVD systems by means of a physically meaningful kinetic equation. For
a mathematical description of CVI, the necessity of applying these kinetics is obvious. Three
possible kinetic equations are given below, which describe kinetic mechanisms that can be
found in CVD systems. These will be implemented in the mathematical modelling of CVIL.
A detailed description of the modelling of surface kinetics is given by Yang and Hougen
[29]. The derivations of the kinetic equations based on Langmuir adsorption isotherms [30]
can be found in the appendix. Table 1 shows these three types of adsorption mechanisms and
their corresponding kinetic equations.
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Table 1. Adsorption mechanisms and corresponding kinetic equations

Adsorption mechanism Kinetic equation
weak associative adsorption (wa) Ry = kKACy
R. -k KaCa
strong associative adsorption (sa) AT Ky
g p T+K,C,
K, gC
R, p - k A-B“A-B

strong dissociative adsorption (sd) m

Fig. 1 displays the normalized reaction rate (R/k), for the three kinetic models considered,
as a function of the product of concentration and adsorption constant (KC).

In the present chapter, a model is presented for the one-dimensional simulation of
densification by means of ICVI using a time variable pore geometry and Langmuir-
Hinshelwood kinetics. The main objective of this work is to determine the influence of
Langmuir-Hinshelwood kinetics on the deposition profile in the pore. The three types of
adsorption mechanisms displayed in Table 1 are implemented as being indicative for this
kinetic behaviour. Multi-component competitive adsorption is excluded.
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Fig. 1. The normalized reaction rate for the kinetic models plotted as a
function of the product of partial pressure and adsorption constant
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The first-order rate expression that results from the weak associative adsorption is used to
evaluate the differences in deposition mechanisms and resulting deposition profiles arising
from the three adsorption mechanisms. Applicability of the concept of the generalized Thiele
modulus is tested and used to define general criteria for achieving optimal ICVI conditions.
Validation of the model with experimental data will be published elsewhere [31].

2. MODEL DEVELOPMENT

Mathematical modelling of CVI processes is complicated by the difficulty to describe the
initial pore geometry. To obtain a model describing simultaneous diffusion, chemisorption,
and reaction, a one dimensional cylindrical pore is defined as a simplified structure of the
preform (Fig. 2). A full evolution of the pore structure is beyond the scope of this article,
because only the influence of surface kinetics in the ICVI process is evaluated. The gas
mixture is modelled as an ideal gas with properties that depend on temperature, pressure and
pore geometry. The general mass balance equation over a differential volume element 6xydz
for component i reads,

d(VCy

+ V(VI) - R;S N

where J; is the three dimensional molar flux of component i, (-R)) is the consumption rate
of component i in the gas-phase per unit surface area, V is the volume 6x8yéz, S is the
surface area of the pore, and 7 is the time.

The following additional assumptions are incorporated into the model: (a) the reactant
adsorption takes place at an energetically homogeneous surface, and the adsorption
characteristics of the deposited layer are equal to those of the original surface;

symmetry—axis

Iinit l
d
0
05L . *
]
ps ) >4

Fig. 2. Schematic drawing of a model pore
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(b) the reaction rate is proportional to the surface area; (c) the pore structure of the preform
can be modelled as a one-dimensional cylindrical pore; (d) the vapour concentration gradient
in the radial direction is negligible due to the large length over pore radius ratio; (e) reactant
concentrations are small, so that normal Fick diffusion can be assumed and the pressure
gradient due to reaction is negligible, (f) heat effects are assumed to be small so that
temperature gradients can be neglected, and (g) the surface mobility of the adsorbed species
is assumed to be negligible. Equation 1 can, therefore, be simplified,

o a’C, 2R,

4 D,y — = L @
at * eff(x ) axz r(x,t)

where x is the axial position in the pore, r(x,?) is the pore radius at position x and time #, and
D eﬁ(x, 1) is the effective diffusion coefficient in the gas-phase at position x and time ¢ in the

pore.
The mass balance for the deposition of a solid on the pore wall reads,

dv, ) M, R;S 3)
dt o

and,

dr(x,t) _ M, R )
dt 0

where V is the volume of deposited material, M,, ¢ is the molecular weight of deposited
material, and p is the density of the deposited material.

The gas-phase mass balance reaches, under typical operating conditions, equilibrium much
faster than the evolution of the solid boundary, which justifies a semi-steady-state gas-phase
mass balance at a given time:

d2Cy(x,t) 2R, )
dx? - r(x, ) D g (X, 1)

The boundary conditions for equations 4 and 5 are given by,

dC;(0,1) -0 )
dx

20



Evaluation of ICVI with Langmuir-Hinshelwood type kinetics

CiCAL,D = G pux M

r(X,O) = rinit (8)

where C; ;. is the bulk concentration of species i, L is the pore length, and r;,;(x, 0) is the

ini
pore radius at z=0.
The diffusion coefficient is found by assuming it to be equal to the harmonic mean of the

gas-phase diffusion coefficient and the Knudsen diffusion coefficient,

1 . 1
Dgas DKnudsen(x’t)

1

- =7 ®
D g(x,1)

where 7 is the tortuosity factor of the substrate, D5 is the diffusion coefficient in the gas
phase, and Dy, ... (x.2) is the Knudsen diffusion coefficient at position x and time ¢ in the
pore. Diffusion coefficients for binary gas systems at a given temperature at pressures below
10 bar can be estimated by the Wilke and Lee relation [32]. Values of the diffusion
coefficient estimated by this equation generally agree with experimental values to within 5
to 10 percent. A linear relationship exists between the gas-phase diffusion coefficient and the

reciprocal pressure and reads,

107343.03-(0.98/,/2M 4 )T 2
D - ( ( AB) (10)

P\2M,p 045°0p

where T is the temperature, P is pressure, M p is the harmonic mean of the molecular
weights of the gas-phase components A and B, o, is the characteristic length of species A
and B, €, is the characteristic energy of species A and B, and 2, is the collision integral.
The value of M,p and the Lennard-Jones parameters o,p, €45 and the collision integral are
tabulated or can be determined by equations given by Reid er al. [32]. The Knudsen
diffusivity is calculated using the correlation resulting from the kinetic theory of gases and
is valid for diffusion in a straight cylindrical pore of infinite length and reads,

1
k 1D

Dxpudsen %0 = 97 1(X,0) [
w8

where M,, g is the molecular weight of the diffusing species i.
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3. PROCEDURES SOLVING THE MODEL

The analytical solution of equation 5 can be found in textbooks on heterogeneous catalysis
when first-order kinetics and a constant pore geometry are assumed [33]. Incorporation of
Langmuir-Hinshelwood kinetic behaviour in equation 5 complicates the analytical solving
method to such an extent that the most direct method exists in the use of numerical
techniques [34]. For CVI, it has to be taken into account that the pore radius varies in time
and in the axial direction during densification of the pore. This implies that for an analytical
solution of equation 5, an average radius has to be determined, which, in general, is not
allowed. Therefore, numerical methods are chosen to solve the gas-phase second-order
differential equation and the solid-phase first-order differential equation, without making the
assumption of a distance independent pore radius.

In order to solve the above mentioned differential equations the following dimensionless
variables are introduced.

Ci * X * r
G bulk V2L r

Substitution in differential equation 5 describing the gas phase results in equation 12.

20 ¥ 2 -R.
et g 8R, W

dx*)  TinieCibulk 1% (X, ) Dygelx, 1)

Using a first-order Euler approximation for the growth rate to solve the differential equation,
the dimensionless form reads

MW,S Rl At

Tipit ©

r*(x,t+At) = r “(x,t)- (13)

Due to the fact that only one of the two boundary conditions of equation 12 at one side
of the pore is known, the other has to be determined by an iterative procedure. An iterative
bisection-shoot method is coupled with two Runge-Kutta procedures [35] to solve the second
order differential equation. The Runge-Kutta method divides the pore in a series of slabs in
which ideal mixing is assumed; the value of the dependent variable is determined by a first-
order Taylor expansion, using a weighed derivative. A guess of the concentration of
component A is made halfway the pore (at x*=0), subsequently the mass balance is solved;
this procedure is repeated until the error in the dimensionless concentration at the pore outlet
(at x*=0.5) was smaller than 0.01%. With this C*(x,t) the new r*(x,?) is calculated with a
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sufficiently small time step and the diffusion coefficient is determined along the pore. The
resulting arrays of r*(x,#) and Deﬁ(x, t) are used in the next iterative step of solving mass
balance 12 until a critical outlet pore diameter of 0.3 nm is reached; at this critical diameter
it is assumed that the mass flux inwards the pore equals zero. For each simulation the
number of axial slabs and time steps is increased until the desired accuracy was achieved.
The number of time steps and axial steps exceeded 200 in all simulations.

Evaluation of equation 5 is usually carried out by introducing the Thiele modulus as
dimensionless quantity [36]. The generalized form derived from the semi-steady-state mass
balance 5 reads [37],

Cibutk
¢ = ARG ) |4 J r-DgR () da
0

(14)

where ¢ is the Thiele modulus, A is the ratio of volume and surface area perpendicular to
the molecular flux, and « is a dummy variable for integration. This dimensionless number
¢ is very useful as a first approximation to determine the extent of limitation of the reaction
rate by pore diffusion. For heterogeneous catalysis it has been shown that for first-order
kinetic behaviour values of ¢ lower than 0.1 indicate that the reaction rate is determined by
the intrinsic kinetic behaviour (no internal mass-transfer limitations). If ¢ is greater than 3
internal diffusion is the rate determining step in the reaction [38]. It should be noted that this
Thiele modulus is independent in time. As mentioned before, in CVI the Thiele modulus
changes in time due to the changing pore radius. Therefore, only a Thiele modulus at the
initial stage of the densification can be used to evaluate the possible occurrence of mass
transfer limitations. Equations 15 to 17 display the derived Thiele moduli for the three kinetic
equations given in Table 1.

1
kK. 3
pwa) - = | —1_|* (15)
2 | 2135y Degr
KK, |7 KC !
L i 2 BN bulk 73 (16)
sa) = K.C. -In(1+K.C.
o(sa) 3 | 1, Doy 1+KiCi,bulk[ i~i,bulk ( i 1,bulk>]
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p(sd) =

1
kK. 7 KC 2
124_ i 2 i1, bulk ln(l +KiC’ 1 -1 2 (17)

Julk) F T
4rinilDeff (1 +KiCi,bulk)2 A ) 1+KiCi,bulk

where o(wa), ¢(sa), and ¢(sd) are the Thiele moduli for weak associative, strong associative,
and dissociative adsorption, respectively, and L is the length of the cylinder. Fig. 3 displays
the Thiele moduli of strong associative adsorption and dissociative adsorption versus the
concentration C; ;- They are shown relative to the Thiele modulus of the weak associative
adsorption, which is independent of the bulk concentration. At low values of C; ;,;, the three
Thiele moduli are identical (¢ (sa)/o(wa) = ¢(sd)/p(wa) = 1). This is a result of the identical
behaviour at low concentrations of the rate equations as shown in Fig. 1.

4. MODEL PARAMETERS

In order to compare the different kinetic equations implemented in the mass balances, the
situation at the beginning of the CVI process is used to define the constants that determine
the starting point of solving equations 12 and 13.

The evaluation is performed for three different case studies. Case a is a model material
for which the influences of pore geometry and reactor pressure on the residual porosity and
final pore geometry are evaluated. The pore radii in case a are chosen in such a way that at
the initial stage of the infiltration either gas-phase diffusion (7ir=50pm), or Knudsen
diffusion (r;

mit:O'S"Lm) are the dominant mass-transfer mechanisms. The model parameters
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Fig. 3. The Thiele modulus as a function of the bulk concentration of the active
species of the various kinetic models — :¢(sa)/@(wa), - - :¢(sd)/p(wa)
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used in case & are indicative for preforms used in densification processes. The influences of
pore geometry, reactor pressure, and concentration on the final porosity are evaluated. The
last case (c¢) stands for a catalyst carrier for which the influence of pore geometry on the final
porosity is evaluated. The last two cases possess physical properties of preforms used in our
laboratory. For each of these cases the influence of the kinetic behaviour on the final pore
geometry will be discussed.

Evaluation of the different kinetic models is performed with identical reaction rates at the
pore entrance; thus the same pore closure time is found for each of the three kinetic models.
The intrinsic rate constant (k) is varied to satisfy this condition, while the other parameters
remain constant. The physical constants of SiC and SiCl, are assumed to be indicative for
a SiC-ICVI process based on the decomposition of methyltrichlorosilane. Experimental data
of a mass spectroscopic study of the decomposition of methyltrichlorosilane in a hydrogen
environment [39] indicate that SiCl, is the most abundant silicon-species in the gas-phase.
Here it is assumed that SiCly is the silicon precursor for the deposition of SiC.

Table 2. Model parameters

Symbol Name Value
Tinit initial pore radius
case a 50 t0 0.5 ym
case b 50 to 0.5 pm
case ¢ 500 to 5 nm
L/Tpie length over pore radius 20 to 20,000
T temperature 1273 K
P pressure I to 103 kPa
Dot effective diffusion coefficient 33.0710°% t0 24.52:10% m? 57!
kg reaction rate constant
weak associative 0.181 mol m? g1
strong associative 1.996 mol m™? s°!
strong dissociative 21.96 mol m? s°!
E, activation energy 120 kJ mot!
K; adsorption constant 10 m* mol!
Ci buik concentration (1273 K, 100 kPa) 0.01 to 10 mol m?
M; molecular weight (SiCly) 169.898 g mot™!
p density deposit (SiC) 3120 kg m>
T tortuosity
case a 1
case b 4
case ¢ 4
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The adsorption constant is chosen in such a way that an almost zero-order kinetic behaviour
is found at the outlet of the pore for strong associative adsorption and a negative order
kinetic behaviour for the dissociative adsorption. For simplicity, co-adsorption of the gaseous
byproduct hydrogen chloride is neglected. Table 2 displays the applied values of the model
parameters.

5. RESULTS AND DISCUSSION

5.1 Evaluation of the residual porosity.

Table 3 will be used as a reference in which the conditions for all simulations are
displayed. Furthermore, the residual porosity of each kinetic model calculation is shown. The
numbers for the deposition profiles, given in the figures below, correspond to the numbers
in Table 3.

In Figs. 4 to 6 the final pore geometries in a model pore (case a) are displayed for the
three different kinetic models. Within each figure the final pore geometries are given which
correspond to (a) an initial pore radius of 50um, and length over initial pore radius ratios of
200, 1000 and 2000, and (b) an initial pore radius of 0.5um, and length over initial pore
radii ratios of 200, 1000 and 2000. The length of the pores is varied to satisfy these ratios.
Fig. 4 reveals that lowering the length of the pore results in a more homogeneous deposition,
resulting from a shorter diffusion path, and lowering the initial pore radius at a constant
length over diameter ratio improves the infiltration of the pore, although the diffusion rate
of the reactive species is lowered to the Knudsen diffusion regime. These effects have also
been reported by Fedou et al. [38] for first-order kinetic behaviour. It originates from the
assumption that comparison between equal geometrical ratios is valid. Thus, lowering the
pore radius results in a decreased pore length (at constant length over diameter ratios). It is
obvious that these simulations can be misleading, because it only involves a scaling factor,
which is physicaily non-realistic. However, such a simulation of the ICVI process can be
useful to study the influence of the different kinetic models on the deposition profiles.
Therefore, evaluation of various initial pore radii can be performed at constant pore length
or pore volume. Constant volume simulations will result in physically non-realistic pore
lengths. The final deposition profiles given in Figs. 5 and 6 display a sigmoidal shape. This
originates from a shift in deposition mechanism. This phenomenon will be evaluated in the
next paragraph where the evolution of the pore geometry will be discussed. It should be
noted, however, that these figures show that the residual porosity is not a quantity that can
fully account for different deposition profiles originating from various deposition
mechanisms.
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Table 3. The residual porosity for the various kinetics

No. case Model parameters Residual porosity

Tinit L P C T wa sa sd
(um)  (mm) (kPa)  (mol/m?)

1 a 0.5 0.1 100 1 1 0.0093  0.0041  0.007
2 a 0.5 0.5 100 1 1 0.167  0.115  0.288
3 a 0.5 1 100 1 1 0.466  0.414  0.641
4 a 50 10 100 1 1 0.123  0.0476  0.228
5 a 50 50 100 1 1 0.721 0735  0.843
6 a 50 100 100 1 1 0.860  0.867  0.920
7 b 50 10 100 1 4 0.368 0345  0.610
8 b 5 10 100 1 4 0.808  0.822  0.892
9 b 0.5 10 100 1 4 0.967 0.969  0.979
10 ¢ 0.5 0.01 100 1 4 0.0004  0.0001  0.0001
11 c 0.05  0.01 100 1 4 0.032  0.016  0.030
12 c 0.005  0.01 100 1 4 0.636  0.669  0.795
13 a 0.5 1 1 1 1 0359 0764  0.925
14 a 0.5 1 10 1 1 0.364  0.690  0.876
15 a 0.5 1 500 1 1 0534 0171 0.157
16 b 50 10 1 1 4 0.035 0229 0671
17 b 50 10 10 1 4 0.074 0272  0.670
18 b 50 10 103 1 4 0.775 0412 0.221
19 b 50 10 100 0.01 4 0368 0778  0.929
20 b 50 10 100 0.1 4 0.368  0.698  0.876
21 b 50 10 100 10 4 0368 0010  0.003

Similar values of the residual porosity can be found for very different deposition profiles.

In Table 3 the values of the residual porosity are displayed for various length over radius
ratios for case a (no. 1 to 6). These results indicate that there is an increase in residual
porosity after pore closure with increasing pore length. For each of these simulations the
initial pore radius is kept identical for each kinetic model.

Furthermore, there is an increase in residual porosity when the kinetic behaviour shifts from
weak associative adsorption via strong associative adsorption to strong dissociative
adsorption.

Simulation no. 7 to 12 in Table 3 show the residual porosity at a constant pore length for
different pore radii for case b and c. These results can be used to study the influence of a
specific porous material on the final porosity as discussed before. From these results it can
be concluded that a decrease in initial pore radius will result in an increase in final porosity.
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Fig. 4. Final pore geometry for weak associative adsorption, the numbers refer to Table 3
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Fig. 5. Final pore geometry for strong associative adsorption, the numbers refer to Table 3
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Fig. 6. Final pore geometry for strong dissociative adsorption, the numbers refer to Table 3
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The results for case b (simulation no. 7, 8, and 9) indicate an increase in residual porosity
when the kinetic behaviour shifts from weak associative adsorption via strong associative
adsorption to strong dissociative adsorption. The influence of the different kinetic models on
the residual porosity for case ¢ (simulation no. 10, 11, and 12) is more difficult to
comprehend. A similar behaviour as for case b is observed only for small initial pore radii.
For preforms with larger initial pore radii it is necessary to determine the residual porosity
by simulation in order to be able to obtain the influence of the different kinetic models on
the final porosity.

5.2 Evaluation of the evolution of the pore geometry.

Not only the residual porosity changes as a function of process parameters but there is also
a difference in the evolution of the deposition profiles and thus the shape of the final profiles.
In Figs. 7 to 9 the pore geometry evolution of a model pore (case a) in time is shown as a
function of axial distance for the three different kinetic mechanisms. The evolution of the
pore geometry and concentration profiles is shown in time steps of 10 percent of the total
deposition time.

First-order profiles display during deposition a gradual decrease in deposition rate moving
to the middle of the pore as can be seen in Fig. 7. This effect enlarges in time due to a
decrease in molecular flux of the active species.

The Langmuir-Hinshelwood simulations with strong associative and dissociative adsorption
reveal a much more extreme axial dependence of the growth rate in the pore. From Figs. 7,
8, and 9 it is obvious that the pore filling mechanism shifts from a layered growth (weak
associative adsorption, Fig. 7) to a moving front mechanism (strong associative and
dissociative adsorption, Fig. 8 and 9). Due to the fact that the chosen parameters of the
Langmuir-Hinshelwood kinetics lead to a zero (strong associative adsorption) and a negative
(dissociative adsorption) reaction rate order at the pore entrance, the deposition rate inside
the pore is equal or larger than the deposition rate on the edge. The place of maximal
reaction rate depends on the pore geometry and moves in time to the outlet of the pore. A
similar negative order effect has also been found by Smith and Carberry [40] in the catalytic
oxidation of carbon monoxide (CO) over noble metals in a porous catalyst carrier. They
solved similar conservation equations for heat and mass for a spherical pellet using a
dissociative kinetic equation identical to the one used in this chapter. Their results show
similar behaviour, i.e. that the usual adverse effect of diffusion in a porous system turns to
advantage for negative order kinetics. This implies for ICVI systéms that large differences
in the final deposition profiles may exist between the various kinetic models.

The kinetic behaviour of weak associative adsorption gives rise to a final exponential-
decay shaped deposition profile as shown in Fig. 4.
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Fig. 7. Time evolution of the pore geometry for weak associative adsorption (no. 4 in Table 3)
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However, from Figs. 5 and 6 it can be concluded that the strong associative and dissociative
kinetic behaviour results in a final sigmoidal-shaped deposition profile. The dissociative
adsorption kinetic behaviour shows this effect in the most pronounced form. As a
consequence not only the residual porosity but also the final pore geometry has to be taken
into account in order to be able to evaluate the densification of porous preforms.

5.3 Evaluation of the reactor pressure.

The influence of the reactor pressure on the residual porosity for the three different kinetic
models is given in Table 3 (simulation no. 13, 14, and 15 for case a, and simulation no. 16,
17, and 18 for case b). For case a, the residual porosity increases at low pressures from
weak associative adsorption via strong associative adsorption to dissociative adsorption,
whereas at high pressures the reverse behaviour is found. For case b a similar behaviour is
found as for case a but in a less pronounced form. Earlier reported ICVI simulations for first
order kinetic behaviour [38] stated that lowering the reactor pressure increases the infiltration
depth of the preform and thus decreases the residual porosity. This effect originates from the
increase in diffusion rate and is found for weakly adsorbing species. However, strong
associative and dissociative adsorption kinetic behaviour can result in a reverse trend. Hence,
under the aforementioned ICVI conditions for associative and dissociative adsorption, it is
shown to be possible to lower the residual porosity by increasing the pressure. This is a
result from a combined effect of reactor pressure and concentration on an ICVI system. In
general, by lowering the pressure, the first effect is that the diffusion coefficient of the
gaseous component in the pore is enlarged until the Knudsen diffusion regime is reached.
Secondly, the concentration of these gaseous components depends on the reactor pressure.
This will influence the surface concentration of the reactive species and thus the reaction rate.
Both effects contribute to the final porosity of the preform when Langmuir-Hinshelwood
kinetic behaviour is assumed. Simulations comprising various concentrations of the active
species at a constant reactor pressure have to be carried out in order to discriminate between
the influence of concentration and reactor pressure on the final porosity of the preforms.

The last three simulations in Table 3 (no. 19 to 21) demonstrate the influence of the
concentration of the active species at a pressure of 100 kPa on the residual porosity. The
calculations show that no influence of the concentration on the residual porosity is found,
when the reaction kinetics is described by weak associative adsorption kinetic behaviour, and
that there is a decrease in final porosity with increasing concentration for the other kinetic
models. At low concentrations of the active species the weak associative adsorption displays
the lowest residual porosity, whereas at high concentration the lowest residual porosity is
found for dissociative adsorption. The disappearance of the influence of the concentration on
the residual porosity can be explained by substituting a first-order rate expression in equation
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12, resulting in equation 18.
d’c,* L2 8kC;*

e (18)

dx ™) 1 1700t Deglx,ty)
Equation 18 shows that the concentration profile in the pore does not depend on the bulk
concentration of the active species. The physical rationale of this effect can be found in the
change in concentration gradient over the pore. Lowering the bulk concentration of the active
species results in a lower reaction rate in the pore (first-order kinetics). The diffusion rate
displays an identical behaviour, i.e. it decreases with the same amount due to the lower
concentration gradient. Hence, the ratio of the reaction rate over the rate of mass transport
in the pore remains constant.

It is shown that large differences exist between the residual porosities for Langmuir-
Hinshelwood kinetic behaviour, when the bulk concentration of the reactive species is
increased. For optimum densification of the preform the concentration of the active species
has to be taken as high as possible for Langmuir-Hinshelwood type Kinetics at the given pore
geometry. These trends can be predicted with the use of the generalized Thiele modulus. As
shown by equation 15, the Thiele modulus remains constant with increasing concentration,
when weak associative adsorption of the active species is assumed. For strong associative and
dissociative adsorption a decrease of the Thiele modulus is found when the concentration is
increased, as displayed in Fig. 3. Hence, the trends in Fig. 3 and simulations no. 19 to 21
are identical. These influences of the concentration and reactor pressure indicate that the
change in residual porosity for the different kinetic models originate primarily from their
concentration dependence. The trends for simulations 16 to 18 for the different kinetic
models at various reactor pressures are not as strong as the ones at various concentrations
due to the elimination of the adverse effect of the gas-phase diffusion coefficient.

The shape of the deposition profile has to be investigated in order to fully understand the
influences of the reactor pressure and concentration on the residual porosity and final pore
geometry. This leads to a similar discussion as in the preceding paragraph concerning the
influences of initial pore geometries on the final densification. As illustrated in Fig. 1, the
reaction rate is not necessarily linearly dependent on the concentration. As a result, the
dependence of the reaction rate on the concentration can change as a function of axial place
in the pore. The kinetics of the associative adsorption exhibits at high concentrations a nearly
zero-order reaction rate dependence, which implies that the reaction rate is virtually
independent on the axial place in the pore. Only when the reactant is depleted in such a way
that the Langmuir-Hinshelwood associative kinetics behave like first-order kinetics, the rate
of product formation will decrease moving inwards the pore. This phenomenon results ina
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relatively homogeneous deposition in the pore as long as the kinetics behaves like a semi
zero-order dependence. Furthermore, the decrease in reactant concentration in the zero-order
region is constant, in contrast to first-order kinetics where the depletion is a linear function
of the reactant concentration. Hence, the decrease will be more extreme compared to first-
order kinetics. These combined effects result in a complex mechanism which determines the
deposition profile and residual porosity. Lowering the pressure will result in a better
diffusivity of the reactants in the pore but will also mean a shift to semi first-order kinetics
and thus to a less homogeneous deposition. Increasing the pressure results in a more
homogenous product formation along the pore, a faster reactant depletion, and slower
diffusion.

It is obvious that these pressure influences affect the deposition profiles even more
extremely, when the kinetic behaviour is described by a dissociative adsorption mechanism.
In the negative-order region reactant depletion results in an increase in reaction rate until the
first-order regime is reached via the zero-order region. This is shown as a maximum in the
deposition profile. Owing to this increase in reaction rate, the reactant depletion is enhanced
which is shown as a steep decline in the deposition profile in the pore. A decrease in
pressure improves the gas-phase diffusivity, but shifts the reaction mechanism towards the
first-order regime. A pressure increase pushes the position of maximum reaction rate inwards
the pore causing a better infiltration, and a more homogeneous deposition in the pore. As
discussed before, this effect can diminish due to the lowered gas-phase diffusivity of the
reactant, provided that no Knudsen diffusion prevails.

5.4 Evaluation of the generalized Thiele modulus.

Fitzer et al. [11] used a Thiele modulus for a first-order reaction to calculate the
maximum infiltration depth in a straight cylindrical pore. Evaluation with experimental data
showed good agreement. They stated that the Thiele modulus should be lower than 0.4 for
optimum densification of the pore. This condition originates from the effectiveness factor,
which is commonly used in heterogeneous catalysis [37]. However, this condition is only
valid when the influence of change in pore geometry is negligible in time. Hence, this
condition cannot be used in ICVI processes, and implies the need for numerical solution.
Their model can only predict the infiltration depth and not the final porosity. The ’Step
Coverage Modulus’ (SCM) is introduced by McConica and Churchill [41] as a dimensionless
number. The square root of the SCM is proportional to the Thiele modulus in which zero
order kinetic behaviour is incorporated. They evaluated the step coverage of tungsten CVD
in contact holes and trenches of various dimensions. In principle, tungsten CVD in contact
holes and trenches is similar to ICVI. However, it should be noted that in these systems
much lower length over initial radius ratios are common, i.e. smaller than 20.
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Furthermore, this dimensionless number is not applicable in this situation, where the
influence of the kinetic behaviour on the residual porosity has to be determined. By
introducing a generalized Thiele modulus in which the various kinetic equations are
implemented, the relationship between the residual porosity and the Thiele modulus can be
plotted. This is shown in Fig. 10 in which the results of all presented simulations are
implemented. Weak and strong associative adsorption display a nearly identical behaviour.
The large change in deposition mechanism for dissociative adsorption results in a shift
towards higher residual porosities for identical Thiele moduli. Furthermore, it can be
concluded that at values of the Thiele modulus smaller than 0.02 the residual porosity is less
than 0.01 and optimal densification is guaranteed.

6. CONCLUSIONS

With the model discussed above, it is possible to describe the ICVI process mathematically
using kinetic equations based on adsorption isotherms. It is shown that the ICVI process has
to be described by numerically solved mass balances in order to obtain insight into the
complex influences of pressure, temperature, and concentration on the growth mechanism
and final pore geometry. The mechanism of pore filling and the final pore geometry depend
on the kinetic model used in the simulation. The growth mechanism changes from a layered
growth to a moving front growth mechanism, when the deposition kinetics moves from first-
order via associative Langmuir-Hinshelwood to dissociative Langmuir-Hinshelwood kinetics.
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This results in a shift from an exponential decay-shaped deposition profile to a sigmoidal-
shaped deposition profile, which indicates that in ICVI modelling, the use of correct kinetic
equations is a prerequisite for an accurate process description of which the observed reaction
rate is governed by reaction as well as diffusion.

The pressure parameter of the ICVI process affects the magnitudes of diffusion as well
as concentration and thus the deposition profile. Weak associative adsorption of the reactive
species implies that upon pressure decrease only the diffusion coefficient is enlarged, which
exhibits a positive influence on the total densification of the preform. Langmuir-Hinshelwood
behaviour of the reaction kinetics results in a positive (diffusion rate enhancement) and a
negative (change in reaction order) effect on the total preform densification for the given
experimental conditions. In general, optimum densification conditions are achieved at low
pressures when weak adsorption of the active species is assumed. Strong associative or
dissociative adsorption of the active species results in the optimum condition in which the
concentration is as high as possible. It is also possible to reach this condition at high total
pressures.

Application of a generalized Thiele modulus for various kinetic models gives a first
impression of influences of process parameters on the overall densification process. For the
kinetic models investigated in this chapter, it is shown that the Thiele modulus condition for
nearly complete densification has to be taken more stringent than the condition for intrinsic
reaction rate limited processes, used in heterogeneous catalyzed reactions (i.e. 0.02 instead
of 0.1). The generalized Thiele modulus is a useful tool for optimizing the process conditions
for nearly complete densification of preforms.

APPENDIX

The general rate law of a surface reaction is an extended product over all species and
reads

R -KII(B)™ (A.1)

where R is the reaction rate per unit surface area, 6; is the fractional coverage of species i,
n; is the exponent in the rate law, and & is the intrinsic rate constant. Assuming a
proportional relationship between the reactant concentrations in the gas phase and the
fractional coverage on the surface, a n™ order rate expression is found. A useful description
of the fractional coverage of species i can be found by using the Langmuir adsorption

isotherm [30]. A one-component non-dissociative adsorption is assumed to take place,
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A@®) + s 2 Aads)
A(ads) = A(s) (A2

where A(g) is component A in the gas phase, s denotes a free adsorption site, Afads) is A
adsorbed on the surface, and A(s) is the solid deposit of A. Assuming thermodynamic
equilibrium between adsorption and desorption the following expression for the fractional
coverage can be derived,

0. S (A3)

1+K;C;
where K is the adsorption/desorption equilibrium constant of species i, and C; is the reactant
concentration of species i in the gas-phase. Langmuir [30] derived this equation, assuming
that adsorption occurs in a mono-molecular layer in which attraction and repulsion between
the adsorbed molecules are negligible. This will result in a constant free Gibbs energy of
adsorption. The next condition is a homogeneous energy distribution on the adsorption
surface. To derive kinetic expressions which describe the typical Langmuir behaviour, three
types of adsorption behaviour of the reactive species are considered: weak associative
adsorption, strong associative adsorption, and dissociative adsorption.

Assuming associative adsorption of an active species A, and a first-order reaction rate in
the adsorbed active species, the rate law becomes upon combining equation A.3 with
equation A.1:

K,C
_k__ATA (A4

Ry=k——

This equation is the most simple of the Langmuir-Hinshelwood equations and shows a
shifting order behaviour which is common to these equations. For weakly adsorbing
components (K,C, <1), this equation simplifies to a first-order rate expression.

The chemical equations of the one-component dissociative adsorption are described in A.6.
The rate determining step is assumed to be the dissociation of an adsorbed species A-B,
which results in rate expression A.7. Equation A.7 is a typical example of a dual-site
mechanism which governs the rate determining step. The shifting order behaviour of equation
A.7 is even more extreme; the reaction rate dependence shifts from a first order at very low
partial pressure to an order of minus one at high partial pressure.

36



Evaluation of ICVI with Langmuir-Hinshelwood type kinetics

A-B(g) + s & A-B(ads)
A-B(ads) + s = A(s) + B(ads) (A.6)

Ko 5Ca_
A-B“A-B (A.7)

RA—B = k—.—-———_
(1+K, CA-B)2

At high coverage of component A-B, no free surface sites are available for the dissociation
of A-B to A and B, which results in a negative reaction rate order in the gas-phase
concentration.

SYMBOLS
A(ads) adsorbed species A
A(g) component A in the gas-phase
A(s) solid deposit of A
Cyx,0 concentration of component i at position x and time t (mol m?3)
Ci bulk bulk concentration of component i at t=0 (mol m™)
C* dimensionless concentration
Des(x,1) effective diffusion coefficient at position x and time t in the pore (m? s°!)
D diffusion coefficient in the gas phase m? s

gas
Dy pudsen(X,t) Knudsen diffusion coefficient in the pore at position x and time t (m? s

molar flux of component i

k intrinsic rate constant (mol m? s1)

K; adsorption/desorption equilibrium constant (m3 mol 1)
L length of a pore, which is open at both sides (m)
L/t length over initial pore radius

M,, molecular weight (g mol™)

M, harmonic mean of the molecular weights

I reaction order

P pressure (Pa)

r(x,t) pore radius at position x and time t in the pore (m)
Linit radius t=0

r* dimensionless radius

R production rate per unit surface area (mol m?sh
s free adsorption site
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s

sa

sd

wa
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surface area (m?)

Step Coverage Modulus

time (s)

temperature (K)

axial position in the pore (m)
dimensionless distance

amount of deposited material (m?)
volume (m3)

dummy variable for integration

characteristic Lennard-Jones energy (J)

Thiele modulus

fractional coverage of species i

ratio of the total volume and surface area perpendicular to the molflux (m)
collision integral

density of the deposited material (kg m?)

characteristic Lennard-Jones length

tortuosity factor of substrate (-)

gas phase

solid phase

strong associative adsorption
strong dissociative adsorption
weak associative adsorption
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Chapter 3

Chemical Vapour Deposition as a novel technique for
catalyst preparation;
modelling of active phase profiles”

ABSTRACT

Chemical Vapour Deposition has great potential in applying metals to catalyst supports and
structured catalytic reactors via the gas phase. This technique increases the flexibility in
process conditions and decreases the number of steps necessary for obtaining a loaded
catalyst carrier. In this early stage of research, a model has been developed for the
mathematical description of the deposition of catalytic material from the gas phase in porous
structures. Thus, a catalyst pellet and a monolith are infiltrated with NiCl, which decomposes
to Ni at elevated temperatures. Based on reported rate equations and kinetic data of the
deposition of ceramic materials and semiconductors in literature, probable Langmuir-
Hinshelwood type kinetic equations for metal deposition have been derived. The simulations
indicate that preparation of catalysts with homogeneous and inhomogeneous active-site
distributions is possible. Associative adsorption of the active species gives rise to catalysts
with active-site distributions which vary between a degenerated egg-shell and a well formed
egg-shell. Dissociative adsorption results in egg-shell, egg-white and (nearly) egg-yolk
activity profiles. The same considerations are valid for the CVD of metals in monolithic
reactors. Application of the concept of a generalized Thiele modulus shows a correlation
between the Thiele modulus and the place of maximum deposition, when dissociative
adsorption is assumed. This concept can be a convenient tool in catalyst design.

R. Moene, M. Makkee, and J.A. Moulijn, Chem. Eng, J., 53 (1993) 13-24.
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1. INTRODUCTION

Supported catalysts, generally used in heterogeneous catalysis, consist of a support on
which the active phase is finely dispersed. The support (usually high surface area Al,Os,
SiO, or activated carbon) acts as a stabilizer to prevent sintering of the active phase at
reaction conditions and sometimes as a promoter in enhancing the activity and selectivity of
the reaction. In most cases the active phase is applied by impregnation or precipitation. In
general, three steps can be distinguished in these ways of preparation: (1) contacting the
support with the solution of the precursor of the active phase; (2) drying or calcination of the
support to remove the imbibed liquid, and (3) activation of the catalyst by reduction (or any
other treatment like sulfiding) of the active-phase precursor. Dependent on the conditions of
each of these steps, various activity profiles within the catalyst particle can be achieved.
Much effort is devoted to the understanding and control of these stages of preparation and,
as a result, catalysts can be manufactured which exhibit activity profiles like the omes
depicted in Fig. 1. The black areas represent the place of the highest concentration of the
active material. An excellent review in which relationships are given between preparation
conditions and resulting profiles of the active material in the support is given by Lee and Aris
[1]. Optimization of these activity profiles can result in an enhanced product yield or
selectivity and improved resistance against deactivation of the catalyst [2]. An example,
which shows the importance of optimal catalyst design in achieving a high selectivity, is the
partial hydrogenation of a trace amount of ethyne in a stream of ethene [3]. Because ethyne
adsorbs much stronger on the palladium catalyst than ethene, ethene is not hydrogenated until
ethyne is fully consumed. It is clear that for optimum selectivity an egg-shell catalyst has to
be used.

Another technique to equip a support with active material exists in the use of Chemical
Vapour Deposition (CVD), by which the active phase is deposited on the catalyst support
from gaseous metal precursors. CVD is usually carried out to deposit ceramic materials, e.g.
titanium nitride (TiN) from titanium tetrachloride (TiCl,) and nitrogen [4-6], silicon from
silane (SiH,) [7-91, and silicon carbide (SiC) from methy! trichlorosilane (CH;SiCl;) [10] on
various substrates to improve their resistance against wear or oxidation.

@ O O o

uniform egg—shell egg-white egg—yolk

Fig. 1. Activity profiles in catalyst pellets. The black areas represent the place of
highest concentration of the active phase
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Moreover, CVD can also be used to deposit pure metals, metal oxides and metal sulfides
from the gas phase [11,12]. Thus, by applying CVD in catalyst preparation, the number of
preparation steps necessary with impregnation can be reduced from three (or two) to one.
This will simplify the practical operation to a large extent. Several additional advantages exist
in the use of CVD over the conventional methods by which the catalyst is loaded with metal
precursors from the liquid phase. First of all, the use of a gas-phase system will increase the
flexibility compared to the liquid-phase system. Pore volume impregnation sets limits to the
pH range that has to be used; this range depends on support properties (e.g. point of zero
charge, solubility). Additionally, the maximum loading of the catalyst is restricted by the
maximum solubility of the metal precursor in this pH range and the pore volume of the
support. Gas-phase systems, however, can operate in wide ranges of concentration and time.
The flexibility of the gas-phase system is further enhanced by the larger rates of diffusion
in gaseous media and the absence of limitations in deposition temperature (boiling point of
the solvent). Further, it may be possible to produce similar activity profiles (e.g. egg-shell,
egg-yolk) as with impregnation by choosing the optimum deposition conditions. These
conditions are determined by rate of diffusion and surface reaction of the gaseous precursor
of the active species. Similar considerations apply to the densification of porous preforms of
ceramic materials, which are usually so hard that it is impossible to structure them by
conventional techniques like hot pressing or extrusion [13]. This special type of CVD is often
referred to as Chemical Vapour Infiltration (CVI). An example is the infiltration of silicon
carbide whiskers with SiC from CH;SiCl; to produce high performance turbine wheels,
which can operate at 1700 K in air. It should be noted that the dimensions of these preforms
are very different from the ones found in heterogeneous catalysis. The total length can add
up to several centimetres and the porosity of the preform can be regarded as micrometer
pores. Catalyst supports are usually two orders of magnitude smaller. Another difference
exists in the desired final structure of these two types of material. Infiltration of a ceramic
matrix is carried out in such a way that the residual porosity of the material is as low as
possible, whereas deposition of active material in porous catalyst supports has to result in a
catalyst with open pores to expose the major part of the active material.

Several precursors are used in CVD to deposit metals from the gas phase [11,14].
Examples are halogenides (e.g. CrCl,, MoCls, NiCl,, VCl,, and WCls), carbonyls (e.g.
Mo(CO)g [15], V(CO)g, Ni(CO)4, and Co(CO)g), carbonyl complexes (e. . P{CO),Cl, (16]
and CoNO(CO);), and organic compounds (e.g. Pd(C,Hs0O,), and PH(C,H50,),).
Characteristic properties of these compounds are their stability at room temperature,
sufficient volatility at low temperatures, and ability to react cleanly in the reaction zone. The
advantages of the metallo-organic compounds over the other groups can be found in their low
decomposition temperature and higher volatility. These advantages can be used to overcome
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the limitations of CVD for catalyst manufacture. The main restrictions are found in the high
demands on the precursor (i.e. sufficiently high vapour pressure at low temperatures,
sufficient stability in the carrier gas, and sufficiently low decomposition temperature). In
general, by applying metalio-organic CVD (MOCVD) the deposition temperature can be
lowered. The use of these materials expands the range of applicable catalyst supports that can
be equipped with active material by CVD. The deposition of platinum from metallo-organic
precursors is an example. Powell et al. [14] describe the use of platinum acetylacetone, an
air stable yellow powder. They recommend evaporation at 450 K in vacuo, followed by
decomposition on a substrate at 650 K. However, they suggest the solid carbonyl chiorides
as ideal for CVD applications. Evaporation is then to be carried out at 400 K, using carbon
monoxide as carrier gas to prevent premature decomposition. Rand [16] evaluated these two
platinum precursors in preparing a thin platinum layer on silicon, silicon dioxide, and
alumina. The decomposition temperatures are 770-870 K and 460-870 K for the acetylacetone
and carbonyl chloride complex respectively. He showed that application of another precursor,
platinum trifluorophosphine (Pt(PF3),), results in a platinum layer that shows a much
improved adherence to silicon dioxide and alumina. These reported experimental procedures
give a first indication for the possibilities in the use of metallo-organic precursors for catalyst
manufacture.

Finally, another demand on the precursor is the necessity of a high affinity for the substrate.
This affinity will determine the precursor losses during catalyst manufacture resulting from
deposition on the reactor wall.

The kinetic expressions of the thermal decomposition of the metal precursors are usually
not known. The deposition of Ni from Ni(CO), is an exception [17,18], and this precursor
is used for the preparation of nickel catalysts by CVD [19,20]. An example, which shows
the flexibilities of CVD in catalyst manufacture, is the combination of impregnation and
CVD. Pre-impregnation of a catalyst carrier can lead to a selective decomposition of the
gaseous metal precursor on the metal clusters. Wielers ef al. report a synthesis method by
which nickel is selectively deposited on copper by CVD [21]. The metal precursor Ni(CO),
decomposes on the Cu crystallites and forms a Ni/Cu alloy. This catalyst shows a suppressed
amount of carbon deposition in the Fischer-Tropsch reaction as compared with monometallic
nickel catalysts. Further, the use of CVD (or CVI) in the preparation of catalysts can open
new areas for the formation of new materials, which exhibit interesting catalytic properties.
Instances are the carbides and nitrides of transition metals [22]. These can be prepared by
gas-phase decomposition of their volatile halogenides and carbonyls.

CVD has additionally a very high potential for the deposition of active material in structured
catalytic reactors. Thus, monolithic reactors can be supplied with catalytic material in situ.
This technique is useful for the in sizu manufacture and regeneration of structured catalytic
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reactors.

It may be clear that the use of CVD in the deposition of active material in catalyst
supports or structured catalytic reactors possesses enormous potential. The CVD literature
is quite extensive and much benefit can be obtained from this field of expertise. However,
the number of possibilities is so huge, that modelling is indispensable in this early stage of
research.

The objective of this chapter is to investigate the possibilities of applying the catalytically
active phase by CVD on porous supports and structured catalytic reactors. A mathematical
model is developed to describe the infiltration of the precursor, the deposition of the active
phase, and evolution of the pore geometry in time. Simulations are carried out to explore the
prospects of gas-phase depositions by assuming various Langmuir-Hinshelwood kinetic
expressions which are commonly encountered in CVD.

As pointed out above, the major problem in modelling CVD systems is the absence of rate
expressions which describe the kinetic behaviour of the gas-phase and surface reactions.
Moreover, kinetic data are reported for only a few systems, e.g. the deposition of Si, TiN,
and SiC. Much more attention is given to the macro and micro structure of the deposited
material. This has lead us to the following approach. We have chosen a system which is of
interest in the field of catalysis. The deposition of Ni from NiCl, is taken as a possible CVD
system. Derivations of various possible kinetic expressions have been made for the deposition
of Ni from this precursor; all types of these derived rate equations are reported in literature
for the deposition of ceramics and semiconductors from the gas phase. The physical
properties of the nickel system are used for the calculation of transport properties.

2. DEPOSITION OF Ni FROM NiCl,

As pointed out above, the deposition of Ni from NiCl, is taken as a possible CVD system,
which can be of interest for catalyst manufacture. For practical convenience the
decomposition of NiCl, in nitrogen is simulated. In practice, it is advisable to use additional
hydrogen for the removal of the chlorine, which is formed during the reaction. Thus, the
reaction rate will probably be enhanced and incorporation of chlorine in the deposited layer
is decreased. The following reactions are assumed to be in thermodynamic equilibrium:

K,
NiCL(g) + s & NiCly(s) @
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K,
Cly(g) + 25 & 2CI(s) 2)

where K; and K, are the equilibrium constants of reaction (1) and (2), respectively, and s
denotes the free available sites on the surface.
The rate determining step is the surface decomposition of NiCl,:

k
NiCl,(s) + s = Ni + 2CI(s) 3

where k is the reaction rate constant of this step.

Note that the decomposition of NiCl, results in a creation of a new site (i.e. the nickel atom).
This "site generating process" is characteristic for CVD. This scheme results in the following
rate expression:

K, [NiCl]

(1 + K [NiCly] + /K, [CL,] )2

where (-Ry;cy») is the consumption rate of NiCl, in the gas phase per unit surface area.

It is obvious that co-adsorption of chlorine and high surface concentrations of NiCl, inhibit
the formation of metallic Ni. Addition of hydrogen will result in a more complex
denominator of equation (4). However, the quadratic characteristic will remain. An identical
kinetic behaviour displayed by rate expression (4) is reported for the deposition of TiN from
TiCl, and N, in a reducing atmosphere [6]. Assuming that the adsorption of Cl is less
dominant over the adsorption of NiCl, and the adsorbed NiCl, dissociates in metallic Ni and

(‘RNic12) -k @

gaseous chlorine the following rate expression for the formation of Ni can be derived:

B B K, [NiClz] 5
( RNiC12> -k l—m (5)

An example of this kinetic behaviour can be found in the deposition of silicon from silane
(SiH,) [23]. At low coverage of the active species (weak adsorption or low gas-phase
concentration of the metal precursor) rate equation (5) simplifies to first-order behaviour.

The above derived rate expressions corresponding to the three types of possible adsorption
behaviour are summarized in Table 1.
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Table 1. Adsorption mechanisms and corresponding kinetic equations

Adsorption mechanism Kinetic equation
weak associative adsorption (wa) Rp = kK, Cy
R. - k_XaCa
strong associative adsorption (sa) A = Ko
1 + K AC A
Ka-BCa-B

issociati ' Ryp-keo———
strong dissociative adsorption (sd) (1 K, g CA—B)Z

3. MODEL DEVELOPMENT

Mathematical modelling of the deposition of metals in porous structures has great
similarity with the modelling of Isothermal Chemical Vapour Deposition. The deposition
profile of the metal and the evolution of the pore geometry can thus be described
mathematically by the methods developed in [30]. Thus the concentration profiles of the gas
phase component and corresponding deposition profile of the solid phase is determined as a
function of time by solving the general mass balance equation for one component.

e, V(VI) = RS ©)

Procedures for solving eq. 6 have been reported in [30].

4. MODEL PARAMETERS

4.1 Deposition of Ni in a catalyst pellet.

In order to evaluate the influence of the process conditions on the deposition profiles in
the catalyst support, the total deposition time is chosen to be one-tenth of the time necessary
to close the pore of 20 nm diameter. This means that the maximum amount of deposited
material adds up to a layer with a thickness of about 1 nm. The reaction rate is chosen to be
10 nm per hour. This corresponds to low deposition rates, lower than the ones reported in
literature [16]. The temperature is selected at 1140 K to assure the decomposition of NiCl,
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[28]. In practice, this temperature will probably be too high, causing a substantial sintering
of the support. However, as mentioned before, adding hydrogen to the gas mixture shall
conveniently solve this problem by lowering the decomposition temperature. If necessary,
a metailo-organic nickel compound can be used, which decomposes well below the
temperature at which the support sinters. The adsorption constants are chosen in such a way
that rate expressions (4) and (5) exhibit a shifting order behaviour. The adsorption constant
of Cl is assumed to be twice as large as the one of NiCl,. Table 2 shows the numerical
values of the model parameters used in the simulations.

4.2 Deposition of Ni in a monolith.

Due to the fact that in the model described above no forced flow of the precursor is
incorporated, only diffusional mass transfer in the monolithic channels can be simulated. In
practice, this means that the monolith is placed in an oven in which the metal precursor is
evaporated, followed by diffusion into the monolithic channels from both sides and
decomposition to the corresponding metal. Further, an exira parameter has to be added to
account for the porous wall structure in the channels of the monolith. The model only
accounts for a straight cylindrical pore, whereas the washcoat of the monolith consists of a
porous structure. This problem can be overcome by introducing a parameter that embodies
the ratio of the surface area of the washcoat and the surface area of the clean monolith. Thus,
the diffusion and reactant depletion in the large monolithic channels are simulated, while the
surface reaction is corrected by adjusting the surface area of the monolithic channel.

Table 2. Model parameters for the deposition of Ni from NiCl, in a catalyst pellet and a monolith

Symbol Name cat. pellet monolith
CNiClZ, bulk bulk concentration (STP) (mol m’3) 0.5t020 0.5t020
k reaction rate constant (umol m? 5'1) 1.47 1.47
Kepp adsorption constant (m3 mol ) 20 20
Kyicrz adsorption constant (m® mol™!) 10 10

L pore length (m) 0.2 0.2

P pressure (kPa) 100 100

Tinit initial pore radius (m) 10 10

S surface area (mzwashcoa[ m2, i) - 100

t deposition time (s) 300 300

T temperature (K) 1140 1140
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In these simulations the same kinetic expressions and values of the kinetic constants are used
as in the simulations with the catalyst pellet. For the monolith, generally reported dimensions
are used. Table 2 shows the numerical values of the model parameters used in the monolithic
simulations.

5. RESULTS AND DISCUSSION

5.1 Total pore closure.

As a first example, the deposition of Ni in a catalyst pellet is continued until pore closure.
This will show the evolution of the pore geometry and the corresponding concentration
profile of NiCl, in time. The bulk concentration of NiCl, is selected to be 0.1 mol m™, so
the Kinetic behaviour can be assumed to obey first order. Due to the high diffusion
coefficient of Cl, with respect to the diffusion coefficient of NiCl, the amount of Cl, in the
pore can be neglected. In Figs. 2 and 3 the results of the simulations are presented. It can
be concluded that the change in pore geometry during deposition gives rise to an axial and
time dependent diffusion rate in the pore. This leads to a concentration profile which is time
dependent. As a result of the severe mass transfer limitation, only the first 20% of the pore
is coated with Ni. This type of profile is characteristic of a CVD system which displays
intrinsic first-order kinetic behaviour combined with high mass-transfer limitations.

0.0 " " " ,
—\ —— 0.2 hour

------ 0.4 hour

0.6 hour

radius

axiatl distance

Fig. 2. Time evolution of the pore geometry during Ni deposition (Cyy = 0.1 mol m™)
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Fig. 3. Time evolution of the concentration profiles during Ni deposition
for the same conditions as Fig. 3*

5.2 Deposition in a catalyst pellet.

This section evaluates deposition profiles in a catalyst pellet according to adsorption
behaviour. Fig. 4 displays the deposition profiles of the deposition of Ni from NiCl,
assuming associative adsorption of the active species. It shows that the deposition profile
changes from an exponential decay shaped form to a flat contour at increased concentrations.
This is the result of the dependence of the reaction order of equation (5) with the
concentration. At low concentrations it behaves like a first order reaction, whereas at higher
concentrations it shifts to zero order. The outcome of this is a catalyst in which the site
distribution shifts from a degenerated egg-shell to an well developed egg-shell.

100 [ —— 0.5mol m-3
:I‘_\ 80 ‘ -1 mol m=3
£
S oeobn N T 2 mol m™
@ C
_g 40 5 mol m—3
N2 10 mol m~3

© 20 mol m-3
0
0.2 0.0

axial distance

Fig. 4. Deposition profiles of Ni in a catalyst pellet as a function of the bulk concentration of
the Ni precursor assuming associative adsorption. Deposition time: 300 s
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Fig. 5. Deposition profiles of Ni in a catalyst pellet as a function of the bulk concentration of
the Ni precursor assuming dissociative associative adsorption. Deposition time: 300 s

Fig. 5 displays the deposition profiles in a catalyst pellet, assuming dissociative adsorption

of the active species. All simulations are carried out with a deposition time of 300 seconds.
It is shown that the deposition of Ni exhibits a strong non-uniformity in the pore. The
maximum found in the deposition profile is shifted from the pore entrance at low bulk
concentrations of NiCl, to the centre of the pore at increased bulk concentrations of NiCl,.
This effect originates from the shifting order behaviour of rate equation (4). The bulk
concentration of the Ni precursor is chosen in such a way that it exceeds the concentration
at the maximum deposition rate. Thus, by reaction and decline in concentration the reaction
rate is increased until the first-order region is reached resulting in a maximum in the
deposition profile in the pore.
The maximum is shifted towards the centre of the pore by increasing the bulk concentration
of the diffusing component. This is a consequence of the fact that the decrease in
concentration needs a certain span of reaction, after which the maximum in deposition rate
is reached. The shift of the maximum inwards the pore continues until the maximum in
deposition rate cannot be reached by precursor depletion. This results in a nearly
homogeneous distribution of active material in the catalyst support. At lower concentrations
the active-site distribution changes from egg-shell (Cye = 0.5 mol m>), egg-white
(Cppe = 3.5 mol m3), to nearly egg-yolk (Cyuix = 5-5 mol m>).
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5.3 Deposition in a monolith.

In this section the deposition of Ni in a monolith is discussed. As addressed before, only
diffusional mass transfer through the monolithic channels is considered.

Fig. 6 depicts the simulations in which the interior of a monolith is coated with Ni and
associative adsorption of the active species is assumed. The nomenclature used for the
description of activity profiles in a catalyst body is not applicable for the activity profiles
along the axis of a monolithic channel. The egg-shell profile in a catalyst support corresponds
to activity maxima at the entrances of a monolith (entrance mountain profile). The egg-white
situation is shown in the monolith by two maxima in the activity profile, each on equal
distance from the front and end of the channels (double mountain profile). The egg-yolk
profile corresponds to one maximum in the middle of the monolithic channels (centre
mountain profile). Of course, the diffusion into the channels can be limited to one side of the
monolith, which will result in only one maximum in the activity profile. This will be situated
at the front, the first half or the middle of the monolith.

1t is shown in Fig. 6 that the deposition profile shifts from a degenerated entrance
mountain profile to a normal entrance mountain structure, when moving to higher bulk
concentrations of the diffusing species. However, compared to the dimensionless infiltration
depth of Ni in the catalyst pellet, the penetration of the active sites is not as extensive. The
discussion held for the deposition of Ni in a catalyst pellet is also valid here. The same shift
in reaction order (from one to zero) is found, which accounts for the well defined mountain
profile of the active-site distribution in the monolith. In Fig. 7 the results of the simulations
are shown by incorporating dissociative adsorption of the active species in the model.

100 — — —— 0.5mol m-?

Ni (atoms nm-2 washcoat)

0.8 0.7 0.6

axial distance

Fig. 6. Deposition profiles of Ni in the channel of a monolith as a function of the bulk
concentration of the Ni precursor assuming associative adsorption. Deposition time: 100 s
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Fig. 7. Deposition profiles of Ni in the channel of a monolith as a function of the bulk
concentration of the Ni precursor assuming dissociative adsorption. Deposition time: 100 s

At low concentrations the deposition is fixed at the channel entrance, whereas at increasing
bulk concentrations a maximum in the deposition profile is shown, which shifts to the centre
of the monolith. The results are similar to the simulations in which the catalyst pellet is
applied with Ni, while dissociative adsorption is incorporated in the model. Here as well, the
same discussion of the changing reaction order held for explaining the profiles in the catalyst
pellet with dissociative adsorption is legitimate. These results are promising because
monolithic reactors are very well suited to operate with inhomogeneous site distributions in
the monolithic channels. CVD is indispensable in achieving these activity profiles.
Application of a forced flow through the monolithic channels is a possibility. An advantage
of this forced-flow system will be the larger infiltration depth in the monolith. However, the
sharpness of the active-site distributions as shown in Fig. 7 will diminish.

5.4 Evaluation of the Thiele modulus.

By using the derived expression of the Thiele modulus for dissociative adsorption kinetics
[27], an attempt has been made to find a correlation between the place of maximum
deposition and the Thiele modulus. Both for the catalyst pellet and the monolith these
calculations have been carried out. Fig. 8 shows identical trends between the curves of the
two very different systems. As expected, at lower Thiele moduli the place of maximum
deposition is shifted inwards the pore. As pointed out in [27}, the lowering of the Thiele
modulus is achieved by increasing the bulk concentration, which fits nicely in the trend
shown in Fig. 8. The Thiele modulus is thus a useful tool for the first estimate of the places
of the maxima in the active-site distributions and in catalyst design in general.
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Fig. 8. The place of maximum deposition as a function of the Thiele modulus

5.5 Limitations of the simulations.

Of course, there are some restrictions that have to be mentioned regarding the discussion
of the results. First of all, kinetic data or rate equations have to be gathered in order to fully
evaluate the possibilities of the realization of inhomogeneous metal deposition in porous
structures. The fact that the rate equations, which are used in this chapter for the deposition
of Ni, are reported for the deposition of ceramics and semiconductors, is no guarantee that
they are valid for the deposition of metals from the gas phase. The deposition of metals
results, in general, in the formation of different types of bonding compared to ceramics or
semiconductors. This can lead to other types of rate expressions. Secondly, it has to be
mentioned that the deposition of metals from the gas phase can be catalyzed by the already
formed metal clusters on the surface. It is clear that this catalytic effect will have drastic
consequences for the applicability of the rate equations used in this chapter. Such an auto-
catalytic effect can of course result in selective deposition at the pore entrance. However, it
might be turned into advantage in the preparation of catalytically active alloys as reported by
Wielers et al. [21]. Furthermore, such an auto-catalytic effect can be controlled by proper
selection of deposition conditions and can result in a decreased deposition temperature. This
increases the number of applicable catalyst carriers (e.g. polymers).

In conclusion, the absence of reported rate equations restricts the full evaluation in
acquiring inhomogeneous site distribution in porous structures by CVD. This chapter shows
the possibilities in obtaining these profiles under assumption of kinetic behaviour, which is
reported for various CVD systems. Of course, the possibility of using various gaseous metal
precursors gives opportunities in tuning the deposition mechanism, by which the deposition
profiles can be controlled.
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6. CONCLUSION

Chemical Vapour Deposition is a promising technique for application of active material
on catalytic supports. It can lower the number of steps in catalyst manufacture. Moreover,
the flexibility of a gas-phase deposition system is larger than that of the liquid-phase systems,
used in current catalyst manufacture. Further, the activation and regeneration of structured
catalytic reactors (e.g. monoliths) can be easily carried out in situ.

If the rate equations for the deposition of metals from the gas phase obey Langmuir-
Hinshelwood behaviour, in which the decomposition of the adsorbed metal precursor can be
regarded as the rate limiting step, it is possible to produce catalysts and structured catalytic
reactors with a inhomogeneous active-site distribution. Depending on the precise mechanism
of decomposition, various activity profiles can be achieved. Weak adsorption of the active
species results in a non-uniform distribution in which the activity gradually decreases moving
from the pore entrance to the centre. The resulting profiles vary between degenerated egg-
shell and nearly uniform. Associative adsorption results in activity contours that diverge from
a degenerated egg-shell to a well formed egg-shell. When the adsorption can be regarded as
dissociative two other forms of activity distributions can be found. They alter from an egg-
shell, via egg-white, to nearly egg-yolk. All these situations can be controlled by adapting
the bulk concentration of the active species. So, CVD exhibits great potential in the design
of catalysts and structured catalytic reactors with inhomogeneous active-site distributions.
The Thiele modulus can be a useful instrument for a first understanding of the possible
infiltration depths that can be achieved. It is shown that for decreasing Thiele moduli the
place of maximum deposition shifts to the centre of the pore. This trend is valid for a catalyst
pellet as well as for a monolith.

SYMBOLS

Cipuk bulk concentration of component 1 at t=0 (mol m>)
molar flux of component i

intrinsic rate constant (mol m? s'1)
adsorption/desorption equilibrium constant (m® mol'')
length of a pore, which is open at both sides (m)
pressure (Pa)

r(x,t)  pore radius at position x and time t in the pore (m)
it radius at t=0 (m)

R reaction rate per unit surface area (mol m? st

o 1—4_;:: Loy
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specific surface area of a monolith (m?,gcoat M monolity)
time (s)

temperature (K)

axial position in the pore (m)

volume (m°)

Greek letters

@ Thiele modulus (-)

Abbreviations

(2) gas phase

s site

sa strong associative adsorption

sd strong dissociative adsorption

wa weak associative adsorption

REFERENCES

1.  Sheng-Yi Lee and R. Aris, Catal. Rev. -Sci. Eng., 27(2) (1985) 207.

2.  Masaharu Komiyama, Catal. Rev. -Sci. Eng., 27(2) (1985) 341.

3.  P. Mars and M.J. Gorgels, in Proceedings of the 3" European Symposium: Chemical
Reaction Engineering, Pergamon Press, Oxford, Chem. Eng. Sci. Suppl. (1964) 55.

4. Tsao Chin Jung, Du Yuan Sheng and Miao Hue Fang, in G.W.Cullen and J.M.
Blocher (eds.), Proceedings of the Tenth International Conference on Chemical Vapor
Deposition, The Electrochemical Society Softbound Proceedings Series, Pennington,
NJ, 1987, p. 81.

5. C.Z.Rong, D.Y. Sheng and M.H. Fang, Surf. Eng., 5 (1989) 315.

6. N. Nakanishi, S. Mori and E. Kato, J. Electrochem. Soc., 137 (1990) 322.

7. H.C. Theuerer, J. Electrochem. Soc., 108 (1961) 649.

8. E.G. Bylander, J. Electrochem. Soc., 109 (1962) 1171.

9. E.G. Alexander, J. Electrochem. Soc., 114 (1967) 65C.

10. K. Minato and K. Fukuda, J. Nucl. Mater., 149 (1987) 233.

11. H.O. Pierson, Handbook of Chemical Vapor Deposition (CVD), Noyes Publications,

New Jersey, 1992.

56



12.

13.

14.

15.
16.
17.
18.
19.
20.
21.

22.
23.
24.
25.
26.

27.

28.

CVD as a novel technique for catalyst preparation

M. Yano, N. Takashi, Y. Harano, and H. Ohi, in K.E. Spear (ed.), Proceedings of
the Eleventh International Conference on CVD 1990, The Electrochemical Society,
Pennington, NJ, 1990, p. 603.

T.M. Besmann, R.A. Lowden, B.W. Sheldon and D.P. Stinton, in K.E. Spear (ed.),
Proceedings of the Eleventh International Conference on Chemical Vapor Deposition,
The Electrochemical Society, Pennington, NJ, 1990, p. 482.

C.F. Powell, J.H. Oxley and J.M. Blocher, Vapor Deposition, John Wiley and Sons,
New York, 1966.

A.A Oosthoorn and J.A. Moulijn, J. Mol. Catal., 8 (1980) 147.

M.J. Rand, J. Electrochem. Soc., 120 (1973) 686.

A.P. Garratt and H.W. Thompson, J. Chem. Soc. (1934) 1822.

C.E.H. Bawn, Trans. Faraday Soc., 31 (1935) 440.

J.C. Védrine, J. Catal., 46 (1977) 434.

K. Omata, H. Mazaki, H. Yagita and K. Fujimoto, Cat. Lezt., 4 (1990) 123.
A.F.H. Wielers, C.M.A.M. Mesters, G.W. Koebrugge, C.J.G. vander Griftand J. W.
Geus, in B. Delmon, P. Grange, P.A. Jacobs and G. Poncelet (eds.), Preparation of
Catalysts IV, Elsevier Science Publishers B.V., Amsterdam, The Netherlands, 1987,
p. 401.

S.T. Oyama, Catal. Today, 15 (1992) 179.

H. Kurokawa, J. Electrochem. Soc., 129 (1982) 2620.

R.C. Reid, J.M. Prausnitz and B.E. Poling, Properties of gases and liquids, 4™ ed.,
McGraw-Hill, New York, 1989, p. 587.

L.K. Doraiswamy and M.M. Sharma, Heterogeneous reactions, vol 1, John Wiley &
Sons, New York, 1984.

L.K. Doraiswamy and M.M. Sharma, Heterogeneous reactions, vol 1, John Wiley &
Sons, New York, 1984, p. 75.

R. Moene, J.P. Dekker, M. Makkee, J. Schoonman and J.A. Moulijn, J. Electrochem.
Soc., 141 (1994) 282;

Chapter 2 of this thesis.

R.C. Weast and D.R. Lide (eds.), CRC Handbook of Chemistry and Physics, 70M ed.
CRC Press, Boca Raton, FL, 1989. '

57






Chapter 4

Coating of activated carbon with silicon carbide by Chemical Vapour
Deposition to improve the oxidation resistance and mechanical strength

ABSTRACT

Coating of activated carbon with silicon carbide by Chemical Vapour Deposition (CVD)
has been investigated to improve the oxidation resistance and the mechanical strength of
activated carbon extrudates. The oxidation resistance has been analyzed by thermal
gravimetric analysis in air; the temperature at the maximum rate of oxidation (7, ) is used
to compare the modified carbons. Selective deposition of SiC by reacting SiCl, with the
carbon surface cannot be achieved below 1400 K. Silicon deposition has been encountered
in all cases. Coating of activated carbon is achieved using a CH,/SiCl, mixture which results
in SiC deposition at 1376 K. The oxidation resistance of this modified activated carbon has
been improved by 150 K (7,,,,=1025 K), while the side crushing strength improved
additionally by a factor 1.7. The residual surface area was 176 m?/g. SiC coatings have also
been obtained by decomposing methyltrichlorosilane at temperatures above 1200 K. The side
crushing strength of the extrudates improved by a factor of 1.4, while the resistance against
oxidation remained similar to that of the original carbon. The residual surface areas and pore
volumes averaged 530 m?/g and 0.33 ml/g, respectively. Both methods of SiC deposition
result in surface areas which are high enough for catalyst support applications. Evaluation
of the infiltration performance of this SiC-CVD process using methyltrichlorosilane shows
that 20 to 95% of the SiC has been deposited inside the extrudates. The residual porosity of
the extrudates is evaluated using an general mathematically developed Chemical Vapour
Infiltration design chart, which correlates initial Thiele moduli with the porosity after
deposition. Good agreement is obtained between the experimental data and the design chart.
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1. INTRODUCTION

The use of activated carbon as catalyst support is mainly limited by its sensitivity towards
reactions with oxygen and hydrogen [1]. The reactivity with oxygen can be lowered by
modifying the carbon surface in such a way that the number of sites, which are active in the
oxidation, is lowered. These active sites (often referred to as the Active Surface Area, ASA
[2]) are responsible for the cyclic desorption of CO/CO, and adsorption of oxygen, which
results in burning the carbon support. The reactivity towards molecular hydrogen of bare
activated carbon is low. Transition or noble metals, applied on this support, however,
catalyze the hydro-gasification of carbon into methane. Two different mechanisms can be
distinguished. The first type of hydro-gasification is metal catalyzed dissociation of hydrogen,
which subsequently spills over’ to defects in the basal planes to form methane. Secondly,
at elevated temperatures carbon can dissolve in the metal crystallite, diffuse to the gas-metal
interface and react with hydrogen to methane. Research has primarily been focused on
achieving an increased oxidation resistance by decreasing the ASA. A decrease in ASA can
be achieved by heat treatment or impregnation with metal phosphates, chlorine compounds,
and boron glasses [3,4], which all improve the oxidation resistance to a certain extent.
Stegenga et al. [5] investigated the possibility of applying silicon carbide on the carbon
surface. They impregnated activated carbon with tetraethoxysilane (Si(C,Hs0),, TEOS),
which was subsequently decomposed into SiO,, followed by a heat treatment at 2273 K
acquiring the SiC. This has resulted in an increase in oxidation resistance of 100 K, while
a considerable amount of surface area was retained. Furthermore, the side crushing strength
was improved by a factor two. An alternative method of modifying surfaces by SiC
deposition to achieve an improvement in oxidation resistance is Chemical Vapour Deposition
(CVD). Thus, carbon/carbon composites are coated with silicon carbide which acts as a
diffusion barrier for carbon and oxygen [6]. Another mode of operation exists in the surface
modification and densification of porous substrates. This technique, referred to as Chemical
Vapour Infiltration (CVI), is one of the few in which ceramic composites can be
manufactured consisting of undamaged fibres or whiskers embedded in a ceramic matrix.
Thus, a very high toughness and strength can be combined, disclosing numerous applications
of ceramic materials at demanding process conditions. Methyltrichlorosilane (CH3SiCl;,
MTS) is frequently used to achieve either an oxygen resistant SiC coating or a ceramic
composite consisting of toughening fibres and a SiC matrix. Table 1 shows examples of this
and several other SiC precursors and their application. To achieve an optimal oxidation
resistance, it is important that stoichiometric SiC is deposited. Although the C/Si molar ratio
in methyltrichlorosilane is one, deposition of silicon is encountered at temperatures below
1200 K, whereas carbon is co-deposited with SiC above 1800 K.
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Table 1. SiC precursors and their application

SiC precursor Conditions of synthesis Application Reference
Temperature Pressure
X (kPa)
CH,3SiCly 1523 to 1873 ILT. coating 24
1400 1.7 coating 26
1173 to 1273 10 to 35 15
composite
1173 to 1373 10 to 100 } (C\E)I) 16
1252 to 1270 2t013.3 17
CH,SiCl;/CH, 1473 to 1723 4.6 coating 25
SiCl,/CH, 1400 to 1600 100 coating 23
(CH;),SiCl, 1473 to 1600 n.r. coating 21,22
SiCl,/Carbon 1500 to 1700 100 coating 7,14,18
SiH,/C,H, 1773 to 1923 100 electronic 10,11,27

n.r.: not reported

The mechanism of SiC deposition can be regarded as two independent sub-systems, viz. the
deposition of carbon and the deposition of Si [8,9]. Equal rates will result in stoichiometric
SiC. Detailed knowledge of the kinetics in the gas phase and on the surface is, however,
limited, especially for chlorine containing SiC precursors like CH3SiCl;. The gas-phase
kinetics for the SiH,-hydrocarbon system is relatively well understood [10-12], here, more
knowledge of the surface chemistry is needed. Thermodynamic calculations are widely used
for a first insight in the condensed phases which are stable under process conditions [8,9,13].
Furthermore, the gas-phase composition can be determined at thermodynamic equilibrium.
Considering a certain amount of gaseous components (varying from 6 to 45), it has been
shown that SiCl; and CH, are the most abundant Si and C components in the Si-CI-C-H
system below 1000 K. SiCl, and C,H, are formed at temperatures higher than 1800 K.
Deposition of stoichiometric SiC is predicted at certain H,/CH;SiCl, ratios which depend on
temperature and pressure. On a thermodynamic basis, silicon co-deposition is found at high
H/Si ratios, whereas carbon is co-deposited at low H/Si ratios.

In this chapter Chemical Vapour Deposition of SiC is evaluated as a modification
technique to achieve strong activated carbon particles with a high surface area and a high
oxidation resistance. An obvious prerequisite, identifiable prior to this investigation, is the
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formation of SiC layers with the capability of shielding the underlying carbon substrate while
retaining a major part of the porous structure. Thermodynamic calculations are carried out
to establish preliminary indications for optimal deposition conditions by determining
equilibrium gas-phase compositions and stable solid phases at various conditions. Reactive
CVD (using the activated carbon as carbon source) and conventional CVD (using SiCl,/CH,
or CH,SiCl;) are performed on activated carbon extrudates and the thermodynamic
calculations are evaluated. Subsequently, the oxygen reactivity, residual surface area, and
side crushing strength are evaluated according to their modification technique. Finally, the
infiltration process will be compared with the results obtained by mathematical modelling of
CVL

2. THERMODYNAMICS

Table 2 shows the gaseous and solid components which are incorporated in the
calculations. The thermodynamic data (i.e. Af H*%8 K, 5298 K, and Cpaoo-zooo K) are taken
from JANAF Thermochemical Tables [28]. The calculations are carried out using atomic
mass balances and minimization of the overall Gibbs energy using the program Solgasmix
[29]. It should be noted that only the relative amounts of atoms determine final
thermodynamic equilibrium compositions, hence, no distinction can be made between carbon
originating from graphite or methane. Thermodynamic calculations are carried out for
Si/(Si+C) ratios varying from O to 1 and for H/Si ratios of 40 and 400, at 10 kPa, and
temperatures between 800 and 1800 K. Fig. 1 displays an example of the mixture of gaseous
components with equilibrium pressures exceeding 1010 bar for the system Si/C=1 and
H/Si=40. SiCl, and CH, are the most abundant gaseous SiC precursors at low temperatures.
The equilibrium pressure of methyltrichlorosilane does not exceed 108 bar, which originates
from the low bonding energy of the Si-C bond (290 kJ/mol) in the MTS molecule relative
to the Si-Cl (359 kJ/mol) and C-H bonds (338 kJ/mol).

Table 2. Components used in thermodynamic calculations

Ar HC1 CH, CH,C], CCl, SiHCly SiCl,
H Si(s) C,H, CH,Cl CCly SiH,Cl, SiCly
H, SiC(s,B) C,H, C,HCl C,Cl, SiH4Cl Sicl,
Cl C(s, graphite) CHCI ccl C,Cly SiH, CH,SiCly
Cl, CH; CHCl, ccl, CyClg SiCl
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Fig. 1. Equilibrium gas phase composition (including SiC, Si or carbon
formation) for Hy/MTS=20 and P=10 kPa

Above 1300 K the equilibrium pressure of SiCl, surpasses that of SiCl,. The most abundant
C-precursor shifts from methane to ethyne (C,H,) above 1700 K. The trends found in these
calculations agree with those reported in literature for the Si-H-CI-C system.

Figs. 2 and 3 show the condensed phases as a function of the input amount of silicon in the
temperature range of 800 to 1800 K as a function of the ratio of silicon and carbon in the
system. The effect of H/Si ratio has been investigated as well.

Three areas are encountered in Figs. 2 and 3, viz. regions of SiC+C, SiC, and SiC+Si
deposition. Increasing the H/Si ratio from 40 (Fig. 2) to 400 (Fig. 3) results in a broader
range of conditions in which Si is co-deposited, silicon is exclusively present at high Si/C
ratios and low temperatures. This evolves from the equilibrium shift of reaction 1 to the
right-hand side:

SiCl,(g) + 2H,(g) = Si(s) + 4HCI(g) (1)
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Fig. 2. CVD diagram for H,/SiCl4=20 and Fig. 3. CVD diagram for H,/SiCl,=200 and
P=10 kPa. Condensed phases as a function of gas- P=10 kPa. Condensed phases as a function of gas-
phase composition and temperature phase composition and temperature

Furthermore, the region in which solid carbon is present decreases in size with increasing
amounts of hydrogen at temperatures below 1200 K. This is the consequence of the
equilibrium shift of reaction 2 to the right-hand side.

C(s) + 2H,(g) & CHy(@) @

The CVD-diagrams have also been determined at 100 kPa (1 bar). Qualitatively, no
differences are found compared to Fig. 2 and 3, except for the low temperature SiC area.
This region is somewhat extended into the SiC+C region.

From these calculations it can be generally concluded that equimolar amounts of Si and C
in the system are beneficial for stoichiometric SiC deposition. Furthermore, increasing the
H/Si ratio from 40 to 400 decreases the amount of solid carbon, whereas the amount of
co-deposited Si is enlarged. This might suggest optimal conditions for SiC deposition at
H,/SiCl, ratios below 40. The reverse of reaction SiCl; + 2 H, + C @ 4 HCI + SiC,
however, becomes significant at very low H,/HCI ratios and thus a minimal excess of
hydrogen is indispensable for SiC formation.
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3. EXPERIMENTAL

3.1 Materials.

The modifications have been performed on steam activated, peat based, Norit activated
carbon extrudates, type RWOS8. Prior to modification, the extrudates were separated
according to degree of activation. The properties of the fraction used are shown in Table 3.

Table 3. The physical properties of the activated carbon extrudates

Saer me S, Vinicro o(Hg) o(He) ash length diameter
m¥g)  (mlp) (m¥g (mlg) (kg/md) (kgmd) (W%  (mm) (mm)
947 0.60 112 0.41 661 2167 52 3.0 0.81

The pore size distribution for the meso and macro pore region, determined by mercury
porosimetry [37], is shown in Fig. 4. The typical poly-disperse porous structure [38] is
evident. Two major contributions to the macro-pore structure are displayed, pores with radii
of 250 nm and 1000 nm. The micro-pore region cannot be identified with Hg-porosimetry.

Hydrogen (99.99%), Ar (99.99%), and CH, (99.995%) were obtained from Hoek Loos.
Purification of the gases was carried out by passing them through a bed of Pd/Al,0O4
(hydrogen) or Cu/Al,O5 (Ar, CH,) followed by a molecular sieve SA for water removal.
Silicon tetrachloride (99%) was obtained from Aldrich Chemical Company, methyl-
trichlorosilane (98 %) was obtained from Janssen Chimica, and were all used without further
purification. Graphite plates (10 X 5 X 1 mm) were obtained from Johnson Matthey (batch
35142).

0.8
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Fig. 4. Pore volume distribution of RWO08
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3.2 Chemical Vapour Deposition of silicon carbide.

A schematic picture of the CVD apparatus is shown in Fig. 5. A thin bed of extrudates
(200 mg, 1 mm bed length) was positioned in a hot-wall tubular quartz reactor (ID 42 mm)
to assure deposition under differential conditions. Prior to CVD, the substrates were heated
in hydrogen with 0.167 K/s up to 1400 K (above the highest deposition temperature applied),
followed by cooling to the deposition temperature, and adjusting to sub-atmospheric pressure.
A graphite substrate, which was placed just upstream of the extrudates, was used to
determine the rate of SiC deposition. The reactant gas was composed by bubbling argon
through an evaporator filled with SiCl, or MTS (held at 410 or 400 K, respectively), which
was subsequently mixed with hydrogen (and CH,) before entering the reactor. The total gas
flow equalled 5.6 ml/s (STP) and 27.8 ml/s (STP) for the SiCl, and CH;SiCl; experiments,
respectively.

purge

Cu or Pt on Al0;
and molecular sieve bA

CHzSICls or SiCly @pressure controller

saturator
rotameter @ pressure transducer
valve [>’<] needle valve

Fig. 5. Scheme of the CVD apparatus
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3.3 Scanning electron microscopy.

The activated carbon extrudates and graphite substrate were analyzed by scanning electron
microscopy (JEOL JSM-35, Au sputtering of 4 minutes) to investigate the morphology of the
deposited material. Furthermore, the growth rate has been determined from the layer
thickness on the graphite substrate. From a representative area, a micrograph was taken and
a mean thickness was determined by measuring the SiC-layer on eleven places at equal
distance from each other. The 95% confidence region has been acquired by assuming a t-
distribution of averages, there this distribution is robust in the sense that even for small
numbers of samples (5 to 10) the approximation of confidence region is usually relatively
accurate [41].

3.4 Surface area measurements.

Nitrogen isotherms at 77 K were recorded on a Carlo Erba Sorptomatic 1800. Prior to
measurement the samples were degassed at 423 K and 0.1 kPa. The BET surface area (Sgz;),
t surface area, (S,) and micro-pore volume (V)
[19,20].

icro) Were determined according to literature

3.5 Temperature Programmed Desorption.

Temperature Programmed Desorption (TPD) is carried out on home-made equipment by
heating 200 mg activated carbon with 0.167 K/s to 1273 K in a helium-argon gas mixture
(97v%/3v%). The gases evolved were recorded by a mass spectrometer (Varian Mat44 S)
in multiple ion detection mode. Calibration was carried out by decomposing calcium oxalate
monohydrate.

3.6 X-ray Diffraction.
Diffraction patterns were recorded on home-made equipment using a Cu-Ka beam by
measuring the Debije-Scherrer pattern.

3.7 Thermogravimetric Analysis.

A Setaram TAG 24 S thermobalance was used to determine the oxidation resistance. The
samples (~30 mg) were heated with a heating rate of 0.167 K/s in air to 1273 K, while
recording the weight change. The temperature at the point of maximum rate of weight loss
(T,qy) is generally assumed to be a suitable property for comparing the oxidation resistance
of the activated carbon.

3.8 Side crushing strength.
The side crushing strength was determined with a Schleuniger-2E. The average value of
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ten samples was used as a measure for the side crushing strength. The 95% confidence
region has been acquired by assuming a t-distribution of averages.

4. RESULTS

4.1 Pretreatment.

Heating the activated carbon in hydrogen up to 1400 K (this first step of the modification
procedure will be referred to as the pretreatment), resulted in a total weight decrease of
8.4%. The difference in oxidation behaviour compared to the original carbon is depicted in
Fig. 6. The hydrogen pretreatment increases the resistance against oxidation by 80 K. This
is shown by the identical increase in temperature at which the oxidation starts and the
temperature at the maximum rate of oxidation (7, ). The improvement in oxidation
resistance is the result of reducing the ASA by decomposing the oxygen containing surface
groups into H,0, CO,, and CO. Thus, the number of defects in the graphitic structure and,
hence the oxygen reactivity, has been decreased. The decomposition of the oxygen containing
surface groups of the fresh carbon during this initial step has been analyzed by Temperature
Programmed Desorption in a helium-argon mixture. The results are shown in Fig. 7.
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Fig. 6. Carbon conversion (£) and the first derivative (d£/dT) for the original (—) and
H,- pretreated (--) carbon during TGA in air (heating rate 0.167 K/s)
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rate of desorption (a.u.)

oth 500 700 900 1100 oth,

350 1273
T (K)

Fig. 7. Temperature programmed desorption of H,0, CO,, and CO
from fresh RW08

Single oxygen functional groups generally produce CO onto decomposition of carbon-oxygen
complexes, whereas CO, is formed from decomposing carboxylic acids. The weight losses
of H,0, CO,, and CO were 2.4, 3.0, and 1.7 w%, respectively. The total weight loss is
somewhat lower than that during the H,-pretreatment.

Fig. 8. Morphology of the external surface of Fig. 9. Morphology of the internal surface of
RW08 RWO08
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SEM analysis of the extrudates prior and after the pretreatment showed that the macro
structure does not change. Figs. 8 and 9 are indicative for the structure of the carbon
extrudates after the H, pretreatment. Conglomerated carbon particles of a grained structure
can be distinguished, which are typical for a steam activated carbon. The outer surface
appears to consist of granules of smaller diameter, as displayed in Fig. 9. The side crushing
strength of the original and pretreated carbon was identical, viz. 20.9+4.7 N.

In the following section, the three types of SiC formation will be discussed separately. The
activated carbon which has been heated up to 1400 K in H, will be taken as reference
material in all cases.

4.2 Reactive CVD of SiCl, on activated carbon (C + SiCly + 2 H, = SiC + 4 HCI).

A ratio of H,/SiCl, equal to 20 has been used in all cases. The CVD-temperature ranged
from 880 to 1380 K. After modification no differences in colour are encountered. Fig. 10
displays the amount of solid deposits, determined by TGA, and 7, as a function of
deposition temperature. It is shown that the deposited amount decreases with increasing
temperature and that the oxidation resistance has only slightly been improved compared to
the H, pretreated carbon. XRD revealed only silicon as crystalline phase, no crystalline SiC
has been detected.
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Fig. 10. Deposited amount (+) and T,, . (a) as a function of deposition temperature
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4.3 CVD of SiC using SiCl; and CH, on carbon (SiCl; + CH,— SiC + 4 HCI).
The results of this modification are displayed in Table 4.

Table 4. Modification of activated carbon by CVD using H,/SiCl,/CH,. Reaction time 6 hours

H,/SiCl, CH,/SiCly T P deposited amount T ax SpET me
(mol/mol) (mol/mol) (K) (kPa) (&/8carbon) (K) (ml/ 2) (ml/g)
170 1.8 1091 10 0.28 (Si) 945 431 0.23
170 1.8 1376 10 0.30 (SiC) 1025 176 0.12

The use of methane as an additional carbon source results in sole SiC deposition at a reaction
temperature of 1375 K. Silicon deposition is encountered at lower temperatures. Activation
of methane is probably the rate limiting step in the formation of SiC. An additional
improvement (compared to the H,-pretreated carbon) in oxidation resistance of 75 K has been
achieved after reaction at 1375 K. The side crushing strength of this sample was
35.9+5.6 N, which is an improvement of a factor 1.7 compared to the original carbon.

4.4 CVD of SiC using CH;SiCl; on activated carbon (CH;SICl; - SiC + 3 HCI).

After modification with methyltrichlorosilane above 1220 K, the extrudates and graphite
substrate were covered with a shiny metallic grey film. X-ray diffraction showed deposition
of stoichiometric 8-SiC. SEM analysis revealed a cauliflower-like SiC morphology, as shown
in Figs. 11 and 12, which is the typical SiC structure resulting from using this precursor
under these conditions [30]. Deposition of SiC on graphite results in a more compact and
dense layer than on activated carbon, which originates from the less rougher surface
morphology. A crack in the SiC layer sometimes appears after prolonged deposition, which
is caused by differences in expansion coefficients between graphite/activated carbon and SiC.
Differences in nucleation can easily be identified from Fig. 12 and Fig. 14. The number of
nucleation sites on activated carbon exceeds that of graphite as shown by the initially more
grained structure of the first SiC deposited on activated carbon. The first phase of growth
in a CVD process results in a thin microcrystalline layer of random orientation, imposed by
the roughness of the substrate surface and barely limited growth of the first nuclei [42]. The
influence of the substrate surface decreases at increasing layer thicknesses; a finely
denticulated morphology is then formed, on top of which multi-star twin tips can be
discerned. Owing to the extensive surface roughness of activated carbon, this grained SiC
morphology remains visible even at substantial SiC layer thicknesses.
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—— 5S5pum — Sum
Fig. 11. Surface of SiC deposited on a graphite Fig. 12. Side view of SiC deposited on a graphite
plate plate

—— Spum ———— 5pum
Fig. 13. Surface of SiC deposited on activated Fig. 14. Side view of SiC deposited on activated
carbon carbon
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4.4.1 Oxygen reactivity. The T, of the modified extrudates varies between 985 and
1120 K, suggesting an additional increase in oxidation resistance of 35 to 170 K. The
establishment of the exact position of the T, is, however, difficult, owing to various
maxima in the first derivative as displayed by Fig. 15. Four maxima in the range of about
950 to 1150 K can be distinguished for a heating rate of 0.167 K/s. The number of maxima
decreases with decreasing heating rates (0.0167 and 0.00833 K/s), pointing to the limitation

of oxygen diffusion into the extrudate during oxidation, rather than the existence of different

SiC species causing an inhomogeneous carbon protection, which results in different onsets

of oxidation.

4.4.2 Textural properties. Textural properties are of primary importance for utilizing
these modified activated carbon extrudates as catalyst support. Table 5 displays the surface
area and pore volume for several extrudates. For convenience, the data are also presented
normalized to initial amount of carbon. This allows additionally the identification of the

amount of surface area and pore volume lost solely by the weight increase due to SiC

deposition.
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Fig. 15. Conversion and first derivative of a MTS modified carbon during TGA in air, heating

rate: 0.00833 K/s (—), 0.0167 K/s (- -), and 0.167 K/s (-+)
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Table 5. Textural properties of SiC-CVD modified activated carbon

conditions textural properties
T Curs SpeT Voore S Vmicro
) (mmol/m?) (m’/g,m¥gr)  (mlgmllg)  (m2/gm?/gc) (ml/g,ml/gc)
1273¢ 100 532 729 033 0.46 49 67 0.23 0.32
12426 102 533 712 033 0.44 53 71 0.23 0.31
1222¢ 104 512 672 031 041 44 58 0.23 0.30
12236 42.6 576 712 037 0.45 60 74 0.25 0.31
12246 140 510 712 031 043 45 63 0.23 0.32
12230 69.8 571 714 035  0.43 47 59 0.26 0.33
12736 134 471 670 028  0.40 38 54 0.21 0.30

The numbers in brackets refer to Fig. 16 and Table 7.

The surface areas (total and micro) and pore volumes (total and micro) after modification
declined by around 50 percent of the initial value. Half of this decrease can be attributed to
the weight increase due to SiC deposition. The remainder is probably caused by blocking
parts of the porous structure.

4.4.3 Side crushing strength. Analysis of the strength of the modified activated carbon
results in the 95% confidence regions of the side crushing strength (SCS) as displayed in Fig.
16. The extrudates are strengthened by an average factor of 1.4 after SiC-CVD modification.
A direct relationship between the synthesis procedures and corresponding SCS is, however,
difficult to obtain.

4.4.4 Kinetics of SiC deposition. The reaction rate of SiC formation has been determined
by measuring the layer thickness of SiC deposited on the graphite substrates. The growth rate
at 1222 K and 1273 K as a function of the MTS concentration is shown in Fig. 17. Fig. 18
displays the corresponding Arrhenius plot. The dependence of reaction rate on the
concentration appears to be negligible in the parameter range investigated. A zero order
dependence of the concentration on the reaction rate can be assumed based on Figs. 17 and
18.
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Fig. 16. Confidence regions (95%) of the side crushing strength (SCS) for various modified carbons.
The experiment numbers refer to Table 5.
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5. DISCUSSION

5.1 Evaluation of the catalyst support properties.

In the modification of activated carbon by SiC-CVD a compromise has to be met. First,
the SiC layer has to be thick and dense, and uniformly deposited in the pores to ensure a
considerable strength improvement, and to guarantee adequate protection against oxidation.
Secondly, a sufficiently large surface area has to be available after modification for catalyst
support applications. This means that the SiC layer has to be as thin as possible. This
controversy should be born in mind when evaluating the various properties of the modified
activated carbon. Reactive CVD is on first sight an elegant way to achieve both objectives.
Here, the activated carbon acts as the carbon source for SiC formation. Hence, deposition
of SiC is expected to be limited to the surface where carbon is exposed to SiCly. Utilization
of an additional gaseous carbon source (e.g. CH,, CH;SiCl3) can enhance the deposition
rate. A selective deposition, however, cannot be obtained. In the section below, the influence
of the pretreatment and modification technique on the oxidation resistance and mechanical
strength will be discussed in detail. Heating activated carbon extrudates to the temperature
for SiC deposition results in changes in the surface composition of the substrates.
Comparison of the pretreatment in hydrogen and an argon-helium mixture results in
comparable amounts of desorbed molecules, viz. 8.5 w% and 7.1 w%, respectively. The
difference can be explained by the difference in final temperature, i.e. 1400 and 1273 K,
respectively. The presence of hydrogen is expected to alleviate the decomposition of the
oXygen containing surface groups (e.g. by termination of the dangling bonds which remain
on the surface after decomposition). However, the total amount of desorbed molecules at
temperatures above the synthesis temperature of the activated carbon (around 1300 K) is
expected to be roughly similar in argon and hydrogen regarding the inertness of graphite in
hydrogen environments. Two conclusions can be drawn from these observations. First, the
amount of oxygen containing surface groups on activated carbon decreases significantly
during heating to the temperature of deposition. This will substantially decrease the ASA and,
hence, the oxygen reactivity. The T, is elevated by 80 K compared with the untreated
carbon. Additionally, since the formation of SiC is expected to start at surface defects (i.e.
oxygen containing functional groups) in the graphite lattice, the number of nucleation sites
for SiC growth will diminish as well. This might result in differences in the morphology of
the SiC layer, and, thus the oxidation resistance. Secondly, desorption of CO starts at a
temperature of 1050 K and just drops off after an isothermal period of one hour at 1273 K,
which implies that the ASA is changing in the major part of the pretreatment trajectory. To
achieve an identical starting material in all experiments, similar pretreatments are
indispensable to assure the presence of identical amounts of oxygen containing functional
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groups and, hence, an identical oxygen reactivity and similar amounts of nucleation sites for
SiC formation at the start of the experiment. These considerations have been the basis for
utilizing the pretreatment procedure as described above.

Typical TGA profiles of all types of modification are displayed in Fig. 19. It is evident that,
except for the MTS modification, the T, , represents a good parameter for the evaluation
of the oxidation resistance. Oxidation of the MTS modified carbons results in an increased
T, although the start of the oxidation is similar to that of the original carbon. This means
that no real improvement in oxidation resistance has been achieved and that the increment
in T,,,, originates from diffusion limitations of oxygen during oxidation.

5.1.1 Reactive CVD using SiCl, RCVD at temperatures below 1400 K shows no
significant increase in the T,,,,. In all cases considerable amounts of silicon are deposited
which proves that RCVD is not a suitable technique for attaining improvements in the
oxidation resistance.
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Fig. 19. Carbon conversion and first derivative of various

modifications during TGA in air, heating rate 0.167 K/s, (a):RHO8,
(b):H,-pretreated, (c):SiCly, (d):CH/SiCly, and (e):CH;3SiCl,
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Thermodynamically, silicon carbide deposition is found to be possible at temperatures above
800 K. Hence, it is concluded that SiC formation is kinetically controlled by the low
reactivity of the activated carbon, resulting in silicon deposition.

5.1.2 CVD of SiC using a mixture of SiCly and CH,. From the results presented above,
it can be concluded that both objectives (improvement of oxidation resistance and mechanical
strength) can simultaneously be achieved by SiC-CVD using a CH,/SiCl, mixture at 1380 K.
The oxidation resistance increases totally by 150 K (80 K for the pretreatment and 70 K by
SiC deposition) with a concomitant side crushing strength improvement of a factor 1.7. The
surface area of this material equals 176 m?/g, which suffices for catalytic purposes. The
decrease in Spgy originates mainly from blocking the micro-pore structure which implies that
infiltration of SiC has been achieved. The results support the conclusion that this type of SiC
deposition indeed lowers the oxygen reactivity and that the low reactivity of the activated
carbon limits the SiC formation in the RCVD set-up.

5.1.3 CVD of SiC using CH;SiCl;. Deposition of stoichiometric 3-SiC has been achieved
at 1200 K utilizing MTS as precursor. The oxidation resistance is, however, reduced
compared to the H,-treated carbon. Curve d in Fig. 19 displays the early onset of oxidation,
which might originate from the presence of hydrogen chloride (HCI) during deposition,
which can restore a part of the ASA lost during the H, pretreatment. The side crushing
strength improved by a factor 1.4. The deposition of SiC at the exterior of the particle has
imposed diffusion problems for oxygen during oxidation, which resulted in multiple T,
values for one sample. The presence of this layer will undoubtedly aggravate the mass
transfer inwards the particle, and thus limit the use as catalyst support at high temperatures.

5.2 Evaluation of the MTS-CVI technique.

MTS is a well known SiC precursor for the synthesis of SiC based composites, which
allows evaluation of the modification in comparison with those reported in literature. No
influence of MTS concentration on the reaction rate could be distinguished. It should,
however, be noted that the number of these experiments is by far not sufficient to determine
the crucial parameters of SiC deposition from MTS. However, qualitative trends can be
determined. The reaction order with respect to MTS appears to be zero order, which is in
accordance with the results obtained by Loumagpe er al. [35]. The activation energy
calculated from the Arrhenius plot amounts to 279 +17 kJ/mol with a pre-exponential factor
of 7.26+0.64 107 mol m? s’!. This activation energy is considerably higher than that
reported by Loumagne ef al., viz. 160 kJ/mol. To explain this discrepancy, it is illustrative
to display several kinetic expressions which have appeared in literature during the last decade
(Table 6).
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Table 6. Reported kinetic models for SiC deposition from MTS

Experimental conditions kg exp(-E,/RT)Cy1s
T P E
H,/MTS a Ref
K) (kPa) 2 n (kI /mol) eference
Brennfl
1073 to 1373 100 0.5t01 1 120 rennfleck
et al. [33]
1250 to 1300 33 50 20 0 188 Besmann and
Johnson [34]
Fitz .
1073 to 1373 20 07t04 1 255 itzer et al
[36]
L .
175101225  Sto10 1105 0.lto-1 160440 Oumaéfs“; eral
Loumagne et al.
1075 to 1125 51010 3105 2.5 >300

(35]

The difficulty in kinetic modelling lies in the fact that SiC formation from MTS is governed
by gas-phase decomposition reactions as well as by surface reactions. This means that the
reactor geometry (e.g. the volume surface area ratio) and other experimental parameters like
residence time of MTS in the hot zone of the reactor will influence the activation of MTS
significantly. Gas-phase decomposition has been analyzed theoretically [32] and
experimentally by Mass Spectrometry [31]. SiCly, HCI, and CH, species are observed on
decomposing MTS in hydrogen at 1428 K and 100 kPa. These results agree fairly well with
the equilibrium pressures shown in Fig. 1. However, the way to extract information from
these data establishing the active species in the SiC formation is ambiguous. It might be
anticipated that MTS and a SiCl,/CH, mixture show identical deposition characteristics.
However, the SiC reaction rate and morphology from a SiCl,/H,/CH, and MTS/H, mixture
differ significantly. Furthermore, compared to a SiCl,/CH, mixture, the temperature
necessary to deposit crystalline SiC is 200 K lower using MTS. This probably results from
the gas phase formation of CH; radicals from MTS, which increases the reactivity of the
carbon precursor.

CH;SiCl;(g) — -CH;(g) + -SiCl;(g) (3)
Thus, stoichiometric SiC can be deposited at lower temperatures compared with the

SiCl4/H,/CH, mixture. From this, it is evident that the rate of decomposition of MTS and
reaction or recombination of radicals will have a major influence on the kinetics found for
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SiC deposition. This aspect of MTS as SiC precursor is one of the origins of disagreements
between the kinetic models found by various authors, using different reactor set-ups.

The exact amount of SiC which is deposited inside the extrudates has to be estimated in
order to assess the infiltration performance of the SiC-CVI procedure. The rate expression
of SiC deposition based on the data given above is

RT

R - 7.26-107exp[ ‘279000] @)

Typical reaction rates are 1 to 4 nm/s at 1223 K and 1286 K, respectively. The polydisperse
porous structure of activated carbon hampers the determination of a mean pore radius and,
hence, (1) the pore closure time, (2) the amount of SiC deposited inside and outside the
pores, and (3) the effective diffusion coefficient of methyltrichlorosilane. As a first rough
estimate, the largest pores (r=1000 nm, me=0.6 cm3/g) are assumed to determine the
infiltration process. The smaller pores are supposed to be closed in the early stage of the
infiltration process. The time necessary for pore closure of the 1000 nm pores is determined
using eq. 4. SiC is deposited at the exterior of the extrudate in the remaining process period.
The amount of SiC deposited after pore closure is subtracted from the total amount of
deposited SiC. This yields the amount of SiC infiltrated in the porous structure.
Subsequently, the residual porosity is calculated. The results are displayed in Table 7.

Table 7. Infiltration of SiC in activated carbon

experimental conditions deposition characteristics

exp. T Curs P R10%7 depos. amount SiC
nr. K) (mmol m?)  (kPa) mol m?s)  (mgc/Megrpon) infiltr. (%)
1 1286 40.5 10 36.5 0.224 21.3
2 1273 100 10 272 0.371 66.3
3 1242 102 10 15.8 0.336 81.3
4 1222 104 10 10.4 0.313 89.4
5 1223 42.6 10 9.2 0.236 88.7
6 1224 140 10 8.56 0.397 94.2
7 1223 69.8 5 7.33 0.250 93.4
8 1273 134 10 27.9 0.423 69.5

#. determined from SiC deposition on graphite
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The amount of deposited SiC varies between 0.22 to 0.42 gg;/€.a:bon- NO correlation is
found between the reaction rate and total amount of SiC deposited on the carbon. The
infiltration (SiC infiltr.) ranges from 21 to 94 % and improves for (a) decreasing
temperatures and (b) increasing concentrations of MTS. The first effect is commonly
encountered in CVI-processes; by reducing the reaction rate with respect to the diffusion rate,
infiltration is enhanced, resulting in higher amounts of SiC in the pores. The second effect
originates from the zero-order rate expression found for MTS. Increasing the MTS

- concentration does not affect the deposition rate of SiC. However, an increase in bulk
concentration of MTS imposes a higher concentration gradient in the pore (and hence a
higher diffusion rate). Moreover, depletion of MTS will occur at higher infiltration depths
compared to lower bulk MTS concentrations.

To compare the influence of deposition conditions on the residual porosity, a plot of the
residual porosity versus the Thiele modulus is applied. The Thiele modulus for a n'* order
reaction is derived similar to the procedure described in [40]. The tortuosity is assumed to
be 4 [39]. The gas-phase diffusion coefficient is taken from Sheldon and Besmann [17]. The
total void fraction of the extrudates is derived from the He- and Hg densities given in
Table 3, and equals 0.666. This results in a initial void fraction for pores with radii larger
than 1000 nm (V,,,, > 1000 nm=0-6 ml/g, Fig. 4) of 0.40. The calculation of the surface
area of this pore system is based on the pore volume of the region of the 1000 nm pores, i.e.
0.2 ml/g (Fig. 4), and equals 0.4 m?/g. From these numbers the effective diffusion
coefficients and the corresponding Thiele moduli are determined. For a full evaluation the
Thiele moduli are to be related to the residual porosity of the extrudates. The residual
porosity is defined in eq. 5.

(V ore r>1()00nm)
e = P ’ final (5)

(Vpore, r>1000nm ) initial

The results of the calculations are shown in Table 8.

Table 8. Thiele moduli and residual porosities for the MTS modified activated carbons

exp. nr. 1 2 3 4 5 6 7 8
@ 247 1.38 0.99 0.79 1.25 0.70 0.96 1.19
€ 0.97 0.87 0.85 0.85 0.89 0.80 0.88 0.84
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A similar approach had previously been applied to the results of the mathematical modelling
of Isothermal Chemical Vapour Infiltration [40]. The CVI process had been modelled as a
transient process in which the pore geometry changes in time owing to the deposition of
solids. The influence of various types of surface kinetics on the deposition profile and the
porosity of the material after pore closure had been evaluated. A general correlation had thus
been found between the residual porosity and the Thiele modulus, which was independent of
the implemented kinetic model. This correlation or design chart is fitted by eq. 6 which is
based on the equation that describes the relation between the effectiveness factor and Thiele
modulus in heterogeneous catalysis.

€ = l—i[_.l__—i] ©)
a‘p | tanh(ap) a-p

The constant a equals 20+ 1 (95% confidence region) which shows that more stringent values
of the Thiele modulus are needed to arrive at low residual porosities compared to reaching
an effectiveness factor of one in the initial stage of the densification process. Fig. 20 displays
the Thiele moduli and corresponding residual porosities of the experiments reported in
Table 7 relative to the design chart. For comparison, data reported by Sheldon and Besmann
[17] are included. Their results are obtained from the infiltration of a carbon fibre bundle
with SiC. The average pore diameter of this preform ranges typically from 10 to 20 pm,
which explains the considerably lower residual porosities achieved by these authors compared
to those obtained for the modification of the activated carbon extrudates.

1.0 e
0.8
06
0.4

02rt

0.0
0.01 0.1 1 3

Fig. 20. The residual porosity (e) vs. the Thiele modulus (¢) for data of Table 7 (+) and from
[17] (2). The solid lines embody the 95% confidence region of the design chart [40]
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The theoretical design chart and experimentally obtained data display a good correlation for
infiltrations in both low and high residual porosity regimes. This allows the use of Fig, 20
as a convenient pre-experimental design chart for optimization of CVI procedures. Numerical
modelling and experimental validation are, of course, still indispensable for evaluating the
process and the material produced.

6. CONCLUSION

Modification of activated carbon by SiC-CVD using SiCl,/CH, results in improvements
in oxidation resistance (up to 170 K) as well as in the side crushing strength (factor 1.7). The
residual surface area is 176 m%/g, which suffices for catalyst support applications. Additional
advances require properties of the SiC layer to be deposited on the carbon surface which are
conflicting to the characteristics necessary for catalyst support utilization, viz. a thin SiC
coating to ensure the preservation of sufficient surface area. Selective deposition by reactive
CVD cannot be achieved below 1400 K, silicon deposition has been encountered in all
situations. Application of CH,SiCl; (MTS) embodies the use of an additional gaseous carbon
source. Here, SiC deposition and infiltration have been observed. The oxidation resistance
did not improve; the side crushing strength enhanced by a factor 1.4. Utilization of these
modified extrudates as catalyst support is feasible regarding their final specific surface area
of 530 m?/g. A zero-order relationship between the MTS concentration and the rate of SiC
formation, the activation energy has been found to be 279 kJ/mol. The quantity of SiC
deposited inside the extrudates ranges from 20 to 95% of the total amount deposited.
Comparison of the residual porosity of the extrudates with an earlier mathematically
developed Chemical Vapour Infiltration design chart shows good agreement.

SYMBOLS
a fittingconstant in eq. 6 (-)
ASA active surface area
Cp heat capacity (J mol! K1)
Dt effective diffusion coefficient (m* s'')
D diffusion coefficient in the gas phase (m? sh

Dyudsen  Knudsen diffusion coefficient (m? g’
activation energy (kJ mol!)
AH heat of formation (J mol!)
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k reaction rate constant (mol m s‘l)

kg pre-exponential factor (mol m> s

L characteristic diffusion length (m)

m weight (kg)

myg initial weight (kg)

n reaction order (-)

P pressure (Pa)

R reaction rate (mol m? sy

S absolute entropy (J mol’! K1)

SgET surface area determined by the BET method (m? g

Sext external surface area of one extrudate (m?)

S, specific surface area per unit volume (m? m?)

S, surface area determined by the t-method (m? g')

SCS side crushing strength (N)

Thax temperature at maximum rate of oxidation during temperature programmed
oxidation in air (0.167 K sh

Vext volume of one extrudate

V micro micro pore volume determined by the t-method (cm? g

Voore total pore volume (cm® g’

Greek symbols

residual porosity (-)
carbon conversion (-)
Thiele modulus (-)
density (kg m3)
tortuosity (-)

N v g e
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Chapter S

Nickel-catalyzed conversion of activated carbon extrudates into high
surface area silicon carbide by Reactive Chemical Vapour Deposition

ABSTRACT

A novel method for the synthesis of high surface area silicon carbide extrudates has been
developed which consists of applying nickel onto activated carbon extrudates followed by
reaction with silicon tetrachloride and hydrogen. Utilization of nickel is shown to be essential
in order to obtain a considerable conversion. Selective SiC formation has been obtained at
1380 K and 10 kPa. Thus, methane is formed at the interior of the carbon via gasification:
C(s) + 2H,(g) @ CHy(g), which subsequently reacts with silicon tetrachloride to silicon
carbide: SiCly(g) + CHy(g) < SiC(s) + 4 HCI(g). The total carbon conversion ranges from
20 to 55 % for nickel contents of 2 and 8w %, respectively. Silicon co-deposition will occur
when the gasification reaction diminishes in time due to deactivation of the nickel gasification
sites. Extensive whisker formation of SiC is encountered owing to the operative Vapour
Liquid Solid mechanism. Mass transport calculations show that methane is formed throughout
the extrudate, whereas the front of SiC formation moves from the outside to the internal part
due to diffusion limitations of SiCl, and nickel deactivation. The residual carbon can be
removed after conversion by oxidation, resulting in high surface area SiC extrudates. The
BET-surface areas after conversion vary from 359 to 154 m?/g: BET-surface areas after
removal of the residual carbon are in the range of 57 to 32 m%/g. Pore-size distributions of
the SiC supports show that the pore volume is evenly distributed over the meso- and macro-
pore region (diameter: 2 to 100 nm) which allows the following areas of application (1)
reactions at high temperatures and (2) liquid-phase reactions at demanding pH conditions.

87



Chapter 5

1. INTRODUCTION

Catalysts based on activated carbon hold several advantages over silica and alumina based
catalysts. Reaction between the support and the active material is limited to a large extent
owing to the inertness of the graphitic surface. This can result in many cases in an optimal
utilization of the metals applied. An example is the hydrodesulfurization of thiophene by
supported cobalt molybdenum catalysts. Catalysts based on activated carbon display a higher
activity per unit weight metal compared to Co-Mo/Al,O; catalysts [1]. The same behaviour
is found for Cu-Cr catalysts used in exhaust catalysis, i.e. high activities for the oxidation
of CO and the reduction of NO have been reported for carbon based Cu-Cr catalysts [2]. The
thermostability of activated carbon in inert environments at elevated temperatures is
considerably higher than that of SiO, and Al1,05; up to 1700 K no significant sintering of the
support is observed. Another benefit of activated carbon is its stability in caustic and acidic
solutions. The use of activated carbon as catalyst support is limited despite these beneficial
properties due to its reactivity in oxidizing environments and poor mechanical strength.
Catalysts based on activated carbon are, therefore, predominantly applied in liquid-phase
reactions at demanding pH conditions, in which the advantages (applicability at demanding
pH conditions) prevail over the disadvantages (considerable attrition at high stirring rates).
The mechanical strength of activated carbon can be improved by employing special types of
manufacturing methods or by modifying activated carbon by deposition of silicon carbide
(SiC) [3], a very hard and oxidation resistant material. Significant improvements in
mechanical strength and the resistance against oxidation can be achieved by Chemical Vapour
Deposition of SiC as well [4,5]. Synthesis of high surface area SiC, however, can render
additional improvements that exceed those obtained by the surface modification of activated
carbon. The last two decades much effort has been devoted to the development of high
surface area non-oxidic ceramics [6-8]. It comprises mainly carbides, nitrides, and borides
of transition metals, which possess interesting properties regarding their catalytic activity and
stability. Research for the development of non-oxidic catalyst supports has mainly been
focused on the preparation of high surface area (i.e. larger than 20 m2/g [9]) silicon carbide.
The bulk properties of this material (an inert surface, high resistance against oxidation, and
high mechanical strength) are claimed to provide a catalyst support with exceptional
performance. Shaping of high surface SiC powder is expected to be laborious due to the low
sinterability of the material. Utilization of a preformed precursor which exhibits good textural
properties might resolve this obstacle. Conversion of activated carbon into SiC has potential
in achieving high surface area SiC. Ledoux ef al. [10] describe a method in which gaseous
silicon monoxide (SiO) is reacted with activated carbon at 1400 K. Vannice ez al. [11]
describe the conversion of graphite powder into SiC by reacting it with SiCl, at temperatures
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exceeding 1600 K. The combination of the advantageous aspects of both procedures might
lead to a process, in which SiCly is utilized at low temperatures. The stability of activated
carbon in a hydrogen environment, however, limits its reactivity to SiC formation below
1600 K [4]. The application of catalysis for increasing the reactivity of the activated carbon
may be the key for combining low temperature conversions with easily accessible reactants.
In this chapter the influence of nickel on the conversion of activated carbon into high surface
area SiC will be demonstrated. Both the chemical aspects regarding the carbon activation and
SiC formation as well as the possible occurrence of mass-transfer limitations will be
discussed.

2. EXPERIMENTAL

2.1 Materials.

Activated carbon extrudates RWO08, a peat based, steam activated carbon has been supplied
by Norit. To assure the application of well defined activated carbon, classification of the
activated carbon extrudates of different degrees of activation has been carried out by
fluidization of the extrudates in water for 2 hours. After settling the content of the column
was separated in five layers of which the degree of activation increased from bottom to top.
The middle fraction has been used and will be referred to as RWO08. The properties of this
fraction are shown in Table 1. Ni(NOs),*6 H,O (>99%) and silicon tetrachloride (>98%)
were obtained from Janssen Chemica. The activated carbon extrudates (RW08) have been
loaded with nickel by pore volume impregnation with a solution of Ni(NOj), in
demineralized water to arrive at nickel contents of 2, 5, or 8 w%. Drying was performed at
atmospheric pressure in air at 385 K. The gases were purified by passing them over a
Cu/Al,O, (argon) or Pd/Al,O4 (hydrogen) catalyst, followed by drying by molecular sieve
SA.

2.2 Conversion of activated carbon extrudates.
A schematic picture of the CVD apparatus is shown in Fig. 1.

Table 1. The physical properties of the activated carbon extrudates

SpeT Voore S, Voicro p(Hg) p(He) ash length diameter
m¥g)  (mlg) (mPg) (mlp) (ke/md)  (kegmd)  WE (mm) (mm)
947 1.05 112 0.41 661 2167 52 3.0 0.81
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Fig. 1. Scheme of the CVD apparatus

A thin bed (length 1 mm) of dried extrudates (0.2 gram) is placed between two quartz wool
pads in a tubular quartz reactor (ID 42 mm). The reactor is heated (0.167 K/s) under flowing
hydrogen (0.18 mol/h) at 100 kPa to 1400 K and maintained at this temperature for 300
seconds. The reactor was subsequently cooled down to the desired reaction temperature. This
procedure will be referred to as the pretreatment. The concomitant weight decrease for the
2w%, 5w%, and 8w% Ni/C systems was identical and amounted to 18 %. The hydrogen
flow was then increased to 3.69 mol/h followed by pressure adjustment of the reactor to
8 kPa. Gaseous silicon tetrachloride (SiCl,) or methyltrichlorosilane (MTS, CH;SiCl;) were
introduced using argon as carrier gas, while the pressure of the saturator was kept constant
at 100 kPa. The flow rates of SiCl, and CH;SiCl; were determined using their Antoine
equations [12,13] and amounted to 0.14 mol/h and 0.18 mol/h, respectively. After reaction
the reactor was pressurized to 100 kPa and cooled down under flowing hydrogen to room
temperature.

2.3 Removal of residual carbon.
The residual carbon, present after conversion, has been removed by oxidation in dry air

at 1023 K in a tubular reactor.

2.4 X-Ray Diffraction (XRD).
X-Ray diffractograms of the extrudates were measured with a Philips powder
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diffractometer (PW1840) using CuKe radiation (wavelength 0.154 nm).

2.5 Scanning Electron microscopy (SEM).

A JEOL (JSM-35) scanning electron microscope has been used to determine the
morphology of the deposited phases. An acceleration current of 15 to 20 keV has been
applied; the samples have been sputtered with gold or platinum to suppress charging during
SEM analysis.

2.6 Thermal Gravimetric Analysis (TGA).

TGA has been carried out on a Stanton Redcraft (STA-1500) thermobalance. Samples
(20 mg) were oxidized in air using a temperature increase of 0.167 K/s from room
temperature to 1273 K. The weight change and concomitant heat flux were recorded
simultaneously.

2.7 Surface area measurements.

Nitrogen isotherms at 77 K were recorded on a Carlo Erba Sorptomatic 1800 after
degassing at 423 K and 0.1 kPa. The BET surface area, pore volume, t surface area, and
micro-pore volume were determined according to literature [14,15].

3. RESULTS

3.1 Pretreatment.

The applied nickel nitrate decomposes during the pretreatment into NiO and NO,. XRD
profiles of the pretreated extrudates show that NiO is subsequently reduced to metallic Ni by
hydrogen.

3.2 Nickel catalysis in the SiC formation utilizing SiCl,.

The influence of temperature on the nickel catalyzed SiC formation has been determined
by XRD. Activated carbon extrudates loaded with 2w% Ni and reacted with H,/SiCl, at
1075 K, 1250 K, and 1378 K have been analyzed. The results are visualized in Fig. 2. The
XRD profile after reaction of SiCl, and H, with activated carbon in absence of nickel at
1380 K is incorporated as a reference (curve a). No bulk SiC deposition is observed in this
case. It can be concluded from curves b, ¢, and d, that the presence of nickel at temperatures
above 1250 K favours SiC formation. Silicon co-deposition, however, still appears in this
system at all temperatures investigated.
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Fig. 2. XRD profiles of converted activated carbon, (a) without Ni-catalysis at 1380 K; (b), (c),
and (d) 2w% Ni, 3600 s reaction, at 1075 K, 1250 K, and 1378 K, respectively

- 10pm —_—  5um
Fig. 3. Secondary SiC growth on a SiC whisker Fig. 4. A cluster of SiC platelets, H,/SiCly;=26, T:
H,/SiCly=26, T: 1250 K, P: 8 kPa, t: 3600 s 1250 K, P: 8 kPa, t: 3600 s
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LW |
10 pm _— 1S um
Fig. 5. Bamboo-like SiC structures formed by Fig. 6. Excessive whisker growth at the exterior of
densification of a cluster of platelets, H,/SiCl,=26, an exirudate, H,/SiCl;=26, T: 1380 K, P: 8 kPa,
T: 1250 K, P: 8 kPa, t: 3600 s t: 3600 s

The SiC morphology has been analyzed by SEM as shown by Fig. 3 to 6. Fig. 3 displays
the presence of SiC whiskers at the interior of the extrudate on which secondary nucleation
developed. A SiC layer of 5 pm can be distinguished at the surface of the extrudate which
consists of a cluster of SiC platelets as shown by Fig. 4. Bamboo-like SiC structures appear
concomitantly (Fig. 5) of which the diameter equals that of the whiskers that are covered
with platelets. Excessive whisker growth is encountered at the outside of the extrudate as
well (Fig. 6). Insight in the origin of co-deposition of silicon after conversion at 1378 K can
be achieved by XRD analysis of conversions at similar conditions with, however, a different
time span of conversion and increased amounts of nickel applied. The results are displayed
in Fig. 7. Selective SiC formation has been achieved after 600 seconds reaction for 2w % Ni
and after 3600 seconds reaction, employing 5w% or 8w% Ni, respectively. SiC deposition
is encountered as well on the quartz-wool pads downstream of the extrudates when 5 or 8w %
Ni had been applied. A prolonged conversion time for the Sw% nickel loaded carbon results
in Si co-deposition, similar to the situation in which a conversion time of one hour and 2w %
Ni has been applied. A stage, which precedes SiC growth, is apparent after 600 seconds
utilizing 8w % nickel as shown by two broad peaks around values of 28 of 25 and 45, which
originate from the activated carbon. The absence of detectable crystalline nickel is
remarkable, because XRD detects in all cases nickel after the pretreatment of the nickel
loaded carbon.
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Fig. 7. XRD profiles of converted activated carbon 1378 K, (a) 2w% Ni, 600 s; (b) 2w% Ni
3600 s; (c) 5w% Ni, 3600 s; (d) 5w% Ni, 7200 s; (¢) 8w % Ni, 600 s; (f) 8w % Ni, 3600 s

The following two processes, or a combination thereof, can account for this. Nickel either
reacts with silicon tetrachloride in the initial stage to form an amorphous mixture NixSiy or
re-disperses into very small nickel crystallites owing to the high temperature applied. This
initial period shifts subsequently towards SiC formation (curve f). Micrographs of extrudates
converted at 1380 K show the abundance of homogeneously distributed whisker growth
throughout the extrudate (1 to 2 um in length, 0.15 um in thickness) after SiC formation.
Small SiC granules (0.1 pm diameter) can be distinguished as well. The presence of these
two SiC-morphologies points to the existence of two types of mechanisms operative in the
SiC formation.

The influence of methane on the conversion is depicted in Fig. 8. Silicon carbide
formation is achieved at 1380 K in the absence of nickel (curve 8°%). The use of methane in
the absence and presence of nickel has resulted in a minor co-deposition of silicon as shown
by diffractogram 8° and &, respectively. Peak broadening in curve 8® implies the presence
of a SiC structure with a higher stacking-fault density than that grown in the absence of
additional CH4. Micrographs of the SiC structure formed from a SiCly/CH, mixture in the
presence of nickel are shown in Fig. 9 and 10.
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Fig. 8. XRD profiles, H,/SiCl,;=26, reaction time 3600 s, 1380 K,
(a) Sw% Ni; (b) Sw% Ni, CH,/SiCl;=2; (c) no nickel, CH,/SiCl, =2

10 pm -
Fig. 9. SiC whisker growth at the surface and Fig. 10. Whiskers at the exterior of an extrudate as
substantial densification owing to methane addition a result of added methane
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Extensive whisker growth is observed at the exterior of the extrudates. The whiskers are
longer and thicker (0.2 to 0.5 um) compared to those obtained in the absence of additional
methane. The interior of the extrudate is densified to a large extent; SEM-analyses of several
extrudates suggest the presence of a density gradient moving from the outside to the less
denser inside.

Conversion of the carbon extrudates into SiC results in a weight increase owing to the
deposition of silicon. Measuring this weight increase in combination with the amount free
carbon present in the system permits the determination of a carbon and silicon mass balance.
Table 2 displays the conversion conditions and corresponding weight increase. The second
last column (Aw conv.) represents the weight increase after conversion of the carbon
corrected for the weight loss during the pretreatment. The last column (W depos.) embodies
the residual mass after oxidation of the non-converted carbon amended for the ash content
of the carbon including the applied nickel. This represents thus the amount of deposited
silicon carbide and silicon. It is shown that moving from reaction temperatures of 1075 K
to 1378 K causes an increase in the quantity of deposition when 2w % Ni has been employed.
An additional enlargement is achieved at higher nickel amounts and longer deposition
periods. The weight increase after one hour conversion is largest at the investigated reaction
conditions when 5w% nickel has been applied.

Table 2. Characteristics of conversion of activated carbon extrudates, H,/8iCl =26, P=8 kPa

exp. mr. Ni cont. T ¢ Aw conv.f w depos.@

W%) (K) (s) (%) (%)
1 2 1075 3600 23.3 259
2 2 1250 3600 42.5 333
3 2 1378 3600 57.6 42.8
4 2 1376 600 31.7 29.0
5 5 1383 3600 67.8 54.4
6 5 1379 7200 75.2 55.9
7 8 1373 600 20.8 39.6
8 8 1379 3600 55.5 54.8
9% 5 1379 3600 82.5 44.8

# Aw conv. =(w[/(w0-wgasif')*100%
@ w depos. =(Wg;c+Wsj- W) (Wsic + W+ Wag + W) *100 %
$ methane added (CH,/SiCl,=2)
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The residual mass after oxidation is, however, identical to that when 8w% Ni has been
applied, after 3600 s deposition time.

3.3 Catalyst properties.

The extrudates converted at 1250 K and 1380 K remain intact after removal of the non-

converted carbon by oxidation. The shape memory concept can thus be applied by using
preshaped carbon bodies in order to synthesize shaped SiC.
The nitrogen isotherm at 77 K has been used to evaluate the texture and thus the potential
of this support in catalysis. The BET method and the t-method then give the total surface
area, the meso-/macro-pore surface area, and the micro-pore volume. The results are shown
in Table 3. A distinction is made between the converted carbon prior to and after removal
of the residual carbon. Pretreatment in hydrogen of a nickel loaded activated carbon results
in a small increase in surface area (BET and t) and micro-pore volume owing to the
gasification, which takes place during the pretreatment. The surface area after conversion has
been reduced from 981 m?/g to values between 395 and 154 m?/g; the pore volume decreases
from 0.67 ml/g to a value between 0.18 and 0.27 ml/g. These changes can predominately
be ascribed to a decrease in micro-pore surface area and pore volume, showing that the
micro-pore structure is blocked during conversion.

Table 3. Texture of SiC supports synthesized by carbon conversion at 1380 K and 8 kPa.

Material SgeT Vpore S Yoicro
m¥g)  (em¥g  (mYy  (my)
RW08 947 0.60 112 0.41
2w % Ni/RWO08 pretreated 981 0.67 115 0.44
2w% Ni/RWO08* converted 395 0.22 215 0.10
oxidized 57 0.37 57 0
5w% Ni/RWO08* converted 154 0.21 58 0.027
oxidized 32 0.21 31 0
8w % Ni/RW08* converted 189 0.18 88 0.041
oxidized 36 0.15 33 0
5w% Ni/RWO08** converted 270 0.27 77 0.091
oxidized 48 0.29 43 0

* H,/8iCl, =26, reaction 3600 s
**  H,/SiCl,=16, reaction 3000 s
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4. DISCUSSION

Several characteristics of the catalyzed carbon conversion emerge from the results
described above. First of all, the optimal temperature when utilizing nickel as catalyzing
species is established by XRD to be around 1380 K. Moreover, higher nickel contents seem
to improve the conversion properties of the system. To gain full insight in the occurring
mechanism, however, elaboration of these observations regarding the chemical aspects and
mass-transfer considerations of the process are indispensable.

4.1 Chemical aspects.
SEM analysis of extrudates containing 2w% Ni which are converted at 1075 K displays

the presence of small SiC granules of 0.3 um diameter. The amount of deposited material
and morphology of this system is comparable to that of modified activated carbon by methyl-
trichlorosilane and nickel catalysis at 1073 K. The deposition of SiC on the quartz-wool pads
at temperatures of 1380 K outside the extrudates suggests additionally that the carbon species
which is active in the formation of SiC, utilizing SiCl, as silicon precursor, has been
supplied via the gas phase. Formation of gaseous carbon species can be achieved according
to the well known hydro-gasification of solid carbon as shown in Table 4. SiC deposition
then ensues via the second reaction. Silicon formation will be encountered as a consequence
of the reduction of SiCly by hydrogen. The values of the enthalpy, entropy, and free Gibbs
energy of reaction 1, 2, and 3, calculated from the Janaf thermochemical tables [16] are
shown in Table 4 for the optimal SiC formation conditions, i.e. 1400 K and 10 kPa.

4.1.1 Hydro-gasification of carbon. Hydro-gasification at 1400 K and 10 kPa is
thermodynamically not favoured as shown by the positive AG. The maximum equilibrium
amount of methane formed under reaction conditions is 0.4 mol%. This explains that hydro-
gasification at these conditions is feasible, though not favoured by thermodynamics. In
general, two classes of hydro-gasification catalyzed by group VIII metals can be
distinguished.

Table 4. AH, AS, and AG for the reactions during SiC synthesis at 1400 K and 10 kPa

Reaction AH AS AG
(kJ/mot) (J/(mol K)) (kJ/mol)
1 C+2H,=2CH,y -92.31 -136.8 99.18
2 SiCl, + CH, 2 SiC + 4 HCI 297.1 298.9 -121.4
3 SiCly + 2H, 2 Si + 4 HCI 277.6 169.6 40.08
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The first one, typically encountered at temperatures below 800 K, consists of dissociative
adsorption of hydrogen on the metal surface and subsequent spill-over of H atoms to the
graphite zones where methane production takes place [17]. The second class involves
dissolution of carbon at the Ni-C interface, diffusion of carbon in Ni, and reaction of carbon
with chemisorbed hydrogen at the Ni-gas interphase {18,19]. This mechanism develops at
temperatures above 800 K and is probably operative in the described conversion of activated
carbon.

4.1.2 Silicon carbide formation. XRD analysis has shown that conversion at 1250 K
results in an considerable amount of SiC formed. The angle between the platelets present at
the surface of the extrudate (70°) corresponds very well with values reported by Knippenberg
for twinning in 8- and «-SiC (70°33”) [20]. These dendritic crystals originate from secondary
nucleation of SiC on long whiskers at the outer part of the extrudate as shown by Fig. 3.
These branches form a skeleton which is filled up by continuous deposition between the
platelets as displayed in Fig. 4. The thickness of these platelets (0.1 um) corresponds well
to that of the whiskers. Consecutive growth finally results in bamboo-like structures as shown
by Fig. 5, which on their turn can be branched as well. The outlined mechanism is in
agreement with the SiC growth phenomena described by Knippenberg [20]. At the interior
of the extrudates SiC-granules (0.3 pym diameter) are formed as well.

Carbon conversion at 1378 K results in the formation of large amounts of SiC as is shown
by the X-ray diffractograms in Fig. 2. The substantial increase originates primarily from the
catalyzed SiC whisker growth by the Vapour Liquid Solid (VLS) mechanism. Excessive
whisker growth is visible throughout the entire extrudate. Fig. 6 is an example of a whisker
explosion, which has probably been nucleated by a large nickel crystallite. The VLS
mechanism has been introduced by Wagner and Ellis in 1964 [21] and has successfully been
applied in whisker syntheses. Prior to their report the model proposed by Sears [22] assumed
that whisker growth was initiated by a screw dislocation at the top of the growing crystal.
Molecules that adsorbed at the whisker surface either diffused to the top of the whisker and
would be incorporated in the crystal round the screw axis or desorb. This model left,
however, much unclarified. Furthermore, only a few materials, like palladium, exhibited a
screw dislocation at the top of the whisker [23]. The research of Wagner and Ellis was
focused on the growth of silicon whiskers by the reduction of SiCl, by hydrogen at 1323 K
and the influence of certain impurities thereof. They reported that (1) silicon whiskers do not
contain an axial screw dislocation at the top of the Si-whisker, (2) the presence of certain
impurities are indispensable for whisker growth, and (3) a liquid-like globule is present at
the tip of the whisker during growth. The impurity (in their case gold) forms under reaction
conditions a liquid droplet which acts as a preferred site for adsorption of the gaseous Si-
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precursor. The surface of this droplet can be considered as atomically rough; this situation
is similar to that of a (111) surface on which every surface site resembles an attractive
growth site, which is attended by a high accommodation coefficient or sticking coefficient.
Besides the adsorption process at the V-L surface (and concomitant chemical reactions), two
other processes are of importance in the VLS mechanism, i.e. diffusion through the liquid
droplet and incorporation of atoms in the crystal at the L-S interface. In principle, each of
these processes can be the rate limiting step, but in most cases the incorporation of atoms in
the crystal is considered to be rate limiting.

Growth of SiC whiskers can be catalyzed by several metals. Bootsma ez al. [24] reported
the use of iron in the system SiO,/C/H, at 1473 to 1573 K. Heating to 1473 K resulted in
the formation of Fe-Si-C droplets. The droplet diameters vary in the same range as the
initially applied Fe particles (1 to 40 um). These Fe-Si-C droplets are formed by taking a
small amount of the substrate into solution, forming a shallow etch pit. After saturation with
SiC, the etch pit is refilled by SiC growth and the alloy is lifted upwards. This process is
typical for situations in which the substrate consists of one of the constituents of the whisker.
Motojima and Hasegawa [25] grew 3-SiC whiskers utilizing a gas mixture containing Si;Cl,
CH,, Hy, and Ar. Several metallic components (group VIIIa of the periodic system according
to IUPAC) have been investigated for their catalytic effect on whisker growth. The following
sequence was established in which the catalytic effect ranges from strongly positive to zero;
Co>Ni>Cu=~Cr=Au>Mn. Especially cobalt and nickel were shown to be very effective
catalysts. The velocity of whisker formation is found to be in the order of several millimetres
per hour, which is common for whisker growth, but high for conventional CVD processes.
The minimal temperature for Co catalyzed whisker growth from Si,Clg is reported to be
1300 K. Nickel catalyzed growth with SiCly as Si precursor is shown to be the best
combination in the parameter area investigated. SiC whiskers were formed above 1363 K,
whereas the use of cobalt necessitates temperature above 1443 K. The observations regarding
the nickel catalyzed whisker growth are in agreement with the results attained in the
conversion of activated carbon into SiC; substantial SiC formation is found at 1378 K.

4.1.3 Silicon co-deposition. The X-ray diffractograms sometimes display the presence of
crystalline silicon. The point at which this co-deposition starts shifts to longer durations of
conversion for higher nickel loadings (e.g. 3600 s for 2w% Ni and 7200 s for 5w% Ni).
Silicon co-deposition can be attributed to deactivation of the nickel catalyst which takes part
in the catalytic hydro-gasification of the carbon. Reaction with the ash of the carbon,
contamination of nickel by dissolution of some silicon, or encapsulation by deposited SiC,
are most likely the causes of deactivation. Thus, the concentration of gaseous carbon species
in the extrudate diminishes, resulting in Si co-deposition. Chin et al. [26] decomposed
CH;SiCl; (MTS) to form SiC and report that the transitions between the zones of
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stoichiometric SiC deposition and silicon co-deposition encountered on the substrate were not
sharp but showed a gradual change in Si:C ratio in the deposits as the process parameters
varied. X-ray diffraction displayed the presence of large amounts of Si, while electron probe
micro analysis revealed an average composition of Si; 13C. The excess silicon is incorporated
in the SiC structure as small crystals as shown by Minatu e al. [27]. Free silicon is seen as
small white spots in optical micrographs, which decrease in size and number at higher
deposition temperatures. Silicon is reported to be invisible by SEM analysis. The addition
of methane [28] or propane [29] to CH;SiCl; generally results in less extensive Si formation.
Stoichiometric SiC is then deposited at 1600 K (for CH,) and 1473 K (for C3Hyg) using C/Si
ratios of 2. A C/Si ratio of 3.4 is necessary at 1473 K to deposit SiC from a CH,/CH,SiCl,
mixture. These reported observations are valid for H/Si ratio greater than 100. The use of
lower H/Si ratios is expected to lower the necessary temperature or C/Si reactant ratio [4]
in order to achieve stoichiometric SiC. The reason of silicon deposition during carbon
conversion is thus to be conceived as methane deficiency during SiC deposition, imposed by
the deactivation of gasifying nickel. The extent of deactivation increases with increasing
conversion time, the C/Si ratio drops simultaneously, which causes at a certain moment the
formation of free Si during SiC growth.

The addition of methane during carbon conversion results in minor Si-deposition as shown
by XRD (Fig. 8), extensive densification, and the formation of a more extensive micro-
grained SiC structure. The Si co-deposition can be rationalized by the fact that the relative
extent of non-catalyzed SiC formation increases, which enlarges the number of stacking faults
during SiC growth causing the co-deposition of Si in the SiC structure.

It can thus be concluded that silicon is co-deposited during SiC growth with a deficiency of
gaseous carbon species, rather than an abrupt shift from SiC to Si deposition at the end of
the conversion procedure.

The next section deals with the evaluation of the possible presence of mass-transfer
limitations during the conversion of activated carbon into SiC.

4.2 Mass transport phenomena.

Kinetic measurements in catalytic studies are often disguised by mass-transport limitations
of the reactants or products. Very fast surface reactions result thus in severe concentration
gradients inside the catalyst pellet. These gradients in turn can impose the formation of
external diffusion limitations. Both types of mass-transfer limitations are well known in the
field of catalysis and Chemical Vapour Deposition. Obvious instances of internal mass-
transport limitations can be found in the field of Chemical Vapour Infiltration [30]. Chemical
Vapour Deposition on flat surfaces can suffer from mass-transport limitations as well.
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Concentration gradients present in the diffusion layer around the surface can determine to a
large extent the morphology of the deposits. Diffusion limited growth will result in deposits
containing voids and a rough surface morphology owing to the enhancement of surface
fluctuations during deposition. Kinetically controlled processes, however, will cause the
formation of smooth surfaces. With the aid of thermal gravimetric analysis (TGA) the
reaction rate of CH, and SiC formation has been determined. These figures are used to
investigate the possible existence of diffusional limitations in this system of carbon
conversion. Fig. 11 shows the overall rates of CH, and SiC formation for carbon conversions
of 3600 s utilizing 2w%, 5w%, and 8w% Ni on carbon. The values given in Fig. 11 are
average rates of the entire conversion period. Similar rates of formation of CH, and SiC are
found for the carbon containing 2w% Ni. Both reaction rates increase with increasing
amounts of nickel. The formation of methane is, however, enhanced to a larger extent. This
process will cause higher carbon conversions but incomplete conversions of methane into
silicon carbide as shown by Fig. 12. The observations described above seem to disagree with
the thermodynamic calculations (Table 4). The subsequent reaction of methane with silicon
tetrachloride to form silicon carbide is expected to consume the total amount of methane
present in the pores of the extrudates. This effect can either have a kinetic or mass-transfer
origin. The first is not likely to occur, because it would implicate that, when the total nickel
content is increased, the amount of nickel responsible for the gasification increases to a larger
extent than the amount of nickel which catalyzes the VLS growth of SiC. Mass-transport
limitations, however, are to be expected in the experiments described above, owing to the
high reaction rates encountered when the VLS mechanism is operative.

8 T
~ 06 0 T
CH, < T o
—~ O
{ 6 i 05t o8 &
't £ 04 — 2
C
> 4 SiC < — 108 =
2 2 03} <
£ o 2
~ © 0.2 10.4 o
>
¥ 2 < : g
oo 192 8
N N (@) ~
0 2 00 = - —= 00 &
2 5 8 3 2 5 8
nickel content (w%) nickel content (w%)
Fig. 11. Reaction rates for SiC and CH,4 Fig. 12. CH, selectivity (+) and carbon conversion (a)
formation as a function of nickel content, as a function of the nickel content.

3600 s reaction
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Internal diffusion limitations are easily evaluated utilizing the Wheeler-Weizs number, which
is the product of the effectiveness factor and the square of the Thiele modulus. This number
can be calculated using observable quantities according to equation 1 [31].
2
Robs L

2 _ €8]
n¢
DCy

where 7 is the effectiveness factor, ¢ is the Thiele modulus, R, is the observed reaction
rate in mol/s, L is a characteristic diffusion length (V,,,,,/4,,,,,). D is the effective diffusion
coefficient, and C,, represents the concentration of the diffusing species in the gas phase.
The effectiveness factor is close to one in the absence of internal mass-transfer limitations
which results in the following criterion for those conditions:

77992 < 0.15 @

The effective diffusion coefficient is determined concordant the procedures given in
chapter 2.

External concentration gradients can be observed in the presence of internal diffusion
limitations. The Carberry number (Ca) is convenient for the evaluation of the magnitude of
these gradients. It represents the relative concentration difference over the film around the
particle and is calculated according to eq. 3.

& (3)

Ca-= ;
kga C,

where kg is the mass transfer coefficient and @’ is the specific area per unit volume (Ap/ Vp).
A relative concentration difference of 5% over the film (i.e. Ca < 0.05) is assumed to be
the criterion from which external diffusion limitations are significant. For low Reynolds
numbers (5 <Re <500) the mass transfer coefficient can be determined from the following
correlation in which the Stanton (St) and Schmidt (Sc) number are used [33].

St-Sc?/3 - (0.81+0.05)Re 03 )

with
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si-Ke®  ge.fUtdy g T (5.6.7)
Ug N¢ piD,

where s denotes the density of the gas, ¢, is the porosity of the bed, Uf is the superficial gas
velocity, dp is the particle diameter, and 7 Tepresents the viscosity of the gas.

The following conditions (Table 5) are used as an example in the determination of mass
transfer limitations. The density and viscosity of hydrogen are assumed to be representative
for the total gas mixture which consists of at least 80 mol% H,. Silicon tetrachloride has
been assumed to represent the major abundant gaseous Si species. The reaction rates of
methane and silicon carbide formation in the conversion of 2w% Ni/C have been used to
evaluate the possible presence of internal and external diffusion limitations.

Table 5. Numerical values applied in the calculations

Reactor
temperature T 1378 K
pressure P 10 kPa
bed length Ly 0.8-10° m
bed porasity € 0.4 M s M eactor
bed diameter dy 0.04 m
support properties
mean radius micro pore Iy 0.6 nm
mean radius meso pore Tie 10 nm
mean radius macro pore [, 400 nm
tortuosity 7 4 ngas m‘2panicle
porosity € 0.7 rn3gas M particle
input gas (at reactor conditions)
flow ¢ 2.21-100 kg 57!
space velocity Us 1.04 m s
density o 1.7:1073 kg m™3
viscosity e 2.410° Pas
specific heat C, 15.93 Jkgl K1
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Table 6. Mass transfer characteristics for H, and SiCl, in the conversion of
extrudates containing 2w % Ni

diffusion coefficients dimensionless
(10° m¥/s) numbers
SiCly H, SiCl, H,
Dett, mi 0.03 0.27 Re 0.05 0.05
Dot me 0.48 4.4 Sc 2.6 0.97
Dett, ma 19 170 St 1.9 3.7
Wheeler Weizs Carberry
SiCl, H, SiCl, H,
16 mi 1106 9.4 k, 5 10
19 me 66 0.60 Ca <005 <0.05
19 ma 1.7 0.01

Internal mass-transfer limitations are evaluated depending on the pore dimensions of the
carbon. In general, a tri-modal pore distribution is encountered in activated carbon which
imposes the necessity of considering micro- meso-, and macro-pores independently for the
estimation of internal diffusion limitations. The results of applying the values of Table 5 for
the calculation of the transport properties are displayed in Table 6. Calculation of the
effective diffusion coefficients reveals that internal mass transport is in all cases primarily
determined by the Knudsen regime, resulting in a ten fold higher overall diffusion coefficient
for hydrogen compared to that of SiCl,. Internal mass-transfer limitations are present for the
SiCly species invariably of the pores considered. It should be noted that thermodynamic
calculations have shown that at these conditions the amount of SiCl, approaches the amount
of SiCl, [4]. The diffusion coefficient of SiCl, is only 30 % larger (Knudsen regime) than
that of SiCl,, which will result in similar large internal mass-transfer limitations. Diffusion
limitations for hydrogen are encountered in the micro pores as well as the meso pores. The
Carberry numbers are in all cases smaller than 0.05, which means that external concentration
gradients can be neglected for both the hydrogen as well for the silicon tetrachloride. The
extent of internal mass-transfer limitations is calculated for the 5w % and 8w % Ni/C systems
as well; silicon tetrachloride suffers in all these cases from severe transport limitations. The
Wheeler-Weizs moduli of hydrogen are depicted in Fig. 13.
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Fig. 13. Wheeler-Weizs number of H; in the micro-, meso-, and macro-pores for
various nickel loadings (1 hour reaction).

Internal diffusion limitations of hydrogen increase using higher nickel loadings. These
limitations, however, are absent in the macro pores of the carbon. The observed levelling off
of the rate of formation of silicon carbide while the rate of methane formation enhances at
increasing nickel loadings is thus shown to originate from mass-transfer limitations of silicon
tetrachloride.

Fig. 14 presents the mechanism which envisages the mass-transfer considerations as well
as the chemical aspects on atomic scale. Hydrogen is present throughout the carbon
extrudate, its concentration decreasing to some extent moving to the middle of the extrudate.
The presence of silicon tetrachloride, however, is in the initial stage of conversion mainly
limited to the outer layer of the porous structure. Hydro-gasification as well as whisker
growth occur simultaneously in the presence of SiCly (region II). Region I is encountered
inside the extrudate, where hydrogen is the only reactant present. In this initial period excess
methane is formed at the interior of the extrudate which accounts for the incomplete CH,
conversion into SiC as shown by Figs. 11 and 12 for the 5 and 8w% Ni/C extrudates. The
amount of SiCl, diffusing into the porous structure does not suffice for the total methane
conversion. The carbon conversion process after this period is to be conceived as a moving
front of silicon carbide formation going from the outside to the inside, while methane is
being formed throughout the particle. The extent of penetration of region II in the pore in
the initial stage is determined by the rate of CH, formation and rate of SiCl, diffusion.
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Fig. 14. The mechanism of nickel catalyzed conversion of activated carbon extrudates by reactive
chemical vapour deposition, region I: hydro-gasification; II: hydro-gasification and whisker growth; III:

possible Si deposition

The position of the front is stationary if these rates are identical. The inwards movement of
the SiC formation front starts when the inward flow of SiCl, exceeds the outward flow of
CH,. This is induced by the deactivation of gasification sites resulting in a decrease in the
rate of gasification. The deactivation is most probably caused by the reaction of nickel with
the ash present in the carbon. Additionally, the silicon tetrachloride is to be expected to
increase this rate of deactivation of the gasification sites by forming a Ni-Si alloy (probably
Ni;Si) when moving inwards. Hence, a third zone (region III) is induced where both SiCl,
and H, are present in large amount, whereas CH, is nearly absent. Silicon co-deposition can
then occur in region III via Si co-deposition during SiC growth.
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4.3 Catalyst properties.
The textural properties of a catalyst support determine to a large extent the feasibility of

application. Utilization of silicon carbide is, however, a priori limited to those fields in
which substantial advantages are obtained over application of conventional catalyst supports
(Si0,, Al,0O,, and activated carbon), due to the foreseen higher production costs. Areas in
which silicon carbide may be employed are (1) high-temperature reactions, (2) liquid-phase
reactions at demanding pH conditions, and (3) reactions in which the inertness of the silicon
carbide surface is crucial. The exact manner of application depends on the achieved surface
area and pore distribution. The surface areas of all synthesized SiC supports lay in the high
surface area range (above 20 m?/g) which is, compared to that of a-Al,O5, sufficient for
high-temperature applications. Catalytic operations at high temperatures, e.g. steam
reforming of methane [34], suffer generally from severe diffusional limitations. Moreover,
mass transport in catalyst pellets at high temperature (above 1000 K) mainly occurs in the
Knudsen regime, which implies that the pore radius determines to a large extent the rate of
diffusion. Hence, wide pore catalyst supports are most suitable, where moderate surface areas
(i.e. =20 m?/ g) at normal pore volumina suffice.

Ve (em3/q)
dv /dd

0.4

d (nm)
Fig. 15. Cumulative () and differential (—) pore volume distribution of the RWQ8,
H, pretreated (Ni/RW08), converted (SiC/C), and the converted activated carbon after
removal of carbon (SiC)
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Elaboration of the nitrogen isotherms results in Fig. 15, which displays the cumulative and
differential pore volume distributions, calculated using the corrected Kelvin equation, for all
four stages in the synthesis. Note that only the meso/macro part of the pore-size distribution
is given.

An increase at diameters below 4 nm is appearing indicating the onset of the micro-pore
region for original, H, pretreated, and the converted carbon. The major part of the pore
volume of the silicon carbide support, however, is positioned in the meso/macro-pore region
which means that the entire surface area is available for catalysis. Additionally, the
meso/macro-pore volume of the high surface area SiC is larger than the original carbon. The
absence of micro-pore volume is shown as well by the equal values of Spand S, (Table 3).
Fig. 16 and 17 are micrographs of the SiC support which shows that this type of conversion

enables the synthesis of wide pore SiC extrudates. The homogeneous conversion is confirmed
in Fig. 16, while Fig. 17 displays the two types of SiC formation. Conventional SiC
deposition results in the formation of granules, which act as support of the whiskers grown
by the VLS mechanism.

100 pm —— 5pm
Fig. 16. Micrograph of the SiC support which Fig. 17. Magnification of Fig. 16, which shows the
shows the preservation of the extrudate shape morphology of high surface area SiC
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5. CONCLUSIONS

A novel method has been developed for the synthesis of high surface area silicon carbide.
It comprises the reaction of nickel loaded activated carbon extrudates with silicon
tetrachloride and hydrogen at 1380 K and 10 kPa to form silicon carbide. Reaction at
temperatures below 1380 K results in silicon co-deposition. A dual catalytic action of nickel
has been observed, viz. hydro-gasification: C(s) + 2H,(g) & CH,(g) and SiC formation
SiCl,(g) + CHy(g) = SiC(s) + 4 HCl(g). The total carbon conversion depends on the
amount nickel used and ranges from 20 to 55% for 2 and 8w% Ni, respectively. The
operative Vapour Liquid Solid mechanism causes the abundance of SiC whiskers throughout
the converted extrudates. Calculation of mass-transport numbers shows that in the initial stage
of conversion methane is formed in the entire extrudate, whereas SiC formation is limited
to the outer part. This is the consequence of severe internal diffusion limitations of SiCl,.
Deactivation of gasification sites causes the inwards movement of SiC formation, until all
gasification sites are deactivated and the conversion is ended. The surface areas of the SiC/C
composites range from 154 to 395 m?/g. Oxidation of the residual carbon at 1023 K results
in high surface area SiC (57 m?/g to 32 m?/g). The meso/macro porous texture allows
utilization of this catalyst support (1) at high temperature and (2) in liquid-phase reactions.

SYMBOLS
a/ specific area per unit volume (m? m3)
Ap external surface area of particle (m?)
Apore specific surface area (m2 g'l)
Gy, the concentration of the diffusing species in the gas phase (mol m3)
Cp specific heat (J kg'1 K
d.p particle diameter (m)
D, gas-phase diffusion coefficient (m? s!)
D effective diffusion coefficient (m? s™1)
Dgouasen  KnUdsen diffusion coefficient (m? s)
kg mass-transfer coefficient (m s™1)
L characteristic diffusion length (m)
L length of bed (m)
M, mol weight (g mol'l)
I'mi, me, ma radius of micro, meso, or macro pore (m)
R reaction rate (mol m3_, s
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R ps the observed reaction rate (mol s'1)

T temperature (K)

Us superficial gas velocity (m3’gas m2 0 SO
Vp volume particle (m3)

Viore pore volume (m? g1

Wy weight after pretreatment (kg)

Wash amount ash of pretreated carbon (kg)

W gasif. weight loss due to gasification (kg)

W, weight after conversion (kg)

wgcssyc  amount SiC/Si/C after conversion (kg)

Greek
€ porosity of the bed (m3gas m'3reacmr)
: : 2 2
6 porosity of the particle (g, M, ricte)
7 effectiveness factor (-)
¢ viscosity of the gas (Pa s)
R mass flow (kg s'l)
@ Thiele modulus (-)
Pr density of the gas (kg m?)
T tortuosity (ngas m'zparﬁc]e)

Dimensionless numbers

Ca Carberry

Re Reynolds

Sc Schmidt

St Stanton
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