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Selective hydrogenation is a key process in production of both fine chemicals and bulk 

chemicals with important applications in materials, pharmaceutical and cosmetic industries 

[1-3]. In this introduction, the theory of mass transfer in relevant three-phase catalytic reactors 

will be described, focusing on the influence of not only activity but also selectivity. The 

approach followed in this thesis to improve the performance using structured catalysts will be 

described. 

1.1 Mass transfer in three-phase catalytic reactions 

Three-phase reactions are generally recognized to proceed according to the following 

eight steps: (i) Mass transfer of the reacting gas molecules from the gas to liquid (gas-liquid 

transfer); (ii) Mass transfer of the reacting molecules dissolved in liquid from bulk of the 

liquid to the outer surface of the catalyst pellet (external diffusion); (iii) Diffusion of the 

reacting molecules to the pore surface within the catalyst (internal diffusion); (iv) Adsorption 

of the reacting molecules on the pore surface; (v) Reaction at specific active sites on the 

catalyst surface; (vi) Desorption of the product molecules from the pore surface; (vii) 

Diffusion of the product molecules from the pore surface to the outer surface of the catalyst 

(internal diffusion); (viii) Mass transfer of the product molecules from the outer surface of the 

catalyst to the bulk fluid (external diffusion). 

The above process is schematically represented in Figure 1.1 for the reaction A to B [4]. 

Since the majority of active sites are on the inner surface of the catalyst, the reactants will 

diffuse from the bulk fluid to the active sites in catalyst, prior to adsorption and reaction on 

them. Clearly, the mass transfer of the reactants in this process, including external and internal 

diffusion, have significant effects on catalytic activity and product selectivity in selective 

hydrogenations, by influencing concentrations of reactants and products at the active sites.  
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Figure 1.1: Heterogeneous catalytic mechanism for reactants A1 and A2 to product B [4] 

 

1.1.1 External diffusion effects 

Diffusion is the spontaneous intermingling of atoms or molecules by random thermal 

motion. It gives rise to the motion of a species relative to the motion of the mixture. In the 

absence of other gradients (such as temperature, electric potential, or gravitational potential), 

molecules of a given species within a single phase will always diffuse from the region of 

higher concentration to the region of lower concentration. For dilute solute concentrations and 

constant total concentration, this gradient results in a molar flux of the species, i.e., motion, in 

3-dimensions of the concentration gradient, which can be described by Fick’s law (Equation 

1.1) [5].  

�� � �� � ����	
��                           1.1 

Where WA is the molar flux of A; JA is the diffusional flux of A resulting from a 

concentration difference; c is the total concentration (mol/dm3); DAB is the diffusivity of A in 

B (dm2/s), and yA is the mole fraction of A; 
  is the gradient in three-dimensional 

coordinates, 
� � 
� � � 

� � � 
�. 
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In a three-phase catalytic system, the concentration gradient of reactants on both sides of 

the interface, including gas-liquid and liquid-solid interface, drives the mass transfer of the 

reactants. Specifically, gas reactants need to pass through the gas-liquid interface first to 

arrive at the bulk of the liquid, and then through the liquid-solid interface to the solid catalyst 

surface, together with reactants dissolved in the liquid. A useful way of modeling mass 

transfer is to treat any interface as a stagnant film of thickness �, hypothesizing that all the 

resistance to mass transfer is found within this film, and that the properties (i.e., concentration, 

temperature) at the outer edge of the film are identical to those of the bulk gas or liquid phase.  

(1) Gas-Liquid mass transfer 

Due to continuous gas adsorption, mass transfer of gas reactants from a gas phase to a 

liquid phase, proceeds via the interfacial area. It leads to the formation of two film resistances 

in two adjacent phases [6]. It could be described with two-film theory by Equation 1.2, and 

shown in Figure 1.2. 

 
Figure 1.2: Gas-liquid phase mass transfer for reactant A (CAb1 and CAb2: concentration of A in bulk gas 

phase and bulk liquid phase, respectively; CAs1 and CAs2: gas phase interfacial concentration of A and liquid 

phase one, respectively; �1 and �2: the boundary layer thickness of gas film and liquid film) 

 

����� ��� � ������� � �����                         1.2 

  where CAb2 is the concentration of dissolved gas reactant in bulk liquid (mol/dm3); t is 

time (s); KL is the mass transfer coefficient (cm/s); a is the gas-liquid interface area per liquid 

volume (cm2/cm3); KLa is volumetric gas-liquid mass transfer coefficient (liquid side, s-1); 

CA* is equilibrium solubility of the gas molecule A in the liquid (mol/dm3). 
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As described, mass transfer of the gas reactant A first takes place from a high 

concentration CAb1, through the film 1 with the thickness of �1, to the interface. Here, the gas 

phase interfacial concentration CAs1 is in equilibrium with the liquid phase interfacial 

concentration CAs2. Then, mass transfer continues from the interface, through film 2 with 

thickness of �2, to the bulk liquid phase with the concentration of CAb2. So, the gas-liquid 

mass transfer resistance occurs in two films [7].  

In actual applications, the Carberry number for mass transport (Ca) [8] is often 

calculated to decide on the effects of gas-liquid external diffusion in a reaction. It states that 

gas-liquid external diffusion resistance is low and can be neglected if the effectiveness factor 

for gas-liquid external mass diffusion (�e) in a function of Ca number is beyond 0.90, as 

expressed in Equation 1.3. 

 ! � �" � ��#$��%& ' ()*+ ,,��,#$� � -.
/012.�

                     1.3  

Where CA* is equilibrium solubility of the gas molecule A in the liquid (mol/dm3); n1 is 

the reaction order; rA is observed reaction rate per unit volume of the catalyst (mol/dm3·s); 

KLa is volumetric gas-liquid mass transfer coefficient (liquid side, s-1). 

Obviously, slow reaction rate, large mass transfer coefficient and high solubility will 

enhance the gas-liquid mass transfer. 

(2) Liquid-Solid mass transfer 

The lower concentrations of the reactants on the surface of the catalyst pellet as 

compared to in the bulk of the liquid, due to the continuous consumption of reactants in the 

catalytic reaction, drives the transport of reactants from the bulk of the liquid to the surface of 

the catalyst pellet constantly. A reasonable representation of the concentration profile for a 

reactant “A” diffusing from the bulk liquid phase to the external surface of a catalyst pellet is 

shown in Figure 1.3. Like for gas-liquid phase mass transfer, the change in concentration of 

“A” from CAb2 (in bulk liquid) to CAs3 (at the outer surface site of the catalyst pellet) takes 

place in a thin fluid film next to the surface of the sphere. The hydrodynamic boundary layer 

(Figure 1.3) is usually defined as the distance from a solid object to where the fluid velocity is 

99% of the bulk velocity [9]. All the liquid-solid mass transfer resistance is also supposed to 

be in this layer. 
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Figure 1.3: External diffusion of the reactant: (a) boundary layer around the surface of a catalyst pellet; (b) 

profile for a reactant “A” diffusing to the external surface [9] (CAb2: concentration of “A” in bulk liquid; 

CAs3: concentration of “A” on outer surface site of the catalyst pellet; �3: the boundary layer thickness) 

 

If the film thickness is much smaller than the radius of the pellet, curvature effects can 

be neglected. As a result, only the one-dimensional diffusion equation must be solved. So, in 

equimolar counter diffusion (EMCD) or dilute concentrations, Equation 1.1 can be deduced to 

Equation 1.4 [10]. 

��� � 3.4
56

7 8���� � ��9:;                        1.4 

Where WAz is the molar flux of A in the z-direction; CAb2 and CAs3 represent the 

concentrations of A in the bulk liquid and that on the external surface of the pellet, 

respectively.  

The ratio of the diffusivity DAB to the film thickness � is the mass transfer coefficient, kc, 

that is, 

��$< � 3.4
56

                             1.5 

Reasonably, the higher the coefficient (kL-S), the faster the mass transfer of A to B. The 

resistance to the diffusion of reactants will result in a negative effect on the reaction rate, 

especially for a fast reaction. Therefore, the improvement of mass transfer or the removal of 

mass transfer limitation is a desired target in those heterogeneous catalytic reactions which 

are influenced by mass transfer. 

Carberry number can also be used to estimate liquid-solid external diffusion limitation, 

similar to the gas-liquid case, as shown in Equation 1.6. 

 ! � �" � ���$<�%& ' ()*+ ,,��,�$< � -.
=0>?12.@

                 1.6 
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Where CAb is the concentration of A in bulk liquid (mol/dm3); kL-S is the liquid-solid 

mass transfer coefficients (cm/s); a is the gas-liquid interface area per liquid volume 

(cm2/cm3); and rA is the observed reaction rate per unit volume of catalyst (mol/dm3·s). 

Usually in a fixed-bed reactor, both decreasing the particle size (dp) and increasing the 

velocity of the fluid flowing along the particle (U) will increase liquid-solid mass transfer 

coefficient (kL-S). When operating the reaction at sufficiently high velocities or sufficiently 

small particle sizes, the main controlling factor on the reaction rate will shift from transport to 

kinetics, indicating the elimination of external diffusion limitation, as shown in Figure 1.4.  

 
Figure 1.4: Effect of the bulk flow velocity or stirring speed on reaction rate [11] 

 

1.1.2 Internal diffusion effects 

A catalyst is often designed with a porous structure, possessing a high surface area in 

order to increase the surface area of the active phase. So it will improve the intrinsic activity 

per gram of catalyst. As most of the active sites are located in the internal surface of the 

catalyst, reactant molecule “A” will need to diffuse through the pores within the pellet to the 

active sites, where the reaction occurs. The resulting decrease in the reactant concentration in 

the pores (Ci), as compared to the external surface (CAs3), is the driving force for continuous 

reactant diffusion through the pores, as shown in Figure 1.5.  
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Figure 1.5: Diffusion of the reactant A through the pores (CAb2: concentration of “A” in bulk liquid; CAs3: 

concentration of “A” on outer surface site of the catalyst pellet; Ci: concentration of “A” in the pores; �3: 

the boundary layer thickness) [12] 

 

For the purpose of describing the effects of internal diffusion on the rate of catalytic 

reactions, internal effectiveness factor (�), Thiele modulus (�) are introduced to estimate how 

efficient the reactant diffuses into the pellet before reacting, as shown in Equation 1.7 and 1.8 

[13]. 

A%� � =BCD2.EB>&
3F

� =BC2.EB
3F8�2.E$G�HC;

� <I-J1K!,-!1KLMN%,-1L!
3MJJI9MN%,-1L!             1.7 

 � �KLI1O,-!1KLMN%,-1L!
C!1KLMN%,-1L!,199IPM%Q,%N,RMJJI9MN%,OMPML1LMN% �

$-.
$-.E

� S �
%TUV

UH� :
WB

           1.8 

Where k is intrinsic reaction rate constant (s-1·(mol/L)1-n); R is catalyst pellet radius (m); 

CAs is the concentration of reactant A on the external catalyst surface (mol/L); n is the reaction 

order and De is the effective diffusion coefficient (m2/s). De can be calculated using Equation 

1.9 [14]. 

�! � 3@X
Y                                  1.9 

Where Db is the bulk diffusion coefficient (cm2/s), � is the internal void fraction of the 

solid particle, � is the tortuosity factor of the pores. The typical values for � are between 0.3 

and 0.6, and for � between 2 and 5. 
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Clearly, the smaller the Thiele modulus, the higher the internal effectiveness factor, 

thereafter the lower the internal diffusion limitation, as shown in Figure 1.6. When the 

calculated � 0.95, the reaction can be considered to have negligible mass transfer 

limitations.  

 
Figure 1.6: Internal effectiveness factor versus Thiele modulus [15] 

 

However, the greatest difficulty with the Thiele modulus is that the intristic rate constant, 

kn, and the reaction order are frequently not known. Weisz-Prater number (NWP), another 

approach to estimate the internal diffusion limitation in heterogeneous catalysis, eliminates 

this difficulty. It is particularly useful because it provides a dimensionless number containing 

only observable parameters that can be readily measured or calculated (Equation 1.10). It says 

that if NWP<0.3, rates for all reactions with the reaction order 2 or less should have negligible 

mass transfer limitations, while a value for NWP>6 indicates definite diffusion control. The 

criteria of � and NWP for different reaction orders are summarized in Table 1.1 [16]. 

  Z[\ � -]CD

3F2.E
                             1.10 

Where ra is the observed rate per catalyst volume (mol/cm3·s); R is catalyst pellet radius 

(m); De is the effective diffusion coefficient (m2/s) and CAs is the concentration of reactant A 

on the catalyst surface (mol/L). 

Therefore, based on the expression of Weisz-Prater criterion, it can be understood that 

internal diffusion limitation can be suppressed in three ways: (1) slow down the reaction rate; 

(2) decrease the radius of catalyst pellet (diffusion length); (3) increase the effective diffusion 

coefficient by either increasing the internal void fraction or decreasing tortuosity of the pores. 

 

 



Macro-Structured Carbon Nanofibers Catalysts on Titania extrudate and Cordierite Monolith for Selective 
Hydrogenation | Jie Zhu 

10 

Table 1.1 Weisz-Prater criteria for different reaction orders 

Effectiveness factor Reaction order Value of NWP 

� 0.95 n=0 NWP 6 

� 0.95 n=1 NWP 0.6 

� 0.95 n=2 NWP 0.3 

 

1.2 Three phase catalytic reactors and structured supports  

1.2.1 Three phase catalytic reactors 

A three phase catalytic reactor is a system in which gas and liquid phases are contacted 

with a solid catalyst. Most frequently used are stirred tank slurry reactor and packed bed 

reactors. The choice of use of a certain reactor type is governed by its advantages and 

disadvantages. 

1.2.1.1 Stirred tank slurry reactor 

Stirred tank reactors normally use small catalyst particles (typically 30�m) such as 

activated carbon and silica supported catalysts. They are suspended in liquid medium through 

which gas is dispersed. These small catalyst particles have advantages of high external surface 

area, high rates of liquid to solid mass transfer as well as fast internal diffusion, thanks to the 

very short diffusion paths, leading to a more efficient utilization of catalyst particle. Thus, this 

type of reactor is widely used in oxidation and hydrogenation reactions because the transport 

of oxygen and hydrogen are usually diffusion limited. However, the major disadvantage of 

the stirred tank reactors is the required separation of product and catalyst, necessitating a 

filtration step of the fine catalyst particles from the liquid product [17]. The filtration unit 

usually is rather sensitive to process disturbance, causing downtime. Moreover, attrition of 

catalyst particles may cause the loss of active metal phase [18].  

1.2.1.2 Packed bed reactor 

A packed bed reactor, such as the trickle bed reactor, is much more convenient than a 

slurry reactor, avoiding catalyst separation. It is typically applied for processes involving slow 

reactions because of their advantage of high catalyst loading and long residence time. Catalyst 

particle size is relatively large (1-10 mm) to limit the pressure drop through the reactor. 

However, the large catalyst particles lead to longer diffusion paths and low external surface 

area, easily causing internal diffusion limitation [17]. In addition, possible liquid 
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maldistribution and heat removal problem can hamper the conversion and selectivity of the 

reaction. It is clear that these limitations are unfavorable from the point of view of process 

economics [19].  

1.2.1.3 Stirred basket reactor 

Stirred basket reactor, a useful tool in the laboratory, consist of either a stirred reactor 

with a stationary cage of catalyst or a reactor with a rotating basket of catalyst. They 

combined some advantages of fixed-bed reactors and slurry reactors. For example, the 

catalyst separation is easy, which is conducive to the continuous operation; the possibility of 

sedimentation of heavier particles is eliminated, and the attrition of catalyst particles is 

minimal, which ensures that the catalyst particle size remains constant throughout the 

experiments. Therefore, stirred basket reactors are often applied for to determine intrinsic 

kinetics to enhance development and understanding of the process.  

1.2.2 Structured supports for three phase catalytic reactors 

Some preformed supports, including monolith (Figure 1.7a) [20-22], metal foam (Figure 

1.7b) [23-25] and carbon felt (Figure 1.7c) [26, 27], are often used to prepare structured 

catalysts. 

 

      
Figure 1.7: Some formed supports: (a) cordierite monolith; (b) nickel foam; (c) carbon felt  

 

For example, monoliths are ceramic or metallic blocks containing parallel, straight 

channels. Ceramic monoliths have been used extensively in gas-solid applications such as the 

automotive exhaust converter and deNOx reactors [17]. Increasingly, they are also considered 

as an interesting alternative for liquid-solid and gas-liquid-solid applications in fixed-bed or 

slurry reactors because of: (1) the short diffusional distance in the catalytically active layer; (2) 

the excellent mass transfer that can be achieved for two-phase flow in capillaries; (3) the low 

energy requirements due to the low pressure drop and (4) the absence of a catalyst separation 

step. It is noted that, at sufficient superficial velocities, a two-phase flow pattern called Taylor 
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flow is observed in capillaries. The gas and liquid move through the channel as separate slugs. 

The gas bubble filled up the whole space of the channel and only a thin liquid film separates 

the gas from the catalyst. This film layer remains at the wall when the liquid slug passes by. 

Inside the liquid slug itself, a recirculation pattern is observed. This recirculation enhances 

gas-solid mass transfer [20, 21]. 

Like two sides of a coin, the low specific surface area of structured supports, especially 

for monolith and metal foam (~1 m2/g), is not sufficient to host enough catalytically active 

metal particles. Therefore, a layer of coating with high specific surface area is usually 

synthesized to cover the surface to increase its effective surface area. Usually, these thin 

washcoated layers can be made by depositing an oxide layer (alumina, silica, etc) with similar 

texture and porosity as compared to traditional catalyst support particles. Some early works 

[28-30] have already shown that high surface area -alumina washcoats can be achieved 

especially on monoliths and foams. These washcoated layers can be adjusted to different 

parameters such as, thickness of layer which governs the diffusion lengths and porosity of the 

layer. Such a structured support would effectively combine the advantages of both slurry 

phase operation, offering short diffusion path, and fixed bed operation, avoiding catalyst 

separation and attrition. This would allow independent optimization of intrinsic reaction 

kinetics, transport phenomena and hydrodynamics [31].  

However, the porous washcoated layers generally suffer from relatively low pore volume 

and high tortuosity. They are unfavorable for reactions that are seriously influenced by 

internal diffusion limitations. Therefore, alternative thin layers such as entangled carbon 

nanofibers (CNFs) or nanotubes (CNTs) are designed to improve the structure (high pore 

volume, high surface area and low tortuosity), aiming to suppress internal diffusion limitation. 

1.2.3 Structured carbon nanofibers supports 

Carbon nanotube (CNT) and nanofiber (CNF), a new group of carbonaceous materials, 

are produced catalytically by decomposing carbon source gases (typically methane, carbon 

monoxide, synthesis gas, ethylene and ethane), on supported metal catalysts, such as Ni, Fe 

and Co containing catalysts, in the temperature range 425-925 oC [32]. Based on De Jong and 

Geus [33], the mechanism for CNF growth involves three steps. The hydrocarbon gas first 

decomposes on the exposed surface of metal nanoparticles, then carbon diffuses through the 

particle and finally, it precipitates to form CNF at the other end of the particle. This is 

schematically shown in Figure 1.8. Furthermore, there is still debate about the driving force 

for the carbon to dissolve on the one side of the metal particle and to segregate at the other 



Chapter 1 Introduction 

13 

side. Hoogenraad et al. [34] proposed a specific mechanism to explain the initiation of CNF 

formation: diffusion of carbon into the metal particle leads to formation of metal carbide, 

which then decomposes to regenerate metal and precipitate graphite enveloping the metal 

particle. The metal particle is squeezed out of graphitic carbon due to pressure buildup during 

the formation of graphite layers. 

 

Figure 1.8: Schematic representation of the catalytic growth of a CNF using a carbon source gas. 

Decomposition of carbon source gases on the metal surface;  Carbon atoms dissolve in and diffuse 

through the bulk of the metal; Precipitation of carbon in the form of a CNF consisting of graphite [33]. 

 

CNFs possess a number of exceptional physical and chemical characteristics that make 

them promising materials as catalyst supports. They are resistant to strong acids and bases, 

have high mechanical flexibility and strength, as well as improved carbon-metal interactions 

that have been found to enhance catalytic performance [35, 36]. In addition, they can form 

agglomerates with high surface areas (100-200 m2/g) and pore volumes (0.5-2.0 cm3/g) 

without any micro porosity (Figure 1.9) [37], which mimics the inverse structure of a 

conventional porous support material, as shown in Figure 1.10 [38]. These advantages prevent 

mass transfer limitations inside CNF agglomerates, improving product selectivity in catalytic 

reactions. For example, C. Pham-Huu et.al [39] reported a higher selectivity to 

hydrocinnamaldehyde in cinnamaldehyde hydrogenation by using Pd catalyst supported on 

CNFs as compared to Pd supported on activated charcoal, which is attributed to the 

suppression of diffusion limitations. 



Macro-Structured Carbon Nanofibers Catalysts on Titania extrudate and Cordierite Monolith for Selective 
Hydrogenation | Jie Zhu 

14 

 
Figure 1.9: Scanning electron micrograph of porous carbon nanofiber matrix grown on Ni particles at 

600°C using methane as a carbon source [37]. 

 

 
Figure 1.10: CNFs mimicking the inverse structure of conventional porous structured material [38] 

 

However, most studies have focused on developing nanoscopic CNFs, which suffer from 

tedious separation of the agglomerates in slurry reactors, or high pressure drop in trickle bed 

reactors. These disadvantages also limited the applications of CNF in catalysis. One way to 

overcome these disadvantages is to immobilize CNF layers on structured materials, including 

monoliths [30, 40, 41], foams [42, 43], glass fibers [44], carbon cloth [45] and activated 

carbon fibers [46]. Chinthaginjala et al. [43] developed a structured Pd catalyst, by depositing 

Pd nanoparticles on a thin CNF layer previously grown on a Ni foam. It showed fast mass 

transfer in nitrite hydrogenation. Thakur et al. [47] also reported enhanced mass transfer in 

bromate reduction in water for Ru nanoparticles deposited on a CNF layer on a homemade 

Teflon (PTFE) chip. In this thesis, TiO2 extrudates and cordierite monolith are used to prepare 

structured CNF(T) materials for application in some selective hydrogenation reactions.  
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1.3 Selective hydrogenation of unsaturated aldehydes 

1.3.1 Selective hydrogenation of citral, cinnamaldehyde and 4-carboxybenzaldehyde 

With the ever increasing demand for special chemicals, selective hydrogenation of 

unsaturated aldehydes become one of the current challenges to be tackled both from the 

fundamental and from the industrial standpoint [48-50]. For example, citral and 

cinnamaldehyde, two typical �,�-unsaturated aldehydes, have a pair of conjugated functional 

groups that can be hydrogenated: a carbonyl group (C=O) and a conjugate double bond (C=C). 

In addition, citral possesses another isolated double bond (C=C). Since palladium catalyst is 

more active in the hydrogenation of the C=C bond than the conjugated C=O bond [51], citral 

can be hydrogenated to citronellal with reasonable selectivity. However, deep hydrogenation 

to citronellol and finally to 3,7-dimethyloctan-1-ol also occurs. Cinnamaldehyde (CAL) can 

undergo a similar hydrogenation process as citral, producing hydrocinnamic aldehyde (HCAL) 

first, followed by deep hydrogenation to hydrocinnamic alcohol (HCOL), even 

1-Propylbenzene (1-PB). Consecutive reaction routes for citral and cinnamaldehyde 

hydrogenation are shown as Figure 1.11 and 1.12, respectively.  

 
Figure 1.11: Consecutive reaction route for citral hydrogenation 

 

 
Figure 1.12: Consecutive reaction route for cinnamaldehyde hydrogenation 
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Besides citral and CAL hydrogenation, in this thesis also 4-carboxybenzaldehyde 

(4-CBA) hydrogenation is used as a model reaction to determine the properties of structured 

CNF(T) catalysts. 4-CBA, the main impurity in crude terephthalic acid (CTA), needs to be 

removed for obtaining purified terephthalic acid (PTA). The latter is an important industrial 

raw material used for the manufacture of polyethylene terephthalate (PET), polybutylene 

terephthalate (PBT) and polytrimethylene terephthalate (PTT), which are mainly applied in 

the production of fibers, resins, films and fabrics [52, 53]. The main upgrading step in 

refining CTA to PTA is catalytic hydrogenation of 4-CBA to 4-(hydroxymethyl) benzoic acid 

(4-HMBA) and further to p-toluic acid (p-TA) in water (Figure.1.13) [54, 55]. 4-HMBA and 

p-TA are more soluble than 4-CBA and are thus much easier removed during 

PTA-crystallization, staying behind in the liquid. 

 
Figure 1.13: Consecutive reaction route for 4-carboxybenzaldehyde hydrogenation 

 

In this thesis, the intermediate products of three reactions, including citronellal, HCAL 

and 4-HMBA, were the desired products (molecules in dash frames in Figure 1.11-1.13), 

while avoiding the formation of deep hydrogenated products, such as citronellol, 

3,7-dimethyloctan-1-ol, HCOL and p-TA, as much as possible. The product distributions in 

such consecutive reactions depend on the internal diffusion limitations of the reactants in the 

catalyst.  

1.3.2 Effects of internal diffusion limitations on catalytic properties 

Internal diffusion limitation induces negative effects on both the reaction rate and the 

selectivity to the intermediate product, which is critical in selective catalytic reactions. Its 

negative effect on the intermediate selectivity is caused by the fact that the internal diffusion 

of the molecules competes with the reaction [16, 56-58], and it usually depends on the 

structure properties of the catalyst, including porosity, tortuosity and diffusion length, as 

discussed in the section 1.1.2. Internal diffusion limitation decreases the selectivity to the 

intermediate product because of slow removal of the intermediate product, out of the catalyst 
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particle. The resulting increase of the intermediate product in the catalyst particles is 

responsible for decreasing selectivity.  

H.R. Yue et al. [59], for example, studied selective hydrogenation of dimethyl oxalate 

(DMO) to ethylene glycol (EG) using Cu/SiO2 based monolithic catalyst. Compared with the 

low EG selectivity (83.4%) over the packed bed Cu/SiO2 catalyst, EG selectivity over 

monolith is significantly enhanced (95.3%). However, the selectivity to ethanol, the deeply 

hydrogenated product of EG, and 1,2-butanediol (1,2-BDO), the consecutive reaction product 

of ethanol and EG, were approximately 6% of total over packed bed catalyst, which is more 

than 3 times (2%) of the same products higher as compared to the monolith. It is primarily 

due to the relatively short diffusive pathway of the thin wash-coat layer (  40 μm) in the 

monolithic catalyst, which leads to a more efficient use of the active phase.  

Additionally, T.A. Nijhuis et al. [58] studied the effects of particle size on selective 

hydrogenation of 3-methyl-1-pentyn-3-ol to 3-methyl-1-pentene-3-ol over Pd/SiO2 catalyst in 

slurry reactors. In experiments, the smaller the catalyst particle size, the higher the activity 

and alkene selectivity. In contrast, the selectivity to 3-methyl-3-pentanol, the deeply 

hydrogenated product of 3-methyl-1-pentene-3-ol, increased with the catalyst particle size. 

The observed selectivity dependence on the particle size was explained by the concentration 

profiles of the reactants in the catalyst particles. As a result of an insufficiently fast 

mass-transfer, the alkene concentration inside the larger particles is higher, causing deeper 

hydrogenation to occur.  

1.4 Scope and outline of this thesis 

The aim of the work described in this thesis is to synthesize macro-structured carbon 

nanofibers materials on large Titania particles and cordierite monolith, with properties that 

can avoid or diminish internal mass transfer limitations. Their supported palladium catalysts 

were compared with some catalysts, including palladium catalysts supported on activated 

carbon (Pd/AC), meso-porous carbon (Pd/MC) and carbon nanofibers (Pd/CNF). Their 

catalytic properties were evaluated for selective hydrogenation of citral, cinnamaldehyde and 

4-carboxybenzaldehyde to determine if as-prepared macro-structured carbon nanofibers 

catalysts offer advantages in enhancing the activity and the selectivity in these reactions.  

Chapter 2 describes the direct growth of CNFs on large Titania particles (C/TiO2), using 

nickel and nickel-copper alloy as the catalyst, respectively. The textural and structural 
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properties of C/TiO2 are characterized. Results revealed that the addition of a little Cu 

promoter in CNFs growth helped to the improvement in textural and structural properties of 

C/TiO2. As-prepared structured CNFs support possessed suitable surface areas and dominant 

meso-porous structures. Pd catalyst supported on C/TiO2 (Pd/C/TiO2) exhibited high 

selectivity to citronellal in selective hydrogenation of citral, which was attributed to the 

elimination of internal diffusion limitations due to its mesoporous structure. Chapter 3 

focuses on the influence of structural properties on catalytic performance in citral selective 

hydrogenation over C/TiO2 supported Pd catalyst (Pd/C/TiO2). Internal diffusion limitations 

of the reactants in Pd/C/TiO2 were estimated with Weisz-Prater criterion and compared to 

those of commercial Pd/AC catalyst. The results indicate negligible internal diffusion 

limitation inside Pd/C/TiO2 due to the dominant meso-porous structures, which made 

citronellal become the main product in the reaction. In contrast, Pd on AC gives much more 

deep hydrogenation to 3,7-dimethyloctanol, because the micropores in this catalyst induces 

significant internal mass transport limitation. 

Chapter 4 demonstrates the synthesis of carbon nanofiber-titania-cordierite monolith 

composite, i.e. CNF/TiO2/monolith, and its application as catalyst support in selective 

hydrogenation of cinnamaldehyde (CAL) to hydrocinnamic aldehyde (HCAL). Attachment 

strength of the CNFs and acid-resistant properties of the composite had been studied to 

evaluate its mechanical stability in practical conditions. The effects of supported Pd particles, 

oxygen-containing surface groups and internal diffusion limitation on catalytic performance 

over Pd/CNF/TiO2/monolith were further studied. CNF/TiO2/monolith exhibited excellent 

catalytic activity for selective hydrogenation of CAL to HCAL, as compared to traditional 

carbon-supported catalysts including Pd/AC and Pd/MC. The low acidic oxygen-containing 

surface groups, as well as macro- and mesoporous structure are responsible for the high 

selectivity to the intermediate HCAL.  

Chapter 5 estimated the mass transfer behavior of substrates in Pd/CNF/monolith for 

4-CBA hydrogenation using reaction kinetics models and results were compared to Pd/CNF 

and Pd/AC with different particle sizes. Results indicated that Pd/CNF and Pd/CNF/monolith 

possessed the higher selectivity to 4-HMBA at complete 4-CBA conversion in 4-CBA 

hydrogenation than macro-structured Pd/AC did, which was attributed to the predominant 

macro- and mesopore structure of Pd/CNF and Pd/CNF/monolith. However, when the particle 

size of Pd/AC decreased to 53-44 m, internal diffusion limitation in it was removed due to 
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its short diffusion length, and calculated Weisz-Prater numbers, Thiele modulus and reaction 

rate ratio (k1/k2) in two steps of this consecutive reaction confirmed this result.   

Finally, Chapter 6 summarizes the results obtained in this work, including general 

conclusions and recommendations for the future. 
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Chapter 2  
 

Production of Macro-structured Carbon Nanofibers Catalyst Support 

Based on Titania Extrudate 

 
 

 

Abstract 
In this chapter, we reported the synthesis of a promising carbon-titania composite material, 

CNF/TiO2. The composite was synthesized by methane decomposition over TiO2 extrudates 

using Ni-Cu as a catalyst. CNF/TiO2 synthesized was subsequently employed to prepare its 

supported palladium catalyst, Pd/CNF/TiO2. The textural and structural properties of 

CNF/TiO2 and Pd/CNF/TiO2 were characterized by BET, SEM/EDS, TEM, ICP-AES, XRD 

and TG-DTG. Results revealed that the addition of a little Cu promoter in composite synthesis 

helped to the improvement in textural and structural properties of CNF/TiO2. The optimal 

composite prepared had a BET surface area of 60 m2/g and 97% of its pore space were 

mesopore. It contained 38% of carbon composed of 90% of carbon nanofibers and 10% of 

amorphous carbon. Pd/CNF/TiO2 prepared held the similar textural and structural properties 

as CNF/TiO2 did. Although the comparatively lower catalytic activity caused by the lower 

palladium dispersion, Pd/CNF/TiO2 exhibited the high citronellal selectivity (90%) at 90% 

citral conversion, which was attributed to the elimination of internal diffusion limitations due 

to its mesoporous structure. 

 

This part of work has been published as Research Article: J. Zhu, M. Lu, M. Li, J. Zhu, Y. Shan, 
Mater. Chem. Phys. 132 (2012) 316-323. 
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2.1 Introduction 

Selective hydrogenation is one of the most important processes in fine chemical 

industries. The properties and qualities of hydrogenation products can be significantly 

affected by the activity and structure of the employed catalyst [1, 2]. Particularly, the support 

material is one of the significant factors in the catalyst. Alumina, silica and activated carbons 

are commonly served as the traditional supports to prepare the catalysts to use in multiphase 

reactions.  

In the past few years, significant attention has been drawn to the carbon nanofiber (CNF) 

due to its exceptional mechanical and electronic properties [3]. CNF has been shown to be 

important in the field of catalysis [3-5]. Compared to traditional catalyst supports (alumina, 

silica and activated carbons), metals supported onto CNF can exhibit unusually high catalytic 

activity and selectivity patterns [6]. 

However, most studies have focused on developing nanoscopic CNFs, which are 

difficult to use in fixed-bed catalytic reactors. Several studies have been recently published in 

which macroscopic CNFs had been synthesized on a variety of hosts such as alumina[7,8], 

silica[9,10], monolith[11], nickel foam[12, 13] and graphite[14] for the purpose of preparing 

catalyst supports. They are now becoming the significant process intensification technologies 

in gas-solid and gas-liquid-solid reactions, due to their unique advantages that they offer the 

controlling hydrodynamics, transport phenomena, and reaction kinetics in comparison with 

traditional ones [15]. 

In this chapter, we reported a novel macroscopic CNFs material, which is synthesized by 

depositing CNFs layers over titania extrudates (Figure 2.1a), named carbon-titania composite 

(CNF/TiO2) (Figure 2.1b). Compared with other formed hosts, TiO2 sticks possesses several 

prominent advantages including the high chemical resistance to make it be utilized in harsh 

environments such as highly acidic or basic medium, as well as the high mechanical strength 

that reduces the risk of breaking during reaction. The synthesized CNF/TiO2 and its supported 

palladium catalyst had been characterized using various methods. Meanwhile, the CNF/TiO2 

supported palladium catalyst had also been prepared. Its catalytic performance had been 

evaluated in selective hydrogenation of citral to citronellal and compared with that of the 

commercial catalyst, i.e., formed activated carbon supported palladium. The possible 

formation mechanism of hydrogenation products was also discussed. 
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2.2 Experimental 

2.2.1 Preparation and characterization of CNF/TiO2 composite 

TiO2 extrudates with the stick shape (Sinopec Yangzi, China, � 2×5 mm; 18.2 m2/g; 

Figure 2.1a) were used as the host in this study to prepare CNF/TiO2 composite material. 

Specifically, TiO2 was impregnated with aqueous solution of Ni(NO3)2·6H2O or the mixture 

of Ni(NO3)2·6H2O and Cu(NO3)2·3H2O (A.R, Sinopharm, China), in which the nickel 

loadings were kept fixed at 6 wt.%. The mole ratio of Ni to Cu in the mixture solution was 

varied within the range from 4:1 to 8:1. The samples were dried overnight at 393 K prior to 

calcination at 773 K for 2 h. After they were reduced in the tube at 873 K in a stream of N2 / 

H2 (80:20) (99.999%, Wuxi Tianhong, China) for 3 h, monometallic Ni/TiO2 and bimetallic 

Ni-Cu/TiO2 were obtained. Methane (99.999%, Wuxi Tianhong, China) was then passed 

through the tube to decompose at 873 K for 5 h. After refluxing in concentrated HNO3 for 60 

min to remove exposed nickel and copper metal particles, the composite supports CNF/TiO2 

were finally synthesized (Figure 2.1b).  

 
Figure 2.1: TiO2 extrudates (a) and CNF/TiO2 (b) 

 

2.2.2 Preparation of CNF/TiO2 supported Pd catalyst 

0.5 wt.% of Pd catalyst was prepared by impregnation method. Firstly, the support 

CNF/TiO2 was dispersed directly in an hydrochloric acid (HCl) solution (0.2 M) of 

palladium (II) chloride (PdCl2) (Sinopharm, China) and stirred continuously for 6 h. The 

sample was then dried overnight at 393 K and stored in a desiccator. After reducing at 493 K 

in a stream of N2/H2 (80:20) for 2 h, the catalyst Pd/CNF/TiO2 was finally prepared. 

2.2.3 Characterization of the materials 

CNF/TiO2 composite and its supported Pd catalyst were characterized to test the textural 



Macro-Structured Carbon Nanofibers Catalysts on Titania extrudate and Cordierite Monolith for Selective 
Hydrogenation | Jie Zhu 

26 

and structural properties. Methane decomposition was analyzed using Hiden QIC-20 online 

mass spectrometer. X-ray powder diffraction data were collected on Rigaku D/max 2500 

diffractometer using CuKa (40 kV, 40 mA) radiation and a graphite monochromator. The BET 

specific surface areas were carried out with Micromeritics ASAP 2010 apparatus. The metals 

contents over supports and catalysts were determined by Vista-AX inductively coupled 

plasma atomic emission spectrometry (ICP-AES). Scanning electron images and elements 

distributions were recorded using a JEOL JSM-6360 LA scanning electron microscope & 

energy-dispersive X-ray spectroscopy (SEM/EDS). The morphologies and the properties of 

the metal particles on catalysts were obtained with JEM-2100 transmission electron 

microscopy (TEM). Thermogravimetric (TGA) and differential thermal (DTA) analysis were 

performed using a TA SDT Q600 instrument. 

2.2.4 Activity test of Pd/CNF/TiO2 

The catalytic performance of Pd/CNF/TiO2 has been evaluated in the reaction of 

selective hydrogenation of citral in liquid phase. The reaction was conducted in a 100 ml 

autoclave at 363 K and 3 MPa. The fleshed reduced catalysts (1 wt.%) were dispersed in the 

isopropanol (A.R, Sinopharm, China) solution of citral (10 wt.%, A.R, Sinopharm, China) and 

then they were treated under nitrogen and hydrogen flows successively to remove dissolved 

oxygen. The reaction pressure was maintained by injecting hydrogen. Small amounts of 

reaction samples were withdrawn from the reactor at different reaction times and analyzed 

using gas chromatography (VARIAN CP3800) equipped with a FID detector and a capillary 

column HP-5 using nitrogen as carrier gas. A formed activated carbon supported catalyst, 

named Pd/AC, (Pd loading 0.5 wt.%, BET specific surface area 810 m2/g, micropore area 720 

m2/g, Sinopec Yangzi, China) and the blank CNF/TiO2 without Pd loading were tested at the 

same conditions for comparison. 

2.3 Results and discussion 

2.3.1 The effect of promoter Cu on synthesis of CNF/TiO2 composite materials 

 (1) Analysis of methane decomposition using online mass spectrometer 

The methane decomposition over monometallic Ni/TiO2 and bimetallic Ni-Cu/TiO2 has 

been studied by monitoring residual CH4 concentration after decomposition using an online 

mass spectrometer. The variations of CH4 conversion as a function of reaction time are shown 

in Figure 2.2 for three samples.  



Chapter 2 Production of Macro-structured Carbon Nanofibers Catalyst Support Based on Titania Extrudate 

27 

0 50 100 150 200 250 300
0

2

4

6

8

10

12
 Ni
 Ni:Cu=8:1
 Ni:Cu=4:1

C
H

4 D
ec

om
po

si
tio

n 
/%

Reaction Time /min

 

 

Figure 2.2: Methane decomposition versus reaction time over three Ni/TiO2 and Ni-Cu/TiO2 samples. 

 

Specifically, Ni/TiO2 showed the highest initial conversion (about 11%) for methane to 

carbon of all three samples. However, the conversion on Ni/TiO2 decreased more steeply with 

time than that on Ni-Cu/TiO2. After 250 min, the conversion on Ni/TiO2 decreased to zero, 

indicating it complete deactivation, while the reaction with Ni-Cu/TiO2 is still continuing 

although in a lower rate.  

(2) BET analysis 

The novel CNF/TiO2 composite can be produced by depositing carbon onto TiO2 host 

through methane decomposition. The textural properties of CNF/TiO2 composites prepared 

using different precursors give different results, as shown in Table 2.1.  

 

Table 2.1: Textural properties of the materials  

Samples 

Weight increased after 

methane decomposition 

(wt. %) 

BET Surface 

Area(m2/g) 

Micropore 

Area(m2/g) 

Average Pore 

Diameter(nm)

TiO2 host / 18.3 3.1 14.2 

CNF/TiO2 

composite 

(I) 9 28.2 2.7 10.4 

(II) 38 60.3 1.8 6.2 

(III) 17 45.3 2.1 7.4 

Pd/CNF/TiO2  / 58.1 1.6 9.7 

Note: CNF/TiO2 composite were prepared through methane decomposition over metal/TiO2 catalysts with 

different metal loadings: (I) 6 wt.% Ni loading over TiO2; (II) Ni and Cu loading over TiO2 (6 wt.% Ni, the 
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mole ratio of Ni to Cu: 8 to 1); (III) Ni and Cu loading over TiO2 (6 wt.% Ni, the mole ratio of Ni to Cu: 4 

to 1). CNF/TiO2 composites prepared had all been treated in concentrated HNO3 at 120oC for 60min. 

Pd/CNF/TiO2 catalyst employed CNF/TiO2 (II) as the support. 

 

Generally, depositing carbon on TiO2 hosts produce a significant increase in BET surface 

area. For example, compared with TiO2 host, the weights of CNF/TiO2 samples increased 

significantly with carbon deposition, especially in the case of CNF/TiO2 (II), where it results 

in 38% increase, being the largest among the samples in this work and its BET surface area 

was 60 m2/g, much larger than 18 m2/g of TiO2 host. Meanwhile, promoter Cu in the precursor 

imposed great influences on composite textural properties. The BET surface area of 

composite CNF/TiO2 (II) and (III) were 60 m2/g and 45 m2/g respectively, much larger than 

28 m2/g of CNF/TiO2 (I).  

However, the variation occurred in textural properties between the sample CNF/TiO2 (II) 

and CNF/TiO2 (III) due to their different Cu contents in the precursors. Compared with 

CNF/TiO2 (III), the sample CNF/TiO2 (II) had the optimal textural properties: BET surface 

area was up to 60.3 m2/g while the micropore area declined significantly to 1.8 m2/g, 

accounting for only 3% of its total BET surface area, which may decrease internal diffusion 

limitations of the reactants in three phase catalytic reactions. In contrast, the micropore areas 

of TiO2 host and CNF/TiO2 (III) accounted for 16.9% and 4.6% of their total BET surface 

areas respectively.  

These results could be explained that an excess Cu content in the precursor can inhibit 

the activity of Ni, thereafter slower the formation of carbon deposits and they were coincident 

with those of methane decomposition. 

(3) XRD analysis 

The XRD spectra of TiO2, Ni/TiO2, Ni-Cu/TiO2 and CNF/TiO2 before and after HNO3 

treatment were shown in Figure 2.2, which can provide valuable information about the 

crystalline phases of samples. Specifically, besides the common characteristic peaks of TiO2 

(anatase) (Figure 2.3a) at 2� degree 25.3°, 36.9°, 37.7°, 38.5° and 48.0°, the XRD spectra of 

Ni/TiO2 (Figure 2.3b) and Ni-Cu/TiO2 (Figure 2.3c) also showed the peaks of Ni and Ni/Cu, 

respectively. Particularly, as a result of adding Cu promoter, the Ni (111) diffraction line in 

Ni-Cu/TiO2 was shifted to the smaller angle, compared with that of Ni/TiO2 (2� from 44.46° 

to 44.22°). The same effect was found with the Ni (200) line. This shift is likely caused by 

dissolving the copper atoms into the Ni particles during the calcination as well as the 
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reduction process. Indeed, the copper atom radius (1.27 Å) was larger than a vacancy in the 

Ni lattice (0.52 Å), therefore, incorporation of the copper atom should increase the lattice 

constant, and, in turn, decrease the 2� value. According to XRD analysis, the lattice constant 

of Ni after addition of copper was 3.5447 Å and the 2� shift of Ni (111), -0.24°, corresponds 

to an increase of the lattice constant by 0.0159 Å. Note also, that no lines attributed to the 

Ni-Cu alloy structure were found in XRD measurements. In addition, the characteristic 

graphite (002) and graphite (101) peaks at 2� (26.38°, 44.38°) was clearly evident (Figure 

2.3d and 2.3e), indicating the dominance of graphite carbon deposit over host material after 

methane decomposition. It is noted that the peak of graphite (101) is close to that of nickel 

(111) at 2��44.4°. Therefore, the peaks of graphite (101) and nickel (111) were likely 

overlapped each other before HNO3 treatment (Figure 2.3d). While, with the removal of most 

exposed Ni and Cu, which was approved by the elements analysis (Table 2.2 & Figure 2.6b), 

the peaks of Cu and Ni (200) were not found in the spectrum (Figure 2.3e). So, we considered 

that the peak at 2�=44.38° here represented graphite (101). 

(4) SEM analysis 

A large amount of CNFs covered the surfaces of TiO2 after methane decomposition. The 

surface morphology of these samples has been examined using SEM and the images are 

shown in Figure 2.4a-2.4d. 

Compared with the TiO2 host (Figure 2.4a), the surface of CNF/TiO2 (I) showed stubby 

structures with large diameters in a range of 100-120nm (Figure 2.4b). In contrast, CNFs 

covered on Ni-Cu/TiO2 surface displayed the slight structures, as shown in Figure 2.4c and 

Figure 2.4d. The surface consisted of numerous fibers with a diameter in a range of 50-80nm. 

According to the mechanism of CNF growth [3], the diameter of CNF correlates with the size 

of the catalytic metal crystal. So, the variation in morphologies of CNFs between CNF/TiO2 (I) 

and CNF/TiO2 (II) (III) originated from the different sizes of Ni crystal. To Ni-Cu/TiO2, 

incorporation of the copper into the nickel particles produced the small size of Ni crystals, 

which finally caused the formation of the slight structures of CNFs on Ni-Cu/TiO2 surface. 

Combined BET and surface morphology analysis of CNF/TiO2, a trace of Cu in the precursor 

can significantly improve the textural properties of CNF/TiO2.  

 



Macro-Structured Carbon Nanofibers Catalysts on Titania extrudate and Cordierite Monolith for Selective 
Hydrogenation | Jie Zhu 

30 

20 30 40 50
0

500

1000

Two-Theta (deg)

0

500

1000
0

500

1000

0

500

1000

(e)

(d)

(c)

(b)

In
te

ns
ity

 (C
PS

) 0

500

1000

(a)

 
Figure 2.3: XRD patterns of pure TiO2 support (a), Ni/TiO2 with 6 wt.% Ni loading (b), Ni-Cu/TiO2 with 

the mole ratio of Ni to Cu 8 to 1 (c), CNF/TiO2 composite prepared by methane decomposition before 

HNO3 treatment (d) and after HNO3 treatment (e): �Ni (111); 	 Ni (200); 
 Cu (111);  Graphite (002); 

� Graphite (101). 
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Figure 2.4: SEM images of the materials: (a) TiO2 support; (b) the surface of CNF/TiO2 (I); (c) the surface 

of CNF/TiO2 (II); (d) the surface of CNF/TiO2 (III); (e) the surface of CNF/TiO2 (II) treated in concentrated 

HNO3 for 60 min; (f) the cross section of CNF/TiO2 (II). 

Note: The meanings of CNF/TiO2 (I), (II) and (III) were described in Table 2.1. 

  

In conclusion, these test results indicate that Cu promoter can affect the formation of 

carbon deposit in two aspects: (i) the dissolution of copper atoms into the nickel particles can 

weaken the interactions between Ni crystals and produce the small size of Ni crystals, which 

could facilitate the production of CNF with small diameters on the host surface; (ii) there 

exists strong affinity between copper crystals and graphite carbon. The appearance of copper 
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can effectively prevent deposition of produced carbon onto the surface of Ni crystal, and 

consequently, slow the deactivation of Ni particles, thereafter keeping the growth of CNFs on 

Ni particles for a long time to increase its BET surface area and decrease its micropore area as 

well [16]. 

Considered the application of CNF/TiO2 composite as the catalyst support, the sample 

CNF/TiO2 (II) was more suitable than the others as its good textural properties. Therefore, 

CNF/TiO2 (II) was selected as the support to prepare structured Pd catalyst in application for 

the selective hydrogenation of citral, which will be discussed in chapter 3 of the thesis. 

Particularly, the optimal ratio of Ni to Cu in the precursor was 8:1. 

2.3.2 Textural and structural properties of CNF/TiO2 and Pd/CNF/TiO2 

(1) Textural properties of the materials 

    As discussed in the section 2.3.1 (2), the sample CNF/TiO2 (II) had the optimal textural 

properties: 60.3 m2/g of BET surface area, while 1.8 m2/g of micropore area, therefore it can 

be inferred that 97% of its pore space consisted of meso- and macropores. After Pd loading, 

the catalyst Pd/CNF/TiO2 held the similar textural properties as CNF/TiO2 did (Table 2.1) 

which indicated that as-prepared CNF/TiO2 possessed a high material stability. 

(2) Surface morphologies and element distributions of the materials  

As shown by SEM images in Figure 2.4c, the surface of CNF/TiO2 (II) covered with a 

significant amount of CNFs with diameters of 50-80 nm. The thickness of the deposition 

layer can be identified from a SEM image of CNF/TiO2 (II) cross section in Figure 2.4f, i.e., 

1.5-2.0 �m. Particularly, some CNFs appeared even in the interior of the host. The element 

distributions in the interior of the composite and the catalysts have been analyzed by 

SEM-EDS in this work. 

Specifically, the local element compositions of 10 locations distributed evenly along a 

straight line from sample center to the edge were examined (Figure 2.5). The results are 

shown in Figure 2.6. 
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Figure 2.5: The locations selected in the sections of the materials: (a) CNF/TiO2; (b) Pd/AC. 
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Figure 2.6: The element distributions inner materials: (a) Ni-Cu/TiO2 (Ni:Cu 8:1); (b) CNF/TiO2 (II) 

composite after concentrated HNO3 treatment; (c) CNF/TiO2 (II) supported Pd catalyst and Pd/AC catalyst 

(0.5% Pd loading). � Carbon; � Nickel; 
 Copper; 	 Palladium. 

 

Before carbon deposit, the mass percentages of element Ni and Cu in Ni-Cu/TiO2 were 
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constant over most part of interior and increased significantly only near the sample edge 

(Figure 2.6a), indicating that the impregnation time of TiO2 in Ni(NO3)2 and Cu(NO3)2 

solution was sufficient to allow metallic salts adequately permeating into the material interior. 

After methane decomposition, large amount of carbon was found inside CNF/TiO2, and the 

mass percentage of carbon coincided with the weight increase of TiO2 host after carbon 

deposit (Figure 2.6b).  

As the catalyst support, it is necessary for CNF/TiO2 to remove the metal Ni and Cu 

particles, which introduced in the process of CNFs growth, to eliminate their effects on the 

catalytic reactions. Therefore, the samples were treated with concentrated HNO3 to remove 

the exposed metal particles. The contents of Ni/Cu in the composite before and after HNO3 

treatment collected with ICP-AES were shown in Table 2.2. It indicated that 99.62% Ni and 

99.58% Cu were removed after HNO3 treatment and the metal residues in the composite 

became very little, in accordance with the results of Ni/Cu distributions in the interior of the 

composite (Figure 2.6b). Meanwhile, the structures of CNFs after HNO3 treatment were 

partly collapsed but kept integrity relatively (Figure 2.4e). 

 

Table 2.2: The contents of the metal Ni and Cu over CNF/TiO2 

Samples Ni content (wt %) Cu content (wt %)
Removal ratio of the metals 

after HNO3 treatment (wt %) 

CNF/TiO2 composite (II) 1 5.83 0.80 Ni: 99.62 

Cu: 99.58 CNF/TiO2 composite (II) 2 0.022 0.0034 

Note: The number 1 and 2 represented CNF/TiO2 composite (II) before and after HNO3 treatment, 

respectively. 

 

 (3) Carbon structures of the materials 

The structure of carbon in the materials has been analyzed using XRD and TG-DTG. 

According to the mathematical model proposed by J.Mering & J.Maire [17], graphitization 

factor (G) is related to the crystal plane spacing distance of graphite (002) (d002) via Equation 

2.1:  

^ � �()_`` � �GG�� �()_`` � ()__a`��                   2.1 

Where 0.344 and 0.3354 nm denote the crystal plane spacing distance of non-graphite and 

ideal graphite, respectively. 

The d002 of carbon deposits determined from XRD spectrum was 0.3364 nm with a 
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graphitization degree of 88%, proving that the dominant ingredient in carbon deposits was 

graphite. 

Thermogravimetric analysis of CNF/TiO2 and Pd/CNF/TiO2 had been conducted to 

further determine the percentage of carbon deposited over the sample as well as its structural 

properties. The result was shown in Figure 2.7.  
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Figure 2.7: TG and DTG curves of CNF/TiO2 (a) and Pd/CNF/TiO2 (b) (Solid line corresponds TG curve; 

Dashed line corresponds to DTG curve). 

 

Through the preparation process and elements analysis mentioned above, it was known 

that the composite CNF/TiO2 is mainly composed of carbon and anatase. Specially, carbon 

can be oxygenated to carbon dioxide when heating in the air, which would cause to the weight 

loss of the composite. In Figure 2.7a, the total weight loss of the sample in temperature range 

from 573K to 973K was 35%, as calculated from TG curve, being equal to that of weight 

increase in CNF/TiO2 (II) (Table 2.1), which indicated that the carbon deposit over TiO2 host 

was about 35%. On the other hand, amorphous carbon and graphite carbon have their own 

characteristic oxidation temperatures. Generally, a higher oxidation temperature always 

indicates a purer and less defective material. The oxidation temperature of amorphous carbon 

is relatively low, i.e., in a range of 573 to 673 K, while is high in graphite carbon, ranging 

from 673 to 973 K [18]. Therefore, the structure of carbon deposits can be well estimated 

from the TG-DTG curve. Particularly, it can be inferred from the TG curve that over 90% 

weight loss occurred between 673K and 973K with the DTG peak at 815 K while only 10% 

weight loss occurred between 573K and 673K. Therefore, it is reasonable to conclude that 

about 90% carbon deposits produced via methane decomposition are graphite, which is pretty 

close to that estimated based on XRD analysis. It should be noted that CNFs have graphite 

structures [19]. However, the CNF structure in the interior of CNF/TiO2 was not clearly 

observed by using SEM (Figure 2.2f) because there existed amorphous carbon, which might 
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cover CNF structure. Therefore, we supposed that the graphite in the interior of CNF/TiO2 

was actually CNF.  

Figure 2.7b described the TD-DTG curve of CNF/TiO2 (II) supported Pd catalyst. It was 

found that the structure of the catalyst kept identical to CNF/TiO2 (II). In Figure 2.7b, over 95% 

weight loss occurred between 673K and 973K with the DTG peak at 838 K while only 5% 

weight loss occurred between 573K and 673K. It was inferred that during the preparation of 

the Pd catalyst, some of the amorphous carbon were removed which increased the content of 

CNFs to 95% in carbon deposit over the catalyst, compared with the composite CNF/TiO2 

(90%).  

In summary, results showed that the carbon deposit in the composite was mainly 

composed of CNFs and the mesopore structure dominated the pore space of the material, 

which was highly beneficial to the elimination of internal diffusion limitation in catalytic 

reactions. Meanwhile, the composite had a solid and stable structure which also made it 

suitable as the catalyst support. 

2.3.3 Evaluation of Pd/CNF/TiO2 catalytic performance 

(1) The properties of Pd particles in Pd/CNF/TiO2 

After the preparation of the catalyst, the actual Pd loading and Pd distribution over 

Pd/CNF/TiO2 were determined with ICP-AES and EDS, respectively. The results were 

compared to those of Pd/AC. In Figure 2.6c, the mass percentage of the element palladium 

increased with the distance to the center of Pd/CNF/TiO2, which would facilitate the reaction 

occurrence mainly on or near the exterior part of the catalyst. The same tendency was found 

in Pd/AC. 

     
Figure 2.8: TEM images of Pd/CNF/TiO2 (a) and Pd/AC (b). 
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Table 2.3: The actual Pd loading and average particle size over the catalysts 

Samples Actual Pd loading (wt %) Average size of Pd particle (nm) 

Pd/CNF/TiO2 catalyst 0.51 ~15 

Pd/AC catalyst 0.48 3-8 

 

Figure 2.8 displayed TEM images of the mashed Pd/CNF/TiO2 and Pd/AC, showing 

some discrepancies in morphology and Pd particle properties between two catalysts. In 

Pd/CNF/TiO2, Pd particles with the average size of 15nm (Table 2.3) were loaded on the 

fibers. While, obviously, some agglomerate of Pd particles were also occurred on the fibers. 

In contrast, Pd/AC was found to have the higher Pd dispersion and smaller Pd particle size 

than the former. Particularly, Pd particles with the average size of 8nm were observed to 

deposit on the outside surface of the activated carbon substrate (the left half of Figure 2.8b), 

while only 3-4nm interior the catalyst (the right half of Figure 2.8b). An explanation for the 

different palladium dispersions on the two catalysts might be their different BET surface area 

(Table 2.1). The larger surface area enhanced the Pd dispersion and narrowed the Pd particle 

size distribution in Pd/AC; conversely, the smaller surface area of Pd/CNF/TiO2 resulted in 

the formation of poorly dispersed catalyst with large sized Pd particles, which would lead to 

the lower catalytic activity, compared with that of Pd/AC. 

(2) Evaluation of Pd/CNF/TiO2 catalytic performance 

In this study, the selectivities to citronellal and 3,7-dimethyloctanol over Pd/CNF/TiO2 in 

citral hydrogenation was evaluated and the results were compared with those of commercial 

Pd/AC catalyst. Citral was chosen as a model compound for hydrogenation reaction because it 

is a typical �,� unsaturated aldehydes. And citronellal, an intermediate product of the 

consecutive reactions of citral hydrogenation, is easy to hydrogenate deeply to citronellol and 

finally to 3,7-dimethyloctanol (Figure 2.9) due to significant internal diffusion inside 

micropores of catalysts [19].  

 
Figure 2.9: Consecutive reaction scheme of citral hydrogenation. 

 

As shown in Figure 2.10, the citral conversion over Pd/CNF/TiO2 was 90% after 32 h 
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while less than 2% at the same period over the blank sample, CNF/TiO2, which confirmed 

that the effects of Ni and Cu residue in CNF/TiO2 on the activity of citral hydrogenation was 

negligible. It could be explained that most of the exposed Ni and Cu were removed by HNO3 

treatment. Meanwhile, it took 4h for Pd/AC catalyst to reach 90% citral conversion, much 

faster than that of Pd/CNF/TiO2. The low catalytic activity of Pd/CNF/TiO2 might be due to 

relatively lower palladium dispersion of the catalyst, as explained in the first part of this 

section. 
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Figure 2.10: Citral conversion versus reaction time in citral hydrogenation at 363 K and 3 MPa over 

Pd/CNF/TiO2 (�), Pd/AC (�) and blank composite CNF/TiO2 (
) 

 

However, Pd/CNF/TiO2 displayed higher selectivity to citronellal in citral hydrogenation 

than that of commercial Pd/AC (Figure 2.11). Particularly, at the citral conversion 90%, the 

citronellal selectivity of Pd/CNF/TiO2 can be as high as 90%, being much higher than that of 

Pd/AC, 35%. However, the selectivity to 3,7-dimethyloctanol, the final product of citral 

hydrogenation, climbed up to nearly 60% over Pd/AC at the citral conversion 90%, while 

maintained less than 10% over Pd/CNF/TiO2 at the same citral conversion. Considered the 

different support structures of the two catalysts, the distinction in selectivities between 

Pd/CNF/TiO2 and Pd/AC is very likely due to their internal diffusion difference inside 

micropores. Particularly, Pd/CNF/TiO2 had much fewer micropores (3%) than Pd/AC did 

(89%), thereafter, the internal diffusion inside micropores in Pd/CNF/TiO2 was less important 

than that in Pd/AC. When citral was firstly hydrogenated to citronellal over Pd/CNF/TiO2, the 

intermediate product citronellal was easily desorbed from Pd crystal to the solution. While 

over Pd/AC, citronellal can be confined inside the micropores long enough to be completely 
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converted to the final product 3,7-dimethyloctanol due to its slow internal diffusion rate. It 

explains why the selectivity to the intermediate citronellal over Pd/AC decreased faster than 

that over Pd/CNF/TiO2 as the citral conversion increased. Therefore, Pd/CNF/TiO2 may 

exhibit a higher selectivity to the intermediate product citronellal than Pd/AC did. 
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Figure 2.11: Selectivities to citronellal (a) and 3,7-dimethyloctanol (b) versus citral conversion in citral 

hydrogenation at 363 K and 3 MPa over commercial Pd/AC (�) and Pd/CNF/TiO2 (�). 

2.4 Conclusions 

A promising carbon-titania composite material CNF/TiO2 that can be utilized as a 

structured catalyst support has been synthesized and characterized. It was prepared through 

methane decomposition over the TiO2 extrudates. The suitable mole ratio of Ni to Cu in 

Ni-Cu/TiO2 employed in carbon deposit was found to be 8:1. Results showed that the 

synthesized CNF/TiO2 had the good textural and structural properties: the BET surface area 

was 60 m2/g and the mesopore structure dominated the pore space of the material, which is 

beneficial for eliminating mass transfer limitations. Meanwhile, the dominant ingredient of 

carbon deposit over the composite was CNFs. Pd catalyst supported over CNF/TiO2 exhibited 

a higher selectivity to the intermediate product citronellal (90%) than commercial Pd/AC 

(35%) at citral conversion of 90% in citral hydrogenation, which was attributed to the 

elimination of the internal diffusion limitation due to its mesoporous structures. The results 

indicate that as-prepared CNF/TiO2 is an effective catalyst support with good textural stability 

and high chemical durability in potential applications for three phase catalytic reactors, i.e., 

citronellal production through citral hydrogenation in this thesis. 
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Chapter 3 
 

Influence of Structural Properties on Catalytic Performance in Citral 

Selective Hydrogenation over Macro-structured Carbon-Titania 

Supported Pd Catalyst 

 
 

 

Abstract 
Macro-structured CNF/TiO2 prepared in chapter 2 was employed to support palladium 

catalyst (Pd/CNF/TiO2). The effects of structural properties on catalytic performance in citral 

hydrogenation were estimated in calculation and compared with a commercial activated 

carbon supported palladium catalyst (Pd/AC). The results showed that although the reaction 

rate was comparatively low over Pd/CNF/TiO2, which spent approximately 24 hours to reach 

90% citral conversion, fourfold time of Pd/AC, the selectivity to citronellal in citral 

hydrogenation kept high (approximately 85%) at the same citral conversion, while decreasing 

to 40% over Pd/AC. The comparatively lower reaction rate over Pd/CNF/TiO2 was attributed 

to the less surface Pd sites (3.94 �mol/g cat) than that on Pd/AC (12.2 �mol/g cat). Further 

calculation discovered the similar initial turnover frequency values over two catalysts 

(approximately 0.1 s-1), which implied that citral hydrogenation is structure-insensitive over 

Pd catalysts and crystallite size effects have a little influence on the differences in the kinetics 

between two catalysts. The high selectivity to citronellal over Pd/CNF/TiO2 was due to the 

negligible internal diffusion limitation inside the catalyst, which was proved by the 

calculating Weisz-Prater numbers (less than 0.3 of each reactant). In contrast, the pore 

structures, mainly composed of micro pores, caused the serious internal diffusion limitation 

over Pd/AC, which finally led to the increase on the selectivity to the deep hydrogenated 

product, 3,7-dimethyloctanol. 

This part of work has been published as Research Article: J. Zhu, M. Lu, M. Li, J. Zhu, Catal. 
Sci. Technol. 3 (2013) 737-744. 
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3.1 Introduction 

Selective hydrogenation is one of the key processes in fine chemical industries. The 

properties of hydrogenation products can be significantly affected by the activity and structure 

of the employed catalyst. In heterogeneous catalysis, how to eliminate the mass transfer 

limitations inside the catalyst particles, thereafter gathering the intermediate products with 

high selectivity increasingly attract the researchers’ attentions. For example, citral, a typical 

�,�-unsaturated aldehydes, was usually selected as a model molecule in that there are three 

sites of hydrogenation: a conjugate double bond (C=C), a carbonyl group (C=O) and an 

isolated double bond (C=C). The selective hydrogenation of citral is a rather complex reaction 

network involving 6-8 important intermediates and a number of series-parallel reactions. 

Since palladium catalyst is very active in the hydrogenation of the C=C bond [1], citral in the 

reaction is easily hydrogenated to citronellal on it, followed by the deep hydrogenation to 

citronellol and finally to 3,7-dimethyloctan-1-ol (Figure 3.1) due to slow internal diffusion 

inside micropores of the catalysts [2]. Several systematic studies on citral selective 

hydrogenation have been reported. These studies covered some important aspects such as 

active metals [3-6] and catalyst supports [7-9]. Specifically, Yilmaz et al. [7] reported the 

highest selectivity (90%) to citronellal, at complete conversion of citral over Pd/natural 

zeolite with the particle sizes between 100 and 400 mesh, which was explained by the active 

metal properties and the absence of significant internal diffusion limitations. 

 
Figure 3.1: Consecutive reaction scheme of citral hydrogenation. 

 

Although the effects of internal diffusion limitations can be reduced in microscopic 

powdered catalyst particles, the powdered catalysts have to be separated from the products at 

the end of reaction via a costly filtration step, which can lead to the loss of catalysts and cause 

seriously environmental problems [10]. These disadvantages restrict the industrial 

applications of the powdered catalysts.  

Currently, some studies on evaluating mass transfer effects in catalytic reactions, 
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especially internal diffusion over structured catalysts, have increasingly become the focus of 

researchers’ attention. As the process is scaled up, the conditions are shifted from kinetic 

control to diffusion control. Therefore, increasing the catalyst particle size would affect the 

activity and selectivity. Zhu et al. [11] studied the internal diffusion process in irregular A301 

catalyst particles in ammonia synthesis and calculated the internal diffusion effectiveness 

factors based on multi-component diffusion reaction model. The calculation result was 

verified to coincide with the experiment test. J. Aumo et al. [12] studied kinetics and mass 

transfer effects for the complex three-phase hydrogenation in large Ni/alumina catalyst pellets. 

The model described well the behavior of the system, and it can be used for studies on 

reaction intensification. Zhang et al. [13] and Chen et al. [14] investigated the effects of the 

internal diffusions on the hydrogenation of 4-carboxybenzaldehyde (4-CBA) over 

Pd/activated carbon catalyst and F-T synthesis over Co/ZrO2 catalyst, respectively. The results 

indicated that the size of the catalyst had the significant effects on the performances of two 

catalytic reactions, and some methods could be utilized to reduce the effects of internal 

diffusion, such as expanding the pore diameters of the supports, increasing active 

compositions deposited on the outside surface of the catalysts and reducing the sizes of 

catalyst particles to the suitable ones as well.  

To evaluate the presence or absence of pore diffusion limitations inside the catalysts, 

Weisz-Prater criterion [15] is usually introduced in calculation. M.A. Vannice et al. [16] 

studied the effect of the solvent on the liquid-phase hydrogenation of citral over a Pt/SiO2 

catalyst. And numerous tests using the Weisz-Prater criterion verified that all data for each 

solvent were obtained in the regime of kinetic control. M.J.H. Simmons et al. [17] also 

studied enantioselective hydrogenation of dimethyl itaconate with immobilised 

rhodium-duphos complex in a recirculating fixed-bed reactor. By calculating the value of the 

Thiele Modulus, the employing catalyst was proved not to be subject to internal diffusion 

limitation. 

In this chapter, one macro-structured carbon nanofiber support, CNF/TiO2, which was 

synthesized in chapter 2, was employed to prepare palladium catalyst (Pd/CNF/TiO2) and its 

catalytic performance was evaluated in selective hydrogenation of citral. The effect of the 

structural properties of Pd/CNF/TiO2 on catalytic hydrogenation was evaluated by theoretical 

calculation and further proved in the experiments. The result was compared with that of a 

commercial catalyst, i.e., structured activated carbon supported palladium (Pd/AC) to 

investigate the potential of Pd/CNF/TiO2 for commercial applications. 
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3.2 Experimental 

3.2.1 Synthesis and characterizations of Pd/CNF/TiO2 

The composite CNF/TiO2 prepared in chapter 2 was employed to support Pd 

catalyst, i.e. Pd/CNF/TiO2. Specifically, CNF/TiO2 was immersed with an hydrochloric 

acid (HCl) solution (0.2 M) of palladium (II) chloride (PdCl2) (0.5 wt% Pd loading) 

(Sinopharm, China) and stirred continuously for 6 h. The resulting sample was dried 

overnight at 393 K and stored in a desiccator. After reducing at 493 K in a stream of N2/H2 

(80:20) for 2 h, the catalyst Pd/CNF/TiO2 was finally prepared. 

The as-prepared Pd/CNF/TiO2 was characterized to test the textural and structural 

properties. BET surface area and the average pore diameter of the catalyst were calculated 

from the nitrogen adsorption isotherm obtained at 77K using an ASAP 2010 sorptometer 

(Micromeritics). The palladium contents over the catalysts were determined by Vista-AX 

inductively coupled plasma atomic emission spectrometry (ICP-AES). Scanning electron 

images and elements distributions were recorded using a JEOL JSM-6360 LA scanning 

electron microscope & energy-dispersive X-ray spectroscopy (SEM/EDX). The morphologies 

and the properties of the palladium particles on catalysts were obtained with JEM-2100 

transmission electron microscopy (TEM). A commercial formed activated carbon supported 

palladium catalyst (Pd loading 0.5 wt.%, irregular particles, ��4 mm, 810 m2/g, Sinopec 

Yangzi, China), named Pd/AC, was tested at the same conditions for comparison. 

3.2.2 Estimation of catalytic properties on Pd/CNF/TiO2 

The catalytic performance on Pd/CNF/TiO2 was evaluated in selective hydrogenation of 

citral, and the result was compared to that of the commercial Pd/AC. The experiments for 

revealing the intrinsic hydrogenation kinetics were carried out in a 100 ml pressurized 

autoclave. By dispersing approximately 1.0 g of the catalysts (2 wt.%) into a total mass of 50 

g of isopropanol (A.R, Sinopharm, China) solution of citral (5 wt.%, A.R, Sinopharm, China), 

the autoclave was sufficiently flushed with nitrogen flow and the following hydrogen to 

remove dissolved oxygen. The reaction was commenced by switching on the stirring to 1000 

rpm, which was verified to be sufficient to exclude external diffusion. The reaction were 

conducted at 353 K and 3 MPa total pressure, which was maintained by continuously 

injecting hydrogen into the reactor. Small amounts of reaction samples were withdrawn from 

the reactor at different reaction times and analyzed by gas chromatography (VARIAN CP3800) 

equipped with a FID detector and capillary column HP-5 using nitrogen as carrier gas. Initial 
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reaction conditions for citral hydrogenation were listed in Table 3.1. 

 

Table 3.1: Initial reaction conditions for citral hydrogenation 

Reaction condition value 

Reaction temperature, T (K) 353 

Pressure, P (MPa) 3.0 

Agitation, A (rpm) 1000 

Mass of isopropanol, mIPA (g) 47.5 

Mass of citral, mcitral (g) 2.5 

H2 solubility, CH2 (mol/cm3) 1.47×10-4 a  

Mass of the catalyst, mcat (g) 1.0 

Note: (a) Based on the literature of Francesconi et. al. [18].  

 

3.3 Results and discussion 

3.3.1 Structural properties of Pd/CNF/TiO2 

As described in the section of “Experimental”, the preparation of Pd/CNF/TiO2 in this 

study employed CNF/TiO2 composite as the catalyst support, which was synthesized by 

depositing carbon over the formed TiO2. The structural properties of Pd/CNF/TiO2 were 

characterized and the results were compared with those of commercial formed Pd/AC, as 

shown in Figure 3.2-3.5.  

Based on Figure 3.2a, Pd/CNF/TiO2 particle has the profile of cylinder shape with the 

average length of approximately 3.0 mm and diameter of 1.0 mm. The surface of the catalyst 

covered a significant amount of CNFs with diameters of 50-80 nm (Figure 3.2b). They 

intertwined each other to form pore structures. The thickness of the deposition layer can be 

identified from a SEM image of the catalyst section in Figure 3.2c, i.e., 1.5-2.0 �m. In 

comparison, the commercial Pd/AC particle has the profile of irregular shape with the average 

size of 3.0 mm (Figure 3.3a), whose surface is smoother than that of Pd/CNF/TiO2 particle 

(Figure 3.3b). It is noted that, on surface of Pd/AC, some small substrates conglutinate 

(Figure 3.3b), which might be some fragments produced in the process of Pd/AC preparation. 
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Figure 3.2: The profile and morphology of Pd/CNF/TiO2 catalyst: (a) the profile of Pd/CNF/TiO2; (b) SEM 

image of the surface on Pd/CNF/TiO2; (c) SEM image of the cross section of Pd/CNF/TiO2. 

 

   

Figure 3.3: The profile and morphology of the commercial Pd/AC catalyst: (a) the profile of Pd/AC; (b) 

the SEM image of the surface on Pd/AC. 

 

In order to analyze the palladium distribution in the catalyst, 10 positions with the same 

spacing distance were assigned from the center to the edge of the catalyst section. Elemental 

distribution on each position was measured by EDX, as indicated in section 2.3.2(2). The 
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mass percentage of palladium was tested in each position and results revealed some 

information of two catalysts (Figure 3.4). The mass percentage of the element palladium in 

Pd/CNF/TiO2 increased with the distance to the center of the catalyst. More active sites of 

palladium in the exterior part of the catalyst than interior would facilitate the catalytic reaction 

occurrence mainly on or near the exterior part of the catalyst. The same tendency of Pd 

distribution was found in Pd/AC. 
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Figure 3.4: The palladium distributions in the cross sections of Pd/CNF/TiO2 (	) and Pd/AC (�). 

 

The sizes and dispersions of palladium particles on catalysts could also be obtained in 

TEM images (Figure 3.5). Palladium particles in Pd/AC possess the small size (average size 

4.7 nm), compared with that of Pd/CNF/TiO2 (average size 14.5 nm). Based on the 

hemispherical model of metal particles on surface of the catalyst, palladium dispersions on 

Pd/AC and Pd/CNF/TiO2 were calculated to be 25.88% and 8.39%, respectively. The high 

palladium dispersion on Pd/AC was attributed to its large BET surface area (810 m2/g), while 

only 58 m2/g of Pd/CNF/TiO2 (Table 3.2). 

   

Figure 3.5: TEM images of Pd/CNF/TiO2 (a) and Pd/AC (b) 
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Table 3.2: Properties of Pd/CNF/TiO2 and commercial Pd/AC 

 Catalyst 0.5% Pd/CNF/TiO2 0.5 % Pd/AC 

Bulk  

properties  

Bulk density of the catalyst, � (g/cm3) 1.28 0.48 

Average radius of catalyst particle, Rp (cm) 0.05 a 0.15 a 

    

Textural 

properties 

BET surface area, Stotal (m2/g) 58 810 

Micro-pore area, Smicro (m2/g) 2 720 

Average pore radius, rp (nm) 5.86 1.60 

    

Palladium 

properties 

Actual Pd loading (%) 0.51 0.48 

Average Pd particle size (nm) 10.8 4.7 

Pd dispersion (%) 8.39 b 25.88 b 

Note: (a) The max length of the particle’s cross section as the average size;  

 (b) Based on the hemispherical model of metal particles on surface of the catalyst. 

 

3.3.2 Catalytic properties on Pd/CNF/TiO2 

The catalytic properties in citral hydrogenation over Pd/CNF/TiO2 was evaluated and 

compared to that of commercial Pd/AC catalyst. Citral conversions and product distributions 

in citral hydrogenation over two catalysts were shown in Figure 3.6 and 3.7.  

Under the same reaction conditions, including the mass of the catalyst, Pd loading and 

the initial citral concentration, the reaction rate of citral hydrogenation on Pd/AC was much 

faster than that on Pd/CNF/TiO2. For example, the citral conversion over Pd/AC was 90% 

after 6 h, while it took nearly 24 h for Pd/CNF/TiO2, fourfold time of the former catalyst, to 

reach the same conversion (Figure 3.6). However, Pd/CNF/TiO2 possessed the higher 

selectivity to the intermediate, citronellal, in the reaction, than that over Pd/AC. Particularly, 

at the citral conversion of about 90%, the selectivity to citronellal over Pd/CNF/TiO2 can be as 

high as 85% (Figure 3.7a), being much higher than that over Pd/AC, 40% (Figure 3.7b); while 

the selectivity to 3,7-dimethyloctanol, the final product in citral hydrogenation, climbed up to 

approximately 55% at the same citral conversion over Pd/AC catalyst (Figure 3.7b). 
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Figure 3.6: Citral conversion versus reaction time in citral hydrogenation over Pd/CNF/TiO2 (�) and 

commercial Pd/AC (�). 
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Figure 3.7: The product distribution versus citral conversion in citral hydrogenation over Pd/CNF/TiO2 (a) 

and commercial Pd/AC (b): � Citronellal; �Citronellol; 
 3,7-dimethyloctanol; 

 

The glaring discrepancy on catalytic properties between Pd/AC and Pd/CNF/TiO2 could 

probably be attributed to some factors, including the number of surface Pd sites and mass 

transfer limitations [17, 19, 20]. Based on Pd loadings and dispersions (Table 3.2), the molar 

number of surface Pd sites was calculated to be 12.2 �mol/g cat on Pd/AC and 3.94 �mol/g 

cat on Pd/CNF/TiO2. High dispersion of Pd on Pd/AC (25.88%) due to its large BET surface 

area (810 m2/g), led to more surface Pd sites on Pd/AC. This was the main reason to obtain 

the comparatively higher reaction rate over Pd/AC than that over Pd/CNF/TiO2. 

Initial reaction rate in turnover frequency (TOF) was calculated using Equation 3.1 at 

citral conversion of approximately 10% because this initial reaction stage would make sure 

that the hydrogenation rate could not be affected by the changes of citral concentration. 
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Where mcitral and Mcitral are the mass of citral and its molecular weight (Table 1), 

respectively; con.% and t are the initial citral conversion and the reaction time (Figure 3.6), 

respectively; And NPd is the molar number of surface Pd sites. 

Figure 3.6 showed that it took 20 min and 90 min to reach 10% citral conversions in 

Pd/AC and Pd/CNF/TiO2 catalytic system, respectively. Therefore, the initial TOF was 

calculated to be 0.11 s-1 for Pd/AC and 0.082 s-1 for Pd/CNF/TiO2. The similar initial TOFs in 

0.5 wt% Pd/AC and 0.5 wt% Pd/CNF/TiO2 catalytic systems implied that citral hydrogenation 

over Pd catalysts is probably structure-insensitive and crystallite size effects are not expected 

to have a significant influence on the differences in the kinetics between two catalysts. The 

result was in accordance with the study of M.A. Vannice et al. [19]. Therefore, the reaction 

rate and product distribution for citral hydrogenation in this study were presumed to be 

unaffected by crystallite size effects over Pd/AC and Pd/CNF/TiO2 catalysts. 

Finally, we would focus on discussing the effect of internal diffusion limitation for citral 

selective hydrogenation over two catalysts. 

3.3.3 Modeling the internal diffusion limitation in the catalyst (Weisz-Prater Criterion) 

In a first order reaction, the effect of internal diffusion behavior of the reactants could be 

estimated using Weisz-Prater criterion (W-P criterion, NWP), expressed in Equation 3.2. 

Weisz-Prater number (NWP) is particularly useful because it provides a dimensionless number 

containing only observable parameters that can be readily measured or calculated, which was 

discussed in chapter 1. 

effS

P
PW DC

RN
⋅
⋅ℜ

=−

2

                              3.2 

Where b is the initial reaction rate; RP is the catalyst particle radius, Cs is the substrate 

concentration on catalyst surface; Deff is the effective diffusivity of the substrate in the pores 

of the catalyst. 

W-P criterion asserted that if NW-P<0.3, rates for all reactions with an order of 2 or less 

should have negligible mass transfer limitations, while a value for NW-P>6 indicates the 

definite diffusion control. If the W-P criterion gives a non-definitive value in the borderline 

region (between 0.3 and 6), additional calculations can be performed using reactant 

concentrations and rates taken at different reaction times [16]. In order to use the W-P 
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criterion successfully, it is important to accurately determine the effective diffusivity of the 

reactant (Deff) and the initial reaction rate (b) in a given catalyst system. 

Prior to calculation, we made two valid assumptions on citral hydrogenation to simplify 

the computation process:  

I. The intermediate products have the same physical properties as citral. The composition 

of the solution in the pores will change as the citral reacts, but the intermediate products in 

this reaction are similar to citral in molecular size and configuration, so it is assumed that they 

have the similar physical properties. 

II. The physical properties of the liquid phase are essentially unchanged during the 

reaction. The initial concentration of citral in the reaction is calculated to be 2.0 mole percent, 

i.e., the dilute solution, and the products will exist in even smaller concentrations. Therefore, 

the physical properties of the liquid phase are assumed to be unchanged during the reaction, 

which would maintain the effective diffusivity to be constant. 

Seeing that two assumptions mentioned above are reasonable in the practical reactions, 

the W-P criterion calculated using the initial reaction conditions is a satisfactory model to 

estimate the effect of internal diffusion behavior on citral hydrogenation. 

Determining Weisz–Prater criterion to evaluate internal diffusion behavior, is generally 

complicated for complex reactant (or solvent) molecules, because their experimentally 

measured bulk diffusivities (Db) have rarely been reported. In a liquid-phase system, these 

parameters are needed to estimate effective diffusivities (Deff), within the pore structure of the 

catalyst. The calculation of Db need to determine the physical properties of the reactants as 

well as the solvent, including critical volume (Vc), pressure (P), density (�), viscosity (�) and 

vaporization enthalpy (Lvap). Once Db is known, Deff can be estimated. When combining Deff 

with k, and RP, Thiele modulus and Weisz-Prater number allowed to be finally calculated 

based on Equation 3.4 and 3.5. 

Table 3.2 listed some properties of Pd/CNF/TiO2 and commercial Pd/AC, which were 

measured by catalyst characterization including density test, nitrogen adsorption and TEM. 

Table 3.3 gave some physiochemical parameters of the reactants and solvent in the reaction 

system, which might be used in calculation of bulk diffusivities. They were determined with 

the methods derived from some handbooks [21-23].  
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Table 3.3: Physical properties of the reactants and solvent in the reaction system 

Reactants 

and solvent 
r nm  

M 

(g·mol-1) 

� 

(g/cm3) 

Vb 
(a) 

(m3·kmol-1)
	 

Lvap 

(J·kmol-1×107) 

� 

(Pa·s×10-4)

H2 0.12 2  0.0286    

Citral 0.39 152 0.780 0.171 1 (b) 4.55 5.01 (c) 

Isopropanol 0.25 60 0.784 0.081 1 (b) 3.99 5.20 

Note: (a) Tyn-Calus Method, Vb=0.285·Vc
1.048 (Vc: critical volume) 

     (b) The solvent association parameter is taken as 1, since the citral and isopropanol are both 

non-polar. 

 (c) Empirical expression of the viscosity of citral: lg�=509.12· (T-1-3.42×10-3)-3.0 (T: reaction 

temperature, K) 

 

3.3.4 Estimation of the effective diffusivity (Deff) of reactants in Pd/CNF/TiO2 

In citral hydrogenation, there were two diffusing reactants, i.e., citral and hydrogen. They 

have different diffusivities in the reaction system due to their different physical and chemical 

properties. So, it is necessary to calculate the effective diffusivities of each in the liquid-filled 

pores. Based on assumption I mentioned in the section 3.3.3, the intermediates in the pores 

have the same diffusivities as citral. So, the estimation of intrapaticle diffusion in citral 

hydrogenation needs to consider the diffusion behaviors of merely two reactants. 

(1) Diffusivity of H2 in citral / isopropanol binary liquid phase system ( mixtHD ,2
) 

Citral hydrogenation in this work involved binary liquid phase, i.e., the reactant citral 

and the solvent isopropanol, which made the reaction a multi-component diffusion system. 

The diffusivity of H2 in citral / isopropanol ( mixtHD ,2
) can be estimated using Equation 3.3 

[24]: 

( ) ( )
5.0

5.0
,

5.0
,

,
22

2

mixt

x
IPAIPAH

x
citralcitralH

mixtH

IPAcitral DD
D

η
ηη ⋅⋅

=                   3.3 

where citralHD ,2
 or IPAHD ,2

 represents the diffusivity of hydrogen in citral or isopropanol, 

respectively; citralη  and IPAη  represent the viscosities of two liquids, respectively. 

The viscosity of the mixture ( mixtη ) required in equation 3.3 might be computed from the 

relationship in Equation 3.4 [20]  

IPAcitral x
IPA

x
citralmixt ηηη ⋅=                               3.4 
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where xcitral or xIPA is the mole fraction of citral or isopropanol in their mixture. 

According to equation 3.4, mixtHD ,2
 is determined by the diffusivity of H2 in each liquid 

of citral and isopropanol, as well as the viscosity of each liquid. 

Based on the method of Wilke and Chang [25], diffusivity of a dilute gas solute in a 

liquid solvent (D1,2) could be expressed in Equation 3.5: 

6.0
12

216
2,1 101728.1

V
MT

D
⋅

⋅
×= −

η
χ

                        3.5
 

where T is the reaction temperature; 	 is the solvent association parameter; M2 is the 

molecular weight of solvent; �2 is the viscosity of the solvent under the reaction temperature; 

and V1 is the molar volume of the gas solute at normal boiling point. 

In this section, H2 was considered as the diffusing reactant, and the diffusivity of H2 in 

citral or isopropanol can be estimated using Equation 3.5. The physical properties of citral and 

isopropanol (IPA) are listed in Table 3.2. So, the diffusivities of H2 in citral and isopropanol 

were calculated to be 8.6×10-5 cm2/s and 2×10-5 cm2/s, respectively.  

After the calculation of citralHD ,2
 and IPAHD ,2

, the values were introduced in Equation 

3.3. Thus, we solved the diffusivity of H2 in citral / isopropanol binary liquid phase system, 

i.e., mixtHD ,2
=6.34×10-5 cm2/s. 

(2) Diffusivity of citral in citral / isopropanol binary liquid phase system ( mixtcitralD , ) 

In this section, citral is considered to be the diffusing component. As the low mole 

fraction of citral in isopropanol (xcitral= 2 mol %), Equation 3.6, which is applicable to a dilute 

solute (< 10 mol %) in a non-water solvent [26], could be used to estimate the diffusivity of 

citral in binary liquid phase system ( mixtcitralD , ). 

mixtcitralD , �

2/16/1

15
, 104.4 ���

�
���

�
���

�
���

�
×= −

vap
citral

vap
IPA

citral

IPA

IPA
IPAcitral L

L
V
VTD

η
           3.6

 

where T is the reaction temperature; �IPA is the viscosity of the solvent isopropanol under the 

reaction temperature; V is the molar volume of at normal boiling point; Lvap is the enthalpy of 

vaporization at normal boiling point.  

With the values of the parameters in Table 1, the value of Dcitral, mixt was computed to be 

2.46×10-5 cm2/s. 

(3) Effective diffusivity of the reactants in the pores of the catalyst (Deff) 
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In three-phase catalytic system, the reactant molecules diffuse in liquid-filled pores of 

the catalyst. The conventional model of effective diffusivity (Deff) obtained from the bulk 

diffusivity (Db), catalyst porosity (
) and tortuosity (�) was modified by incorporating 

empirical constants [27], as shown in Equation 3.7: 

( )teADD B
beff ⋅⋅⋅⋅= − λ

τ
ε                        3.7 

Here, � is the ratio of the diffusing molecule radius to the average pore radius of the 

catalyst (i.e., rmolecule/rpore); A and B are empirical constants based on the catalyst and the type 

of diffusing molecule. Ternan et al. [28], developed an expression for effective diffusivity 

involving only one empirical constant (P), as shown in Equation 3.8, which simplified the 

calculation greatly. 

( )
λ

λ
⋅+

−⋅=
P

DD beff 1

1 2

                           3.8 

Here, P is a fitting parameter determined individually for catalysts. Based on the report 

of Satterfield [29], the value of P was calculated to be 16.3, which was employed in this study 

to estimate Deff in Pd/CNF/TiO2 and Pd/AC catalyst.  

mixtHD ,2
and mixtCitralD , , calculated in the section 3.4.1 and 3.4.2, were then introduced in 

equation (8) to estimate the effective diffusivities in the pores of two catalysts. 

To calculate the effective diffusivities, structural properties of Pd/CNF/TiO2 and 

commercial formed Pd/AC required were listed in Table 2.  

Through calculation, the effective diffusivity of the hydrogen and citral in the pores of 

Pd/CNF/TiO2 were:  

 Deff/H2=4.59×10-5 cm2/s; Deff/citral =1.03×10-5 cm2/s; 

While in commercial Pd/AC:  

D’eff/H2=2.44×10-5 cm2/s; D’eff/citral =2.89×10-6 cm2/s. 

3.3.5 Estimation of Weisz-Prater criterion on mass transfer limitation over Pd/CNF/TiO2 

(1) Calculation of initial global reaction rate (b) 

Initial global reaction rate (b) on the catalyst could be estimated at the reaction stage of 

approximately 10% citral conversion and expressed in Equation 3.9: 
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cat
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citral m
tM
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ρ                         3.9 

where mcitral, Mcitral, con.% and t are defined as the same as that in the expression of TOF; mcat 
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and �cat are the mass of the catalyst and its bulk density, respectively (Table 3.2). 

Since the parameters in the expression were all known, the maximum initial global 

reaction rate was calculated to be 1.18 �mol/s·cm3 cat for Pd/AC and 0.316 �mol/s·cm3 cat 

for Pd/CNF/TiO2. 

(2) Estimation of Weisz-Prater criterion 

Effective diffusivity (Deff), catalyst particle radius (RP) and Initial global reaction rate (b), 

which are essential to calculate Weisz-Prater number, had all been known in the section 3.3.3 

and 3.3.5. The calculation results of W-P criterion for each reactant were summarized in Table 

3.4. 

Table 3.4: Internal diffusion limitations for citral hydrogenation over Pd/AC and Pd/CNF/TiO2 

Sample Reactant Weisz-Prater number (NWP) 

Pd/AC 
Citral 35.91 

H2 7.4 

Pd/CNF/TiO2 
Citral 0.29 

H2 0.11 

 

The calculating results inferred that in Pd/CNF/TiO2, NW-P for each reactant was less 

than 0.3, which satisfied the condition assuring the elimination of significant internal 

diffusion limitations in citral hydrogenation in isopropanol; However, in Pd/AC, NW-P for each 

reactant was more than 6, which implied the serious internal diffusion limitations of the 

reactants in Pd/AC. It is noted that in each catalytic system, the NW-P number for citral was 

higher than that for hydrogen, indicating a higher probability that the internal diffusion of 

citral, rather than hydrogen, would suppress the rate of reaction. It could be explained by the 

drastic differences in molecular size of hydrogen and citral. Generally, the smaller the 

molecular size of the reactant, the more easily it diffuses inside the catalyst particles. Thus, 

the lower NW-P number of hydrogen, which suggests the less internal diffusion limitation, is 

attributed to its smaller size than that of citral for a same type of catalyst. 

The estimation to internal diffusion limitation in this study explained well the rationality 

of product distributions on citral hydrogenation over Pd/CNF/TiO2 and commercial Pd/AC 

(Figure 3.7). The discrepancy on product distributions is likely to be determined by the 

different structural properties of two catalysts. As shown in Table 3.2, the pores of 

Pd/CNF/TiO2 with the average diameter 11.72 nm are mainly composed of meso- and 

macro-pores. Its micro-pore area occupies only 3.45% of the total surface area. In comparison, 
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there distribute numerous micro-pores in the interior part of Pd/AC with the average diameter 

3.2 nm and micro-pore area occupies approximately 88% of the total. 

3.3.6 Mechanism of citral hydrogenation on Pd/AC and Pd/CNF/TiO2 

The mechanism of the reaction on Pd/AC and Pd/CNF/TiO2 was shown in Figure 3.8. It 

speculated that when the reactants H2 and citral diffused along the apertures in Pd/CNF/TiO2, 

they suffered the less diffusion resistance due to the numerous meso- and macro-pores of the 

catalyst. Once citronellal, the intermediate product, was synthesized in the pores, it desorbed 

from Pd crystal to the solution and easily diffused toward outside of the pores, which made it 

little probability to hydrogenate deeply to citronellol, even 3,7-dimethyloctanol (Figure 

3.8a-3.8b). However, when the reaction took place inside Pd/AC catalyst, citronellal might 

have stayed there for a long time to further hydrogenated to citronellol and 

3,7-dimethyloctanol due to the serious diffusion limitation (Figure 3.8c).  

 

 
Figure 3.8: The process of citral hydrogenation over the catalyst: (a) on external surface of the catalyst; (b) 

in the macro- and mesopores; (c) in the micropores 
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3.4 Conclusions 

The catalytic properties over macro-structured Pd/CNF/TiO2 and Pd/AC for citral 

hydrogenation were estimated in calculation. The comparatively lower reaction rate over 

Pd/CNF/TiO2 than that over Pd/AC was attributed to its low Pd dispersion. Weisz-Prater 

criterion were employed to estimate the internal diffusion limitations of reactants in the 

catalyst. The calculating results inferred the absence of internal diffusion limitations in 

Pd/CNF/TiO2. It proved the rationality of high citronellal selectivity in citral hydrogenation 

over it. Meso- and macro-pores, the dominant structures of apertures in Pd/CNF/TiO2, 

resulted in the elimination of internal diffusion limitation in the catalyst. These results showed 

that CNF/TiO2, an effective catalyst support, has a potential application in three phase 

catalytic reactions, especially those controlled by internal diffusion.  

Nomenclature 

Cs     concentration on catalyst surface, mol/cm3 

Db     bulk diffusivity, m2/s 

Deff effective diffusivity in the pores of the catalyst, m2/s 

k  reaction rate constant, h-1 

Lvap enthalpy of vaporization at normal boiling point, J/kmol 

M     molecular weight, g/mol 

m the mass of the reactant, solvent, or the catalyst, g 

N the number of hydrogenation active sites, mol/g cat 

n0  the initial mole amount of reactants, mol 

P the fitting parameter in the expression of effective diffusivity 

� density of the material, g/cm3 

RP the catalyst particle radius, cm 

r molecular radius or the average pore radius of the catalyst, nm 

t reaction time, s 

� the ratio of molecular radius to average pore radius of the catalyst, rmolecule/rpore 

V     molar volume at normal boiling point, m3/kmol 

x mole fraction of component in the solution, mol % 

	 solvent association parameter 

A Thiele modulus 
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� viscosity of the liquid or the solution, Pa·s 

� porosity of the catalyst 
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Chapter 4  
 

Carbon Nanofibers Grown on Anatase Washcoated Cordierite 

Monolith and its Supported Palladium Catalyst for Cinnamaldehyde 

Hydrogenation 

 

Abstract 
This chapter reported the synthesis of a promising carbon nanofiber-titania-cordierite 

monolith composite, i.e. CNF/TiO2/monolith, and its application as the catalyst support in 

selectivity hydrogenation of cinnamaldehyde (CAL) to hydrocinnamic aldehyde (HCAL). The 

composite was synthesized through TiO2 coating on the surface of the monolith and the 

following CNF growth on it. Synthesized CNF/TiO2/monolith was subsequently employed to 

prepare its supported palladium catalysts, Pd/CNF/TiO2/monolith. Attachment strength and 

acid-resistant properties of the composite had been studied to evaluate its structural stability 

in some severe conditions. And the effects of supported Pd particles, oxygen-containing 

surface groups and internal diffusion limitation on catalytic performance over 

Pd/CNF/TiO2/monolith were further studied. Results revealed that total BET surface area of 

the composite was 31 m2/g and the macro- and mesopore structure dominated the pore space 

of the material (about 93%). Meanwhile, 94% of the carbon deposit on the surface of the 

composite was CNF. TiO2 and CNF coating was deemed to increase its textural and 

acid-resistant properties. Although relatively slow reaction rate over as-prepared 

Pd/CNF/TiO2/monolith-R due to its small BET surface area and low Pd dispersion (about 

15%), the selectivity to HCAL maintained high  (about 90%) over it at 95% CAL conversion, 

the same as that over powdered Pd/CNF (about 93%), being much higher than that over 

Pd/AC (about 45%), Pd/MC and Pd/CNF/TiO2/monolith-O (each about 82%). This was 

attributed to the removal of acidic oxygen-containing surface groups and the elimination of 

internal diffusion limitation on Pd/CNF/TiO2/monolith-R.  

 

This part of work has been published as Research Article: J. Zhu, Y. Jia, M. Li, M. Lu, J. Zhu, 
Ind. Eng. Chem. Res. 52 (2013) 1224-1233. 
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4.1 Introduction 

Selective hydrogenation is one of the key processes in pharmaceutical and cosmetic 

industries. With the ever increasing demand for special chemicals, selective hydrogenations 

of �,�-unsaturated aldehydes become one of the current challenges to be tackled both from the 

fundamental and from the industrial standpoints [1]. Cinnamaldehyde (CAL), a typical 

�,�-unsaturated aldehyde, possesses two sites of hydrogenation: a carbonyl group (C=O) and 

a conjugate double bond (C=C), which leads to a complex reaction network of CAL selective 

hydrogenation involving two parallel reactions (Figure 4.1). Specifically, cinnamaldehyde can 

be initially hydrogenated to cinnamyl alcohol (COL) and hydrocinnamic aldeyde (HCAL), 

depending on whether the C=C double bond is hydrogenated or the C=O bond. Both 

intermediates are further hydrogenated to hydrocinnamic alcohol (HCOL), even 

1-propylbenzene (1-PB) as the final product [2-4]. The performance of the hydrogenation 

reactions, especially the product selectivity, is significantly influenced by several factors 

including metal particle size [5-7], nature of the support [8-10], presence of promoters [11, 12] 

and reaction solvent [13, 14].  

 
Figure 4.1: Consecutive reaction routes of cinnamaldehyde hydrogenation. 

 

For this reason, many attempts have been made to promote the selectivity to different 

intermediates by taking advantage of some novel catalysts or catalytic systems. For example, 

Galletti et al. [15] synthesized Pd/�-Al2O3 nanocatalysts using a simple and environmentally 

friendly microwave-assisted process. These new supported palladium nanocatalysts have 

shown interesting catalytic performances in terms of both activity and selectivity when 
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employed in CAL hydrogenation to HCAL in decalin, reaching from high to complete 

substrate conversions and selectivity up to 97% in HCAL at complete substrate conversion.  

Recently, a new group of carbonaceous materials, carbon nanotube (CNT) and nanofiber 

(CNF), abbreviation as CNF(T), showed potential applications in various fields of materials 

research including catalysis, owing to their exceptional physical and chemical properties 

[16-18]. The use of CNF(T) as catalyst support is inspired by the unique properties of these 

materials including their unique structure-dependent optical, resistance to strong acids and 

bases, and high mechanical flexibility and strength, as well as improved carbon–metal 

interactions that have been found to enhance catalytic performance [19, 20]. In addition, they 

can form aggregates with high surface areas and pore volumes without micro porosity, which 

will prefer to improve product selectivity in selective hydrogenation. Zhang et al. [20] 

reported a striking enhancement of catalytic performance of gold nanoparticles (NPs) 

supported on CNTs for CAL hydrogenation in toluene and the results showed that the 

selectivity to HCAL was up to 91% at 95% CAL conversions.  

Although owning some advantages mentioned above, CNF(T) in powder form suffer 

from some drawbacks for slurry phase operation. Obviously, the agglomeration of the 

nanofibers and the difficulty of filtration can adversely impact catalytic processes. In addition, 

CNF(T) powders are difficult to use directly in fixed-bed reactors due to a high pressure drop. 

Therefore, many studies on macro-structured CNF(T) and their prepared catalysts have been 

launched [21], for the purpose of resolving the disadvantages of the powdered catalysts 

employed in catalytic reactors, especially in fixed-bed ones. Some formed supports, including 

graphite felt [22], metallic filters and foams [23-25], can be employed to immobilize CNF(T) 

to develop the macro-structured CNF(T) supports. Ceramic monolith is another promising 

candidate as well. 

Cordierite monolith, a formed industrial ceramics with the shape of honeycomb (Figure 

4.2a), is widely used in new reactor applications such as chemical processing, refining 

industries, and catalytic combustion [26-28]. It has some distinct advantages including better 

mechanical strength, lower heat transfer capacity and lower thermal expansion coefficients 

[29]. Macro-porous structure, another feature of the monolith, will be in favor of selective 

hydrogenation by eliminating internal diffusion limitation in the reaction. However, both the 

low specific surface area of cordierite monolith (<1 m2/g) and weak metal-support 

interactions limit its application as the catalyst support. Therefore, a layer of coating with high 

specific surface area is usually synthesized in the process of the catalyst preparation to cover 
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the surface of monolith to increase its effective surface area, thereafter improving the metal 

dispersion on it. In early works of Chen et al. [30], Lefferts et al. [31] and Monzón et al. [32], 

CNF(T) washcoated cordierite monoliths were synthesized with different methods. Notably, 

�-zeolite or �-alumina layer is often used to cover the bare monolith prior to the growth of 

CNF(T) in order to supply sufficient number of cationic exchange sites to anchor the metallic 

particles responsible for the CNF (T) formation. Furthermore, Wang et al. [33] and 

Pérez-Cadenas et al. [34] synthesized ruthenium and palladium catalysts supported on CNF(T) 

washcoated monolith for the synthesis of ammonia and low-temperature combustion of BTX, 

respectively. The as-prepared catalysts displayed the excellent catalytic performance on target 

reactions. 

In this chapter, we developed a novel CNF washcoated cordierite monolith. A layer of 

TiO2 film, synthesized by a sol-gel route, was deposited over the bare monolith prior to the 

growth of CNF. The as-prepared macro-structured composite was named CNF/TiO2/monolith. 

TiO2, not �-zeolite or �-alumina, was chosen to cover the monolith in composite preparation 

because it possesses several prominent advantages including the high chemical resistance to 

make the TiO2-coated monolith utilize in highly acidic or basic medium, as well as its 

preferable electronic properties to help to improve the product selectivity in reactions [35, 36]. 

The catalytic behavior of Pd catalyst supported on CNF/TiO2/monolith 

(Pd/CNF/TiO2/monolith) was studied in selective hydrogenation of CAL to HCAL. The 

results were compared with those supported on formed activated carbon (Pd/AC), 

meso-porous carbon (Pd/MC) and the powdered carbon nanofiber (Pd/CNF). The possible 

formation mechanism of hydrogenation products was also discussed. 

4.2 Experimental 

4.2.1 Synthesis of CNF/TiO2/monolith composite 

The cylindrical cordierite monolithic substrates (length 2 cm, diameter 1 cm) had square 

channels, a cell density of 62 cells/cm2 (400 cpsi) and a wall thickness of 0.18 mm (Nanjing 

Gaochun special ceramic company), as shown in Figure 4.2a. It was firstly coated with TiO2 

layer using a dip coating method [37]. In this case, cordierite monolith was impregnated with 

2.0 wt. % tetrabutyl titanate / ethanol (A.R, Sinopharm, China) colloid. After withdrawal from 

the colloid 10 min later, excess liquid in the monolithic channels was removed with 
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pressurized air and then dried overnight in air at 393 K. Once they were calcined at 773 K for 

3 h with a heating rate of 2.0 K/min in order to avoid cracks, TiO2/monolith was obtained.  

  
Figure 4.2: The profile of the materials: (a) cordierite monolith; (b) CNF/TiO2/monolith composite. 

 

For CNF coating, Ni was deposited by equilibrium impregnation of TiO2/monolith 

supports with an aqueous solution of Ni(NO3)2·6H2O (A.R, Sinopharm, China), in which the 

nickel loading was kept fixed at 4.0 wt.%. The samples were dried overnight at 393 K prior to 

calcination at 773 K for 2 h. After they were reduced in the tube at 873 K in a stream of N2 / 

H2 (80:20) (99.999%, Wuxi Tianhong, China) for 2 h, methane (99.999%, Wuxi Tianhong, 

China) was then passed through the tube to decompose at 873 K for 4 h. After refluxing in 20 

wt.% HNO3 at 393 K for 60 min to remove exposed nickel metal particles and create 

anchoring sites for metal deposition, the composite support CNF/TiO2/monolith were finally 

synthesized.  

4.2.2 Characterizations of CNF/TiO2/monolith composite 

CNF/TiO2/monolith composite was characterized to test the textural and structural 

properties. X-ray powder diffraction data were collected on Rigaku D/max 2500 

diffractometer using CuKa (40 kV, 40 mA) radiation and a graphite monochromator. Nitrogen 

adsorption-desorption measurements were carried out with Micromeritics ASAP 2010 

apparatus. Surface morphology and element distributions on the materials were recorded 

using a JEOL JSM-6360 LA scanning electron microscope - energy dispersive spectrometer 

(SEM-EDS). The morphologies and the properties of the metal particles on catalysts were 

obtained with JEM-2100 transmission electron microscopy (TEM). Thermogravimetric (TGA) 

and differential thermal (DTA) analysis were performed using a TA SDT Q600 instrument. 

The attachment strength of the nanofibers anchoring to the monolith was evaluated by 

monitoring the weight loss after treatment in an ultrasonic bath for 60 min. The acid-resistant 
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property of the composite was tested by refluxing bare monolith and CNF/TiO2/monolith in 

20 wt.% HNO3 for 180 min and then calculating the weight loss of samples.  

4.2.3 Preparation of CNF/TiO2/monolith, MC and CNF supported Pd catalysts 

0.5 wt.% of Pd catalyst was prepared by impregnation method. Specifically, the support 

CNF/TiO2/monolith, which had been synthesized in the section 2.1, were impregnated 

into an aqueous solution of PdCl2 (Pd�59%, Sinopharm, China) and stirred continuously for 6 

h. The samples were then dried overnight at 393 K and stored in a desiccator. Finally, the 

catalysts were reduced in a quartz tube at 493 K for 2 h. The catalysts prepared were named 

Pd/CNF/TiO2/monolith-O. It could be further treated in N2 at 773 K for 120 min to remove 

part of the surface oxides. The as-prepared sample was named Pd/CNF/TiO2/monolith-R. 0.5 

wt.% Pd/MC and Pd/CNF were synthesized through the same procedure as 

Pd/CNF/TiO2/monolith-R did. In detail, MC (200 mesh, Changzhou Mesocarbon Co., China) 

and CNF (diameter in a range of 20-40 nm, Chengdu Organic chemical, China) supports were 

previously treated by refluxing in 20 wt.% HNO3 at 393 K for 60 min prior to the preparation 

of Pd/MC and Pd/CNF and the as-prepared catalysts were then treated in N2 at 773 K for 120 

min.  

4.2.4 Catalytic performance of Pd/CNF/TiO2/monolith 

The catalytic performance on Pd/CNF/TiO2/monolith was evaluated in selective 

hydrogenation of CAL to HCAL, and the result was compared to that of Pd/MC, Pd/CNF and 

a commercial Pd catalyst supported on formed activated carbon, i.e. Pd/AC (0.5 wt% Pd 

loading, irregular particles, ��3 mm, 810 m2/g, Sinopec Yangzi, China). The experiments for 

revealing the intrinsic hydrogenation kinetics were carried out in a 500 ml pressurized 

autoclave. Formed catalysts were placed in the baskets, which were fixed in the axle of the 

stirrer and the channel of monolith was parallel to the rotation direction of the stirrer (Figure 

4.3). By dispersing approximately 5.0 g of the catalysts into 250 g toluene (A.R, Sinopharm, 

China) solution of CAL (A.R, Sinopharm, China) at the concentration of 5.0 wt.%, the 

autoclave was sufficiently flushed with nitrogen flow and the following hydrogen to remove 

dissolved oxygen. The reaction was commenced by switching on the stirring to 800 rpm, 

which was verified to be sufficient to exclude external diffusion. The experiments were 

conducted at 353 K and 2 MPa total pressure, which was maintained by continuously 

injecting hydrogen into the reactor. Small amounts of reaction samples were withdrawn from 

the reactor at different reaction times and analyzed by gas chromatography (VARIAN CP3800) 

equipped with a FID detector and capillary column HP-5 using nitrogen as carrier gas.  
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Figure 4.3: Scheme of the reaction setup. 

 

4.3 Results and discussion 

4.3.1 Textural and structural properties of CNF/TiO2/monolith composite 

(1) Surface morphological and elemental distribution analysis 

As described in the section 4.2.1, CNF/TiO2/monolith composite was synthesized by two 

stages: the coating of TiO2 film over the monolith by dip coating method and then the growth 

of carbon nanofibers on TiO2/monolith through methane decomposition. The obtained 

CNF/TiO2/monolith (Figure 4.2b) maintained the same profile as the bare monolith (Figure 

4.2a) and the carbon deposited evenly on its surface, which implied that the modification to 

the monolith in this work did not damage the main structure of it. This would favor the 

following preparation of macro-structured catalyst.  

Further analysis on SEM images of monolith-based materials discovered that, TiO2 

coating, the bridge between monolith and carbon nanofibers, covered the whole surface of the 

base material (Figure 4.4a-4.4b). This smooth and dense film was expected to play the 

important roles on the textural and acid-resistant properties of the final composite. And after 

methane decomposition over TiO2/monolith, surface of the composite covered a significant 

amount of CNFs with diameters of 30-60 nm (Figure 4.4c-4.4d). They intertwined each other 

to form pore structures. Compared with bare monolith (sample 1#, Table 4.2), carbon content 

on the surface of the composite accounted for more than 83 wt.% (sample 2#, Table 4.2), 

which implied the overwhelming carbon covering the monolith and be in accordance with the 

result of SEM images of the composite. CNFs, which covered the surface of the monolith, not 
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only supplied most of the BET surface area of the composite, but also determined the surface 

textural property of it.  

    

    

      

Figure 4.4: SEM images of the surfaces of materials: (a) bare cordierite monolith; (b) TiO2/monolith 

composite; (c) CNF/TiO2/monolith with low magnification (×5000); (d) CNF/TiO2/monolith with high 

magnification (×30000); (e) CNF/TiO2/monolith after acid corrosion test. 

 

(2) Nitrogen adsorption-desorption analysis 

Textural properties of monolith-based materials including total surface area, micropore 

area and average pore size could be analyzed by nitrogen adsorption-desorption 

measurements. Generally, the coating of TiO2 and the following growth of carbon nanofibers 

on cordierite monolith could cause a significant increase in BET surface area (Table 4.1). 
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Specifically, CNF/TiO2/monolith had the BET surface area as high as 31 m2/g in this work, 

which was much larger than 0.60 m2/g of bare monolith. According to the weight increase 

before and after methane decomposition over TiO2/monolith (about 19 wt.%), the BET 

surface area per gram CNF was calculated to be approximate 160 m2, in accordance with that 

of commercial powdered CNF.  

 

Table 4.1 Physicochemical properties of the materials and their supported palladium catalysts 

Sample 

Carbon 

deposit 

in the 

monolith 

(wt. %) a  

Total BET 

Surface 

Area 

(m2/g) 

Micropor

e Area 

(m2/g) 

Average 

Pore size 

(nm) 

Actual 

Pd 

loading 

(wt%) b 

Average 

Pd size 

(nm) 

Pd 

dispersio

n (%) c 

Bare monolith - 0.6 - 10.1 - - - 

TiO2/monolith - 3 - 8.7 - - - 

CNF/TiO2/monolith 18.7 31 2 12.8 - - - 

Pd/CNF/TiO2/monol

ith-O d 
- 28 2 11.3 0.48 7.8 16 

Pd/CNF/TiO2/monol

ith-R e 
- 29 2 10.7 0.45 8.2 15 

Commercial Pd/AC - 810 720 2.1 0.50 2.8 43 

Pd/MC f - 670 126 4.9 0.48 3.5 35 

Pd/CNF f - 180 10 6.1 0.52 5.6 22 

Note: (a) calculated by the weight increase after methane decomposition; 

(b) Determined with ICP-AES; 

(c) Based on the hemispherical model of metal particles on surface of the catalyst. 

(d) Composite refluxing in 20 wt% HNO3 at 393 K for 60 min prior to the preparation of supported 

Pd catalyst; 

(e) Prepared by heat-treating Pd/CNF/TiO2/monolith-O in N2 at 773 K for 120 min; 

(f) MC and CNF refluxing in 20 wt% HNO3 at 393 K for 60 min prior to the preparation of their 

supported Pd catalysts and as-prepared catalysts then heat-treating in N2 at 773 K for 120 min. 

 

Furthermore, the micropore area and average pore size of CNF/TiO2/monolith was about 

2 m2/g and 12.8 nm, respectively (Table 4.1). Therefore, it can be inferred that 93% of its pore 

space consisted of meso- and macropores, which will benefit the decrease of internal diffusion 

limitation during multiphase catalytic reactions. And after Pd loading, Pd/CNF/TiO2/monolith 
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catalyst holding the similar textural properties as CNF/TiO2/monolith did (Table 4.1) 

indicated the high material stability of prepared composite.  

(3) Thermogravimetric analysis 

Since the oxidation temperature of carbon is in a range of 573K to 973K, 

thermogravimetric analysis could been conducted to determine the percentage of carbon 

deposited on the surface of monolith, as well as its structural properties. The result was shown 

in Figure 4.5.  

  

(a)                                      (b) 

Figure 4.5: TG and DTG curves of materials including TiO2/monolith (a) and CNF/TiO2/monolith (b). 

 

The total weight loss of CNF/TiO2/monolith in temperature range from 573K to 973K 

was about 17 wt.% (Figure 4.5b), as calculated from TG curve, being near to that of weight 

increase in the monolith (about 19 wt.%, Table 1). Noted that TiO2/monolith before carbon 

deposition had no obvious weight loss (< 0.2 wt.%) at the same temperature range as 

CNF/TiO2/monolith did (Figure 4.5a), which implied that the weight loss in 

CNF/TiO2/monolith mainly derived from the carbon deposited on its surface. Herein, carbon 

content on the monolith accounted for about 17 wt.% of the total weight of the composite 

after methane decomposition.  

In addition, amorphous carbon and graphite carbon have their own characteristic 

oxidation temperatures. A higher oxidation temperature always indicates a purer and less 

defective material. The oxidation temperature of amorphous carbon is relatively low, i.e., in a 

range of 573 to 673 K, while that of graphite carbon is ranging from 673 to 973 K [38]. 

Therefore, the structure of carbon deposits can be well estimated from the DTG curve. 

Particularly, it can be inferred from the TG curve in Figure 3b that over 97 wt.% weight loss 

occurred between 673 K and 973 K with the DTG peak at 938 K while only a little weight 
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loss occurred between 573 K and 673 K. Therefore, it is reasonable to conclude that about 97 

wt.% carbon produced by methane decomposition are graphite. It should be noted that CNF 

has the graphite structure [39]. Combining the SEM images of the composite surface (Figure 

4.4c-4.4d) with thermogravimetric analysis, we supposed that the graphite covering the 

surface of the composite was mainly CNF. 

(4) XRD analysis 

The structure of CNF/TiO2/monolith was further analyzed using XRD. Compared with 

the cordierite (Figure 4.6a), the XRD spectrum of CNF/TiO2/monolith (Figure 4.6e) showed 

the evident characteristic peak of graphite (002) at 2� (26.38°), in accordance with that of 

commercial powdered CNF (Figure 4.6d), indicating the dominant CNF deposit on the 

surface of monolith after methane decomposition. However, the spread peaks of XRD 

spectrum at 2� (20°-30°) in both MC and AC (Figure 4.6b-4.6c) implied their 

microcrystalline structures or the blend of crystalline and amorphous structures. The 

difference in crystal formation among these carbon supports will affect the textural and 

electronic properties of their supported catalyst, which are important factors in evaluating 

catalytic performance. 

According to the mathematical model in reference [40], graphitization factor (G) is 

related to the crystal plane spacing distance of graphite (002) (d002) via the Equation 4.1:  

G= (0.344-d002)/(0.344-0.3354)                          4.1 

in which 0.344 and 0.3354 nm is the crystal plane spacing distance of non-graphite and ideal 

graphite, respectively. 

The d002 of carbon deposits determined from XRD spectrum was 0.3359 nm with a 

graphitization degree of 94%, which coincided with that of thermogravimetric analysis.  

Meanwhile, the characteristic peaks of anatase at 2� (25.30°, 36.96°, 37.76°, 48.02°) also 

indicated that tetrabutyl titanate sol covering the surface of cordierite monolith was 

decomposed to anatase in calcination, which would help to improve the product selectivity in 

catalysis due to its excellent electronic properties. 
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Figure 4.6: XRD pattern of materials including cordierite (a), formed activated carbon (b), mesoporous 

carbon (c), carbon nanofiber (d) and CNF/TiO2/monolith (e): � Anatase; � Graphite (002). 

 

4.3.2 Attachment strength and acid-resistant properties of CNF/TiO2/monolith 

composite 

Since a catalyst often needs to stand some severe reaction conditions including strong 

shearing force and highly acidic or basic medium, it is essential for a catalyst support to 

maintain its structural stability in those surroundings. In this work, attachment strength of 

CNF anchoring to the monolith and acid-resistant property of the composite had been studied 

to evaluate its structural stability. 
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Based on Table 4.2, the weight loss of the composite (sample 3#) after 60 min treatment 

in the ultrasonic bath was only 1.4 wt.% of the total, and the carbon composition in the 

monolith decreased from 83.42 wt.% (sample 2#) to 81.35 wt.%, which implied the removal 

of a little bit unsolidified CNFs or amorphous carbon particles on the composite. This 

confirmed the strong anchoring of the CNFs to the monolith.  

 

Table 4.2 Average surface element distributions on cordierite monolith materials before and after the tests 

of CNF attachment strength and acid corrosion 

Samples 

Weight loss 

after treatment 

(wt. %) 

Surface element distribution (wt. %) a 

C Ti O Al Si Mg 

Original samples        

1#  Bare monolith - - 0.54 45.13 16.93 27.06 6.86 

2#  CNF/TiO2/monolith - 83.42 7.25 6.92 0.86 1.13 0.21 

        

Samples after CNF attachment 

strength test b 
       

3#  CNF/TiO2/monolith 1.4 81.35 8.23 7.86 0.94 1.29 0.31 

        

Samples after acid erosion test c        

4#  Bare monolith 9.2 - - 46.64 4.97 46.18 2.13 

5#  CNF/TiO2/monolith 1.9 79.72 7.64 10.24 0.73 1.39 0.20 

Note: (a) measured by scanning electron microscope - energy dispersive spectrometer (SEM-EDS). 

(b) samples treated in an ultrasonic bath for 60 min to test the attachment strength of CNFs anchoring 

to the monolith; 

(c) samples treated in boiling HNO3 solution (20 wt%) for 180 min to test the resistance to acid 

erosion; 

 

The chemical composition of the cordierite (2MgO·2Al2O3·5SiO2) determines its weak 

resistance to the acid, which restrict its application in the reaction involving acidic substances. 

For example, the weight loss of the bare monolith (sample 4#) after refluxing in boiling HNO3 

solution (20 wt%) for 180 min was up to 9.2 wt.% of the total, and some MgO and Al2O3 

compositions in the monolith had been removed due to acid corrosion. Surface elemental 

distribution further indicated that the content of Mg on the surface of bare monolith greatly 
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decreased from 6.86 wt.% to 2.13 wt.% and the content of Al from 16.93 wt.% to 4.97 wt.%, 

which caused the increase of Si content in final on the surface of monolith.  

In contrast, after TiO2 coating and CNF deposit, the as-prepared CNF/TiO2/monolith 

composite exhibited the high acid-resistant property. Specifically, the composite (sample 5#) 

had the little weight loss (only 1.9 wt. %), far below that of the bare monolith (sample 4#). 

Meanwhile, the structures of CNFs after HNO3 treatment were partly collapsed but kept 

integrity relatively (Figure 4.4e).The strong acid resistance of CNF/TiO2/monolith was 

attributed to the dense TiO2 and CNF coating on the surface of monolith, which protected it 

from the acid corrosion. Noted that the weight ratio of oxygen to carbon (O/C) on the surface 

of CNF/TiO2/monolith after acid corrosion increased from 0.083 to 0.128 (Table 4.1), which 

inferred the formation of some oxygen-containing surface groups such as carbonyl groups 

(-C=O) and carboxyl ones (-COOH) due to HNO3 oxidation. 

In conclusion, the analysis to the composite indicated that the carbon deposit on the 

surface of the monolith was mainly composed of CNF and the macro- and mesopore 

structures dominated the pore space of the material, which was highly conducive to the 

elimination of internal diffusion limitation in catalytic reactions. Meanwhile, the solid and 

stable structure of the composite also made it suitable as the catalyst support in some severe 

reaction conditions. 

4.3.3 Catalytic performance of Pd catalyst supported on CNF/TiO2/monolith 

(1) Effect of supported Pd particles 

As one of the most important factors in catalysis, the properties of metal particles, 

including crystallite size and surface metal sites, will take great effects on catalytic activity. In 

this work, the sizes and dispersions of palladium particles on catalysts could be obtained in 

TEM images (Figure 4.7) and summarized in Table 1. Specifically, palladium particles in 

Pd/AC possessed the smallest size (average 2.8 nm) of four employed catalysts, and the 

largest in Pd/CNF/TiO2/monolith (average 8.1 nm). Based on the hemispherical model of 

metal particles on surface of the catalyst, palladium dispersions on Pd/AC, Pd/MC, Pd/CNF 

and Pd/CNF/TiO2/monolith-O(R) were calculated to be 43%, 35%, 22% and 16% (15%), 

respectively.  

Moreover, based on Pd loadings and dispersions (Table 4.1), the molar number of 

surface Pd sites (NPd) was further calculated to be 20.4 �mol/g·cat (Pd/AC), 16.3 �mol/g·cat 

(Pd/MC), 10.2 �mol/g·cat (Pd/CNF) and about 7.3 (7.1) �mol/g·cat 

(Pd/CNF/TiO2/monolith-O(R)), respectively. High palladium dispersion on Pd/AC due to its 
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large BET surface area (810 m2/g), as shown in Table 4.1, led to more surface Pd sites on 

Pd/AC. This was the main reason to obtain the comparatively higher reaction rate over Pd/AC 

than that over other employed catalysts. For example, CAL conversion over Pd/AC was 95% 

after 180 min, while it took nearly 600 min for Pd/CNF/TiO2/monolith, more than threefold 

time of the former catalyst, to reach the same conversion (Figure 4.8).  

 

   

   

Figure 4.7: TEM images of Pd catalysts: (a) Pd/MC; (b) Pd/CNF; (c) Pd/AC; (d) Pd/CNF/TiO2/monolith-R 

 

The concept of initial turnover frequency (TOF) for the catalyst was employed here to 

estimate the crystallite size effect on the kinetics in catalysis. It might be calculated using 

Equation 4.2 at CAL conversion of approximately 10% in order to get the intrinsic kinetic 

data. 

( ) 1.% −×���

�
���

�
×

×
= Pd

CAL

CAL N
tM

conmTOF                        4.2 

Where mCALand MCAL are the mass of CAL and its molecular weight, respectively; con.% and 

t are the initial citral conversion and the reaction time (Figure 6) , respectively; And NPd is the 

molar number of surface Pd sites. 
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Figure 4.8: Cinnamaldehyde conversion versus reaction time in cinnamaldehyde hydrogenation over 0.5 

wt% Pd/AC (×), 0.5 wt% Pd/CNF (
), 0.5 wt% Pd/MC (�), 0.5 wt% Pd/CNF/TiO2/monolith-R (�) and 

0.5 wt% Pd/CNF/TiO2/monolith-O (�). 

 

Therefore, the initial TOFs were calculated from the curves of Figure 6 to be 0.25 s-1 for 

Pd/AC, 0.23 s-1 for Pd/MC, 0.20 s-1 for Pd/CNF, 0.16 s-1 for Pd/CNF/TiO2/monolith-O and 

0.21 s-1 for Pd/CNF/TiO2/monolith-R, respectively. Considered the similar surface O/C 

weight ratios of Pd/MC, Pd/CNF and Pd/CNF/TiO2/monolith-R, the similar initial TOFs in 

three catalytic systems implied that Pd particle size is not expected to have a significant 

influence on the differences in the kinetics among the catalysts. 

However, Pd particle size did affect the product distribution in the reaction. According to 

Figure 4.9, selectivity to COL in Pd/CNF/TiO2/monolith-R maintained nearly 8.0 % at CAL 

conversion of 20 %; while that in Pd/MC and Pd/CNF only approximately 4.0 % and 5.5 % at 

the same conversion. Since little deep hydrogenation of COL to HCOL in three catalysts at 20% 

conversion, the difference of COL distribution in Pd/MC, Pd/CNF and 

Pd/CNF/TiO2/monolith-R was ascribed to Pd particle size effect. The result was in 

accordance with the study of Gallezot et al. [41] and Chizari et al. [42] Particle size effect 

asserts that an increase of metal particle size, especially larger than 2-3 nm, favors the 

selectivity to COL and this trend can be attributed to a steric effect whereby the planar CAL 

molecule can not adsorb parallel to a flat metal surface because of the steric repulsion of the 

aromatic ring. By tilting away from the metal surface, the CAL molecule facilitates end-on 

adsorption and the C=C bond is protected and hence the selectivity to COL is improved.  

(2) Effect of oxygen-containing surface groups 
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Energy Dispersive Spectrometer (EDS) measurements were done to establish the amount 

of oxygen on the surface of the catalysts. Table 4.3 gave the O/C weight ratios of five 

employed catalysts. Results showed that, O/C weight ratio on the surface of the commercial 

Pd/AC obtained the highest value (0.11) in the catalysts, which implied the existence of 

amount of oxygen-containing groups on its surface. 

 

Table 4.3 Average surface element distribution of oxygen and carbon on the catalysts 

Sample 
Surface element distribution (wt. %) O/C weight ratio 

(wt./wt.) 
C O 

Pd/CNF/TiO2/monolith-O 80.69 8.23 0.10 

Pd/CNF/TiO2/monolith-R 82.86 4.86 0.06 

Pd/AC 88.06 9.90 0.11 

Pd/MC 96.14 2.23 0.02 

Pd/CNF 94.79 2.56 0.03 

 

However, the heat-treating in Nitrogen at 773 K could eliminate most of acidic 

oxygen-containing groups from the surface. The fact that O/C weight ratio of 

Pd/CNF/TiO2/monolith after heat-treating decreased much from 0.10 to 0.06 (Table 3) proved 

the efficiency of this treatment. It is well established that when oxygen-containing groups on 

a carbon support are heated under inert atmosphere, almost acidic oxygen-containing groups 

including carboxyl and carbonyl groups completely decomposed at 973 K [43, 44]. 

Meanwhile, upon heating under inert atmosphere, some sintering occurred because the 

average particle size of Pd/CNF/TiO2/monolith became slightly larger after heating at 773 K 

(Table 1). Nevertheless, the sintering was very limited, which implied the high 

thermostability of the catalyst. It should be noted that part of oxygen present on 

Pd/CNF/TiO2/monolith surface derived from TiO2, rather than acidic groups produced from 

HNO3 oxidization. This part of oxygen was hard to remove by heat-treating in nitrogen, 

which led to comparatively higher O/C value than that on the surface of Pd/MC (0.02) and 

Pd/CNF (0.03). 

Oxygen-containing surface groups had some influence on CAL selective hydrogenation 

including its reaction rate and product distribution. To begin with, as mentioned in section 

3.3(1), initial TOF was calculated to be 0.21 s-1 for Pd/CNF/TiO2/monolith-R, larger than that 
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for Pd/CNF/TiO2/monolith-O (0.16 s-1), which indicated the increase in activity after the 

removal of oxygen-containing surface groups. 

In addition, Figure 4.9 showed that selectivity to HCAL in Pd/CNF/TiO2/monolith-R 

maintained beyond 90 % at CAL conversion of 90 % and that to COL lower than 8%; In 

contrast, Pd/CNF/TiO2/monolith-O obtained comparatively high COL selectivity (more than 

13%) at the same conversion. In view of the same textural properties and particle sizes of two 

catalysts, the change in COL selectivity was related to the amount of oxygen-containing 

surface groups. Pd/MC and Pd/CNF, the other two catalysts with low O/C weight ratio, had 

the same trend in COL selectivity as Pd/CNF/TiO2/monolith-R did.  

The experiment results relating to the influence of oxygen-containing surface groups on 

product distribution were consistent with those reported by Toebes M. L., et al [9]. It is 

possibly explained by the changing modes of adsorption on carbon support. After the 

heat-treating in nitrogen, the carbon surface changed gradually from polar to non-polar due to 

the removal of the oxygen-containing surface groups. This change in polarity can alter the 

preferential adsorption mode of CAL and, thus, a shift in selectivity. Specifically, Non-polar 

surface is in favor of the adsorption of aromatic ring, which facilitate the hydrogenation of 

C=C bond and hence the selectivity to COL decrease, vice versa. Equally, the high surface 

oxygen content on commercial Pd/AC was very likely to lead to comparatively high COL 

selectivity (more than 7%) at the beginning of the reaction when excluding its effect of 

particle size (< 3 nm). 
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Figure 4.9: Product distribution versus conversion in cinnamaldehyde hydrogenation over 0.5 wt% Pd 

catalysts including Pd/AC (a), Pd/CNF (b), Pd/MC (c), Pd/CNF/TiO2/monolith-O (d) and 

Pd/CNF/TiO2/monolith-R (e): � HCAL, × COL, � HCOL and � 1-PB.  

 

(3) Effect of mass transfer limitation 

Based on product distributions in CAL hydrogenation over five catalysts, Pd/CNF and 

Pd/CNF/TiO2/monolith-R showed the higher selectivity to HCAL than that over other three 

catalysts (Figure 4.9). Particularly, at CAL conversion of 95%, HCAL selectivity over 
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Pd/CNF and Pd/CNF/TiO2/monolith-R were as high as 93% and 90%, respectively, being 

much higher than that over Pd/AC (approximately 45%); However, the selectivity to HCOL, 

the product of deep hydrogenation, climbed up to more than 50% over Pd/AC at CAL 

conversion of 95%, while maintained about 3% over Pd/CNF and Pd/CNF/TiO2/monolith-R 

at the same CAL conversion. Noted that, although Pd/CNF/TiO2/monolith-O had the 

comparatively lower selectivity to HCAL (approximately 82%) than Pd/CNF and 

Pd/CNF/TiO2/monolith-R did due to the effect of oxygen-containing surface groups, 

selectivity to HCOL over it equally maintained the low level (approximately 5%).  

Considered the different textural properties of the catalysts, the distinction in selectivity 

is very likely due to their mass transfer limitations inside micropores. Particularly, the 

micropore area on Pd/C/TiO2/monolith-O(R) and Pd/CNF accounted for only 6.9% and 5.5%, 

respectively, significantly less than that on Pd/AC (88.9%) (Table 4.1). Herein, we supposed 

that, when CAL was hydrogenated to HCAL or COL in Pd/C/TiO2/monolith-O(R) and 

Pd/CNF, the pores with large size would favored the departure of intermediates to the main 

solution; While in Pd/AC, HCAL and COL were confined inside the micropores long enough 

to be further converted to HCOL, even 1-PB due to its serious internal diffusion limitation. It 

explains why selectivity to the intermediates HCAL and COL over Pd/AC decreased faster 

than that over Pd/C/TiO2/monolith-O(R) and Pd/CNF with the reaction continuing.  

As discussed in this section, the as-prepared Pd/CNF/TiO2/monolith-R catalyst exhibited 

excellent catalytic activity for selective hydrogenation of CAL to HCAL, the similar as 

powdered Pd/CNF. Although the relatively less surface Pd sites over 

Pd/CNF/TiO2/monolith-R than that over Pd/AC, Pd/MC and Pd/CNF due to its small BET 

surface area led to the decrease of the reaction rate, low acidic oxygen-containing surface 

groups, as well as macro- and mesoporous structure caused the high selectivity to HCAL over 

Pd/CNF/TiO2/monolith-R.  

4.4 Conclusions 

Macro-structured CNF/TiO2/monolith composite was synthesized by TiO2 coating on the 

surface of the cordierite monolith and the following CNF growth on it. TiO2 film and CNF 

coating significantly improved the textural and acid-resistant properties of the composite. The 

Pd catalyst supported on CNF/TiO2/monolith, compared with some traditional 

carbon-supported catalysts including Pd/AC and Pd/MC, exhibited excellent catalytic activity 
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for selective hydrogenation of CAL to HCAL, the similar as the powdered Pd/CNF. Despite 

the disadvantage of relatively slow reaction rate on Pd/CNF/TiO2/monolith-R due to its small 

BET surface area, low acidic oxygen-containing surface groups, as well as macro- and 

mesoporous structure made it get the high selectivity to the intermediate HCAL. As a 

macro-structured CNF support, CNF/TiO2/monolith is potential in fixed-bed reactions for 

selective hydrogenations, especially those reactions which are controlled by internal diffusion 

limitation.  
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Chapter 5 
 

Influence of Internal Diffusion on Selective Hydrogenation of 

4-Carboxybenzaldehyde over Palladium Catalysts Supported on 

Carbon Nanofiber Coated Monolith  
 

 

 

Abstract  
In this study, a macro-structured Pd catalyst supported on carbon nanofiber coated on 

cordierite monolith (Pd/CNF/TiO2/monolith) was employed for hydrogenation of 4-CBA. The 

effect of mass transfer on the catalyst performance was studied experimentally and the results 

are described using a simple kinetic model. The results were compared to Pd catalysts 

supported on activated carbon (Pd/AC) and on carbon nanofibers aggregates (Pd/CNF). 

Catalytic performance of the Pd/CNF/TiO2/monolith is similar to Pd/CNF and the Pd/AC with 

particles as small as 50 micron (Pd/AC50), whereas Pd/AC with larger support particles 

revealed a lower activity per Pd active surface site, due to internal mass transfer limitation. 

Also the selectivity to the intermediate hydrogenation product (4-HMBA), versus deep 

hydrogenation to p-TA, is clearly affected by internal mass transfer. Pd/AC with large 

particles (3000 �m) achieves a maximum yield to the intermediate product of only 35%, 

whereas all the other catalysts achieve typically 70%. Remarkably, the conversion level at 

which the maximum yield of the intermediate product is achieved is highest for the 

Pd/CNF/TiO2/monolith. This advantage is assigned to superior internal mass transfer 

properties, thanks to high porosity, low tortuosity and short diffusion length of the CNF layer. 

Clearly, the CNF/TiO2/monolith applied as a fixed bed outperforms slurry phase catalysts, 

abandoning the need of a filtration section. 

This part of work has been published as Research Article: J. Zhu, F. Wu, M. Li, J. Zhu, J. G. van 
Ommen, L. Lefferts, Appl. Catal. A: Gen. 498 (2015) 222-229. 
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5.1 Introduction 

Activated carbon (AC) is commonly used as a catalyst support in chemical industry due 

to its advantages including high surface area and resistance to acid [1-3]. However, like two 

sides of a coin, its high micro-porosity, the main contributor to its high surface area, can also 

be the origin of significant internal mass transfer limitation in the catalyst. This effect might 

be reduced by decreasing the particle size, at the expense of increasing the costs for catalyst 

filtration as well as catalyst loss [4]. For the purpose of preventing these disadvantages, many 

attempts have been made to develop mesoporous structured supports, allowing operation in a 

fixed-bed reactor without significant internal diffusion limitation.  

    Macro-structured carbon nanofibers, which could be prepared by depositing carbon 

nanofibers (CNFs) on the surface of a preformed base material, is a candidate to substitute 

activated carbon. CNFs possess exceptional properties including its open structure, high 

external surface area and high pore volume in absence of any micro porosity [5-7]. For 

example, macro-structured CNFs supports were developed on metal foam [8-11] and carbon 

felt [6, 12] in recent years. Pd catalysts on these supports were reported to exhibit a high 

catalytic activity in selective hydrogenation of nitrite and oxidative dehydrogenation of 

ethylbenzene. 

Cordierite monoliths are widely used in new reactor applications in chemical and 

petro-chemical processing, as well as catalytic combustion and cleaning of exhaust gases 

[13-15]. It offers several advantages such as a high geometric external surface, short diffusion 

lengths, structural durability, a low pressure drop and a low thermal expansion coefficient and 

mechanical stability [16, 17]. These features also make monolithic structures suitable for 

three-phase catalytic reactions because it combines the advantages of slurry reactors and 

trickle-bed ones, while eliminating their disadvantages [18, 19].  

However, its small surface area (<1 m2/g) limits its direct applications in catalysis. 

Therefore, a coating with high specific surface area is usually deposited, covering the surface 

of monolith, in order to increase its effective surface area, facilitating high metal dispersions. 

Such thin washcoated layers are usually made by depositing an oxide layer (alumina, silica, 

etc) with texture and porosity similar to traditional catalyst support particles. Different 

parameters can be adjusted, such as thickness of the layer, governing the diffusion length and 

porosity of the layer. But the porous washcoated layers generally suffer from relatively low 
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pore volume and high tortuosity, hampering internal mass transfer. It urges the use of 

alternative thin layers such as entangled carbon nanofibers (CNFs) or nanotubes (CNTs) as 

support to satisfy the demands (high pore volume, high surface area and low tortuosity) for 

effective internal mass transfer [18, 20]. In our previous work [17], we prepared a CNF coated 

cordierite monolith support (CNF/TiO2/monolith) with a “sandwich” structure, where the 

CNFs layer was grown on the titania (TiO2) film coated monolith. Results showed that after 

the CNF coating, its textural and acid-resistant properties improved greatly, compared with 

the bare monolith, while the CNF’s are strongly anchored to the monolith. Moreover, 

CNF/TiO2/monolith supported Pd catalyst (Pd/CNF/TiO2/monolith) exhibited a high 

selectivity to the intermediate product in cinnamaldehyde hydrogenation, which was 

attributed to elimination of internal diffusion limitation in the catalyst. This confirmed the 

potential of CNF/TiO2/monolith support in three-phase catalysis. 

Purified terephthalic acid (PTA) is an important industrial raw material used for the 

manufacture of polyethylene terephthalate (PET), polybutylene terephthalate (PBT) and 

polytrimethylene terephthalate (PTT), which are mainly applied in the production of fibers, 

resins, films and fabrics [21,22]. In the process of two companies, i.e. Scientific Design and 

Amoco MC [23, 24], the terephthalic acid (TA) production is based on the liquid-phase 

oxidation of p-xylene (PX) using a homogeneous catalyst Co(OAc)2, HBr, and a cocatalyst 

Mn(OAc)2. The obtained crude terephthalic acid (CTA) usually contains approximately 

2000-6000 �g/g of 4-carboxybenzaldehyde (4-CBA) as the main impurity, which would 

decrease the polymerization rate during the production of PET, PBT and PTT [25]. Therefore, 

the main upgrading step in refining CTA to PTA is the catalytic hydrogenation of 4-CBA to 

4-(hydroxymethyl) benzoic acid (4-HMBA) and further to p-toluic acid (p-TA) in water 

(Figure 5.1) [26, 27]. 4-HMBA and p-TA are more soluble than 4-CBA and are thus much 

easier removed during PTA-crystallization, staying behind in the liquid. An activated carbon 

supported palladium catalyst (Pd/AC) is commonly used for PTA refinement [28], leading to 

the main product of p-TA due to the serious mass transfer limitation in Pd/AC. Nevertheless, 

only a few reports have focused on the product distribution, i.e. 4-HMBA and p-TA [29, 30].  



Macro-Structured Carbon Nanofibers Catalysts on Titania extrudate and Cordierite Monolith for Selective 
Hydrogenation | Jie Zhu 

88 

 

Figure 5.1: Pathway of 4-carboxybenzaldehyde hydrogenation 

 

The formation of 4-HMBA is preferred over p-TA because 4-HMBA is better soluble in 

water, simplifying the separation. Furthermore, formation of 4-HMBA requires less hydrogen 

then p-TA. In addition, 4-HMBA is also an important monomer for the synthesis of the 

corresponding homopolymers, poly(p-methylenebenzoate) and its corresponding ester, methyl 

p-hydroxymethylbenzoate (mep-HMB) [31].  

In this study, a macro-structured Pd/CNF/TiO2/monolith catalyst was employed for the 

hydrogenation of 4-CBA. The effect of mass transfer on the catalyst performance was studied 

experimentally and the results are described using a simple kinetic model. For comparison, Pd 

catalysts supported on activated carbon (Pd/AC) and carbon nanofiber agglomerates (Pd/CNF) 

with the same Pd loading as that of Pd/CNF/TiO2/monolith were investigated under the same 

working conditions.  

5.2 Experimental 

5.2.1 Preparation of CNF/TiO2/monolith support 

A cordierite monolith with the total BET surface area of less than 1 m2/g, cell density of 

62 cells/cm2 (400 cpsi) and a wall thickness of 0.18 mm was purchased from Nanjing 

Gaochun ceramic company. The preparation procedure of CNF/monolith is described in detail 

in our previous publication [17]. In summary, bare monolith was first coated with a TiO2 layer 

using a dip coating method. A Ni precursor was then introduced by impregnating TiO2 coated 

monolith with a Ni(NO3)2 solution. The samples were dried overnight prior to calcination. 

After that, the samples were reduced in a gas mixture of N2 and H2, followed by CNF 

synthesis in methane resulting in 18.7 wt. % CNFs on the monolith. Finally, the exposed 

nickel metal particles were removed by leaching in HNO3.  

5.2.2 Pd deposition 

A 0.5 wt% Pd catalyst was prepared by the adsorption method. Specifically, CNF 
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agglomerates (diameter of CNFs in a range of 20-40 nm, BET surface area 180 m2/g, 

Chengdu Organic chemical, China) with the size of 177-149 �m were selected using 80 and 

100 mesh sieves. The CNFs agglomerates were dispersed directly in a hydrochloric acid 

(HCl) solution (0.2 M) of palladium (II) chloride (PdCl2, Sinopharm, China). 

CNF/TiO2/monolith were placed in a home-made small basket with the size of � 25×40 mm 

and the mean opening of the basket screen of 1.19 mm (16 mesh), which was fixed to the axle 

of a stirrer, and the stirrer was immersed in the PdCl2 solution. The CNFs agglomerates and 

the CNF/TiO2/monolith were stirred continuously for 4 hours. After that, the CNF/monolith 

was removed from the solution and the CNF agglomerates were filtered off, followed by 

drying overnight at 393 K. Finally the samples were reduced in a quartz tube at 493 K at a 

heating rate of 2 K/min in a stream of N2/H2 (80:20) for 2 h. The catalysts prepared were 

named Pd/CNF/TiO2/monolith and Pd/CNF160, respectively.  

5.2.3 Selection to a series of Pd/AC catalysts with different particle size 

The commercial Pd/AC3000 pellets (Pd loading 0.5 wt%, homogeneous distribution, 

irregular particles, ��3 mm, 810 m2/g, Sinopec Yangzi, China) were crushed to small particles 

with different sizes of 177-149 �m and 53-44 �m, using sieves of 80 and 100 mesh, 270 and 

325 mesh (Shanghai Fengxing Sieve ManuACturing Co., Ltd.), respectively. The resulting 

samples were hence named Pd/AC160 and Pd/AC50. These Pd/AC catalysts were employed 

to study the effect of internal diffusion limitation in the particles.   

5.2.4 Characterizations of Pd catalysts 

The Pd/CNF/TiO2/monolith, the Pd/CNF prepared in the section 5.2.2 and the 

Pd/AC3000 were characterized in detail. The BET specific surface areas were determined 

with a Micromeritics ASAP 2010 apparatus. Scanning electron images and elemental 

distributions were recorded using a JEOL JSM-6360 LA scanning electron microscope. The 

Pd particle sizes were obtained with a JEM-2100 transmission electron microscopy (TEM). 

Average Pd particle size of each catalyst was statistically measured by 2 TEM images with at 

least 50 particles. The Pd loading was determined by Vista-AX inductively coupled plasma 

atomic emission spectrometry (ICP-AES). The Pd dispersions were calculated using 

hemispherical model, in which, Pd hemispheres are assumed to be exposed as the metal 

particle surface [32]. 

5.2.5 Catalytic property of Pd catalysts on 4-CBA hydrogenation 

The catalytic performance of Pd/CNF/TiO2/monolith was evaluated in the 4-CBA 

hydrogenation, and the result was compared to that of the Pd/CNF160 and the Pd/AC serie 
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catalysts. The experiments were conducted in a 500 ml pressurized stirred basket semi-batch 

autoclave (Figure 5.2) at 363 K and 1.5 MPa hydrogen pressure. An electric-heating mantle 

outside the autoclave supplied the heat to the reactor, and hydrogen flow maintained the 

reaction pressure, together with a back-pressure regulator in the gas outlet. Macro-structured 

catalysts (Pd/CNF/TiO2/monolith and Pd/AC3000) were placed in the baskets, as described in 

the section 2.2, while the powder catalyst Pd/CNF160, Pd/AC160 and Pd/AC50 were 

dispersed directly in the solution. Approximately 0.5 g of the catalysts was dispersed in a 200 

ml aqueous solution of 4-CBA (0.2 wt.%, A.R, Sinopharm, China), and the autoclave was 

flushed with nitrogen before pressurizing with hydrogen, in order to remove dissolved oxygen. 

Starting the stirrer commenced the reaction. The detailed reaction conditions are summarized 

in Table 5.1. Samples (1 ml) were withdrawn from the reactor every 10-30 min, filtered 

immediately to separate the catalyst particles and analyzed by HPLC (Agilent LC 1260) 

equipped with a 250 mm long C-18 column and a UV detector (wavelength 254 nm). 4-CBA 

conversion (X), the selectivity towards the 4-HMBA (SHMBA) and p-TA (SpTA) were defined as 

Equation 5.1-5.3. 

                               5.1 

               
                 5.2 

                                5.3 

where CCBA, CHMBA and CpTA are the instant molar concentration of 4-CBA, 4-HMBA and 

p-TA during the reaction; C0CBA is the initial molar concentration of 4-CBA (13.3 �mol/ml, 

Table 5.1). The mass balance was close to or even better than 97%. 

 

Figure 5.2: Scheme of the reaction setup. 

%100
0

0

×−=
CBA

CBACBA

C
CCX

%100
0

×
−

=
CBACBA

HMBA
HMBA CC

CS

%100
0

×
−

=
CBACBA

pTA
pTA CC

C
S



Chapter 5 Influence of Internal Diffusion on Selective Hydrogenation of 4-Carboxybenzaldehyde over 
Palladium Catalysts Supported on Carbon Nanofiber Coated Monolith 

91 

Table 5.1 Reaction conditions for 4-CBA hydrogenation 

Reaction condition value 

Reaction temperature, T (K) 363 

Pressure, P (MPa) 2.0 

Agitation, A (rpm) 200-1000 

Mass of H2O, mH2O (g) 200 

Mass of 4-CBA, mCBA (g) 0.4 

Mass of the catalyst, mcat (g) 0.5 

Initial concentration of 4-CBA, C0
CBA (�mol/ml) 13.3 

5.3 Results and discussion 

5.3.1 Structure of Pd/CNF/TiO2/monolith, Pd/CNF and Pd/AC 

The structural properties of the catalysts including BET surface area, micropore area and 

average pore size were summarized in Table 5.2; it should be noted that the properties of 

Pd/AC160 and Pd/AC50 are very similar to Pd/AC3000, except for the diffusion length, 

obviously. Pd/AC had the highest BET surface area (810 m2/g·cat) in these samples due to its 

predominant micropores (approximately 90% of total BET surface area). There was no 

significant change in surface area on grinding. In contrast, the Pd/CNF/TiO2/monolith 

possessed low BET surface area (30 m2/g·cat). However, considering the fact that the 

CNF/TiO2/monolith contains 18.7 wt. % CNFs (Table 5.2), the BET surface area reached 160 

m2 per gram CNF (m2/g·CNF), similar to CNFs agglomerates (180 m2/g·cat). Based on the 

surface area, weight of the CNFs and assuming cylindrical shape and density equal to the 

density of graphite (1.8 g/cm3), the diameter of the growing CNF on monolith and CNF 

agglomerates is estimated to be about 20 nm, in reasonable agreement with the observations 

in TEM pictures (25-30 nm, Figure 5.3b and 5.3c).  
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Table 5.2 Properties of palladium catalysts 

 Pd/AC3000 a Pd/CNF160 Pd/CNF/TiO2/monolith

Carbon deposit on the monolith (wt. %)  - - 18.7 

Bulk density of catalyst, � (g/cm3) 0.48 0.38 1.8 

Average diffusion length, Rp (cm) 0.15 8×10-3 9×10-3 

    

BET surface area, Stotal (m2/g·cat) 810 180 30 

Micropore area, Smicro (m2/g·cat) 720 10 2 

Pore Volume, Vpore (cm3/g) 0.43 0.27 0.085 

Average pore size, dp (nm) 2.1 6.1 11.3 

Tortuosity, � b 3.5 2.0 2.0 

Porosity, �= Vpore·� 0.21 0.10 0.15 

    

Pd loading (wt.%) c 0.50 0.52 0.48 

Pd loading per gram carbon (wt. %) 0.50 0.52 2.6 

Pd particle size (nm) d 2.8 ± 0.6 5.6 ± 1.2 19.2 ± 3.1 

Pd dispersion (%) e 

Concentration of Pd-surface atoms (�mol/g C) 
f 

43.4 

20.4 

21.7 

10.2 

6.3 

16.1 

Note: (a) Pd/AC160 and Pd/AC50 are similar to Pd/AC3000, except the average diffusion length (80 and 

25 μm, respectively) 

(b) According to the reference of R. Ocampo-Pérez et al. [33]; 

(c) Based on total weight; 

(d) Mean value of 50 particles, ± the standard deviation (Figure S5.1); 

(e) Calculated assuming hemispherical Pd particles on the surface of the support; 

(f) Concentration of Pd surface atom (�mol) per gram of carbon. 
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Figure 5.3: TEM images of Pd catalysts: (a) Pd/AC3000; (b) Pd/CNF160; (c) Pd/CNF/TiO2/monolith. 

 

In spite of the relatively low BET surface area, Pd/CNF/TiO2/monolith possessed an 

excellent pore structure for selective hydrogenation. Its apparent micropore area was 

calculated, based on N2 adsorption-desorption data, to be insignificant, and the average pore 

size 11.3 nm (Table 5.2), which inferred the mesoporous structure of the material. Note that 

the pore size distributions are calculated assuming capillary condensation; however, entangled 

CNFs actually do not really contain pores. Instead this structure resembles the inverse 

structure of a classical porous support [34]. Consequently, the pore size data results in 

apparent values.  

Moreover, the size and dispersion of palladium particles were obtained from TEM 

images (Figure 5.3) and results were summarized in Table 5.2. The Pd dispersion increased 

from 6% on the Pd/CNF/TiO2/monolith to 43% on Pd/AC3000 with increasing BET surface 

area of the support. Also, the Pd loading per gram of carbon is significantly higher on the 

Pd/CNF/TiO2/monolith (2.6 versus 0.5 wt. %, Table 5.2), contributing to increasing particle 

size and decreasing dispersion. Remarkably, the concentration of Pd surface atoms on Pd/AC 

and Pd/CNF/TiO2/monolith, i.e. the concentration of active sites, is rather similar as can be 

seen in Table 5.2 (see Equation 5.5). Furthermore, Pd is reasonably evenly distributed through 

the AC3000 support, as observed with SEM-EDX in Figure 5.4. As the catalyst support with 
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the longest diffusion distance (AC3000) resulted in homogeneous distribution of Pd, it seems 

reasonable to assume this is true for all catalysts in this study. 

 

Figure 5.4: The concentration of Pd as function of the position at the cross section of AC3000 support (a); 

(b) indicates the position of the points chosen for Pd analysis at the cross section. 

 

5.3.2 Catalytic performance 

First, it was experimentally checked that a stirring speed of 800 rpm was sufficient to 

rule out any external transport limitation for both Pd/AC3000 and Pd/CNF/TiO2/monolith, as 

described in supporting information (Figure S5.2). So, stirring speed of 800 rpm was 

employed in all experiments. The conversion of 4-CBA and product yield vs. reaction time on 

Pd/AC3000, Pd/CNF/TiO2/monolith, Pd/AC50, Pd/AC160 and Pd/CNF160 are given in 

Figure 5.5. On Pd/AC3000 (Figure 5.5a), the conversion of 4-CBA completed in 22 h and the 

main product (96%) is the fully hydrogenated p-TA. The intermediate product 4-HMBA is 

dominant initially, but is disappearing almost completely when approaching full conversion 

(Figure 5.1), typical for a consecutive reaction scheme. 

Compared with Pd/AC3000, Pd/CNF/TiO2/monolith (Figure 5.5b) exhibits a lower 

observed activity for the two samples with identical Pd amounts; which is probably due to the 

lower Pd dispersion on Pd/CNF/TiO2/monolith (Table 5.2 and Figure 5.3), considering the 

fact that the Pd loading and amount of catalyst used was constant. Moreover, the product 

distribution is very different, with 4-HMBA as the main product throughout. Pd/AC160, 

Pd/AC50 and Pd/CNF160 gave similar results (Figure 5.5c-5.5e). 
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Figure 5.5: The 4-CBA conversion and product yield as a function of time over Pd/AC3000 (a), 

Pd/CNF/TiO2/monolith (b), Pd/AC50 (c), Pd/AC160 (d) and Pd/CNF160 (e): � 4-CBA conversion; × 

4-HMBA yield; � p-TA yield. 

 

Since 4-CBA hydrogenation is generally considered as a first-order reaction in 4-CBA [1, 
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35, 36], whereas the hydrogen concentration was kept constant, apparent reaction rate 

constants (k1) for 4-CBA hydrogenation (Figure 5.1) were calculated based on total 

conversion of 4-CBA over Pd catalysts by Equation 5.4 and fitted in Figure 5.6.  

cd U
U$e � �U�                                  5.4 

Where X represents the total conversion of 4-CBA at reaction time t. 

0 2 4 6 8
0

2

4

6

8

 

ln
(C

0/C
t)

Reaction Time (h)

Sample k1 value (h-1) Standard Error

Pd/AC50 1.19482 0.01947

Pd/AC160 0.87085 0.00957

Pd/CNF160 0.56991 0.00848

Pd/AC3000 0.31848 0.00486

Pd/CNF/TiO2/monolith 0.15353 0.00193

 
Figure 5.6: Reaction constants for 4-CBA hydrogenation to 4-HMBA over �Pd/CNF/TiO2/monolith; 

	Pd/AC3000; �Pd/CNF160; � Pd/AC160; � Pd/AC50. 

 

Figure 5.6 shows that Pd/AC50 possessed the highest reaction rate constant 

(approximately 1.19 h-1) whereas the Pd/CNF/TiO2/monolith had the lowest observed activity 

(0.15 h-1), in line with the discussion above. Therefore the initial reaction rate per mole of 

surface-Pd, which is equivalent to an initial TOF, was calculated, based on Equation 5.5 to 

estimate the amount of Pd surface sites available. 

Z\R � Pf]g7�Nhi73M9hi
UGj)k                               5.5 

NPd is the total molar amount of surface Pd sites, mcat is the amount of the employed 

catalyst in the reaction, LoPd and DisPd are Pd loading and dispersion, respectively. The values 

of the resulting initial reaction rate in TOF are presented in Table 5.3; clearly the values for 

Pd/AC3000 are much lower, and for Pd/AC160 are somewhat lower as compared to the three 

other catalysts. Table 5.3 also shows estimated values of Weisz-Prater numbers (NW-P), Thiele 
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modulus (�) and internal diffusion effectiveness factor (�), as detailed in the SI. The 

calculated Weisz-Prater numbers (NW-P) and internal effectiveness factors (�) of H2 and 

4-CBA all indicate insignificant internal diffusion limitations for Pd/AC50, Pd/CNF160 and 

Pd/CNF/TiO2/monolith. The data indicate a minor influence of diffusion on the performance 

of Pd/AC160, whereas the performance of Pd/AC3000 is clearly strongly affected by 

diffusion limitation. This is in line with the differences in the initial TOF, discussed above. 

 

Table 5.3 Internal diffusion limitations for 4-CBA hydrogenation over Pd catalysts 

Sample 

Initial 

rate in 

TOF 

(min-1) 

H2 4-CBA 

W-P 

number 

(NWP) 

Thiele 

modulus

(�) 

Effectiveness 

factor 

 (�) 

W-P 

number

(NWP) 

Thiele 

modulus 

(�) 

Effectiveness 

factor  

(�) 

Pd/AC3000 1.3 12.2 5.1 0.5 238 80 0.04 

Pd/AC160 3.8 0.1 0.3 ~1.0 1.4 1.2 0.91 

Pd/AC50 5.2 0.01 0.1 ~1.0 0.2 0.5 0.98 

Pd/CNF160 4.8 0.07 0.3 ~1.0 1.1 1.1 0.93 

Pd/CNF/TiO2/

monolith 
4.7 0.02 0.1 ~1.0 0.3 0.6 0.98 

 

Furthermore, considering absence of any diffusion limitation for Pd/AC50, Pd/CNF160 

and the Pd/CNF/TiO2/monolith, it is evident that the intrinsic TOF values are constant, despite 

the large variation in Pd dispersion and particle size, but constant numbers of active surface 

sites (2.8, 5.6 and 19.2 nm, respectively, Table 5.2 and Figure 5.3). Thus, hydrogenation of 

4-CBA over Pd catalyst is clearly structure-insensitive.  

Figure 5.7 shows the product selectivity and the 4-HMBA yield as function of 

conversion of 4-CBA for all five catalysts. Clearly, Pd/AC3000 exhibited much lower 

selectivity to 4-HMBA as compared to all other catalysts; differences between these four 

catalyst are not easily detected. The relationship between instant yield of 4-HMBA and 

intrinsic rate constant k1, k2 (Figure 5.1) and instant conversion of 4-CBA, assuming first 

order consecutive reaction, can be written as Equation 5.6, assuming absence of any transport 

limitations [37].  

lmn	� � =& =D�
=& =D� $U �" � o2	��8�" � o2	��

&
p& pD� $U � ";                 5.6 

If significant diffusion limitation occurs (i.e. Thiele modus of 4-HMBA �HMBA>3), 
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Equation 5.7 should be used [37]. 

lmn	� � =& =D�
=& =D� $U �" � o2	��8�" � o2	��

&
qp& pD� $U � ";                 5.7 

In Equations (5.6) and (5.7), XCBA and YHMBA are the instant conversion of 4-CBA and the 

instant yield of 4-HMBA in the reaction, k1 and k2 are the intrinsic rate constants of the 

reaction of 4-CBA to 4-HMBA and the reaction of 4-HMBA to p-TA, respectively. 
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Figure 5.7: The 4-HMBA yield & product selectivity versus conversion in 4-CBA hydrogenation over 0.5 

wt% Pd/AC3000 (a), Pd/AC160 (b), Pd/AC50 (c), Pd/CNF160 (d), Pd/CNF/TiO2/monolith (e) and a 

comparison of the yield curves for the last four catalysts (f): � 4-HMBA; � p-TA . 

 

Table 5.4 Ratio of k1 to k2 and max yield of 4-HMBA for 4-CBA hydrogenation on Pd catalysts 

Pd catalyst k1/k2 
Max yield of 4-HMBA 

(%) c 

4-CBA conversion at 

max 4-HMBA yield (%) 
c  

Pd/AC3000 4.0 a (1.2 b) 35 ± 1 63 ± 1 

Pd/AC160 6.2 69 ± 2  85 ± 2 

Pd/AC50 7.4 70 ± 3 92 ± 1 

Pd/CNF160 6.8 69 ± 2 89 ± 1 

Pd/CNF/TiO2/monolith 7.6 72 ± 2 95 ± 1 

Note: (a) Calculation using Equation 5.7; 

(b) Calculation using Equation 5.6; 

(c) Mean value of 3 repeated tests, ± the standard deviation 

  

Table 5.4 shows the results of calculation of the intrinsic selectivity factor (k1/k2) for 

Pd/AC50, Pd/AC160, Pd/CNF160 and Pd/CNF/TiO2/monolith using Equation 5.6. Rather 

similar values around 7 are obtained, confirming mass transfer limitation has a minor 

influence. In contrast, application of Equation 5.6 on the data of Pd/AC3000 results in a much 

lower value of 1.2. The fact that the selectivity factor (k1/k2) estimated using Equation 5.7 

results in about 4, significantly closer to the intrinsic value observed for the other catalysts, 

confirms the effect of mass transfer limitation on the selectivity of Pd/AC3000. The details of 

the calculation procedure can be found in the supporting information (Figure S5.3).  
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Table 5.4 also shows the maximum yield to 4-HMBA as well as the 4-CBA conversion at 

which this maximum yield is realized for all catalyst without major diffusion issues, based on 

Equation 5.6. It can be seen that the differences in maximum yield are not significant as the 

error margin is too large. In contrast, significant differences are observed when comparing the 

conversion level where the maximum yield is obtained. The Pd/CNF/TiO2/monolith maintains 

high selectivity for conversions up to 95%, which we attribute to minimization of 

concentration gradients. This effect is observed in increasing extent in the order: Pd/AC3000 

<<< Pd/AC160 < Pd/CNF160 < Pd/AC50 < Pd/CNF/TiO2/monolith. In fact, this trend can 

also be observed in Figure 5.7f. 

In other words, Pd/CNF/TiO2/monolith performs at least similar to slurry catalyst with 

the smallest particle size, without the disadvantage of the need for a filtration section. 

Pd/CNF/TiO2/monolith clearly outperforms the other catalyst that can be used in fixed bed 

(Pd/AC3000), despite the fact that the concentration of active sites is similar. 

5.4 Conclusions 

The structured Pd/CNF/TiO2/monolith performs similar to Pd supported on AC with 

particles as small as 50 micron. This is based on both the reaction rates observed, as well as 

on the effect of selectivity to the intermediate product (4-HMBA) in hydrogenation of 4-CBA, 

limiting the formation of p-TA (deep hydrogenation). This is explained in terms of preventing 

internal mass transfer limitation, which was achieved thanks to high porosity and low 

tortuosity of CNF aggregates and thin layers, but also thanks to the short diffusion length in 

the CNF layer on the monolith, similar to the diffusion length in the smallest slurry phase 

catalyst. However, the CNF/TiO2/monolith can be used in a fixed-bed, which would abandon 

the need of a filtration section. 
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Appendix: Supplementary data 

S5.1 Pd particle size distribution 

  

 

Figure S5.1:. Pd particle distribution of Pd/AC3000 (a), Pd/CNF160 (b) and Pd/CNF/monolith (c) 

S5.2 Elimination of external diffusion limitation 

Figure S5.2 described the apparent reaction rate constants (k1) of 4-CBA hydrogenation 

to 4-HMBA (Figure 5.1) under stirring speed at 200-1000 rpm over Pd/AC3000 and 

Pd/CNF/monolith. It was clear that, with the increase of stirring speed, the reaction rate rose 

up over both catalysts. Specifically, reaction rate constant over Pd/AC3000 under stirring 

speed at 200 rpm was equal to 0.13 h-1, while it ascended to 0.32 h-1 at 800 rpm, about 2.5 

times of the former; but at 1000 rpm, k1 had no obvious increase, which indicated the 

elimination of external diffusion limitation under this stirring speed over Pd/AC3000. The 

reaction over Pd/CNF/monolith possessed the same conclusion. So, stirring speed of 800 rpm 

could be employed in the reaction to remove the effects of external diffusion limitations on 

the reaction. 
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Reaction time /h
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1000 0.32339 0.00374

800 0.31848 0.00486

600 0.27895 0.01099

400 0.21917 0.00864

200 0.13272 0.00402

 

Figure S5.2: Reaction constants for 4-CBA hydrogenation with different stirring rates over Pd/AC3000 (a) 

and Pd/CNF/monolith (b): � 200 rpm; 	 400 rpm; � 600 rpm; � 800 rpm; � 1000 rpm. 

 

S5.3 Calculation method of apparent turnover frequency (TOF), Thiele modulus (rs) 

and Weisz-Prater numbers (NW-P) over catalysts 

Initial reaction rate in TOFs over different catalysts including a series of Pd/AC, Pd/CNF 

and Pd/CNF/monolith were calculated using Equation S5.1 and S5.2. 

tuv � �U w d2	�G w �Z\R�$U                         S5.1 

where k1 is reaction rate constant, n0CBA is initial mole amount of 4-CBA and NPd is the 

molar number of surface Pd sites, respectively. 

In a first order reaction, the effect of internal diffusion behavior of the reactants could be 

estimated using Thiele modulus (AU) or Weisz-Prater criterion (W-P criterion, NWP), expressed 

in Equation S5.2.  

Z[\ � -.7CxD
2E+.73Fyy

�  AU
� � _�AU�z�{AU � "�                   S5.2 

Where rA is the observed initial reaction rate per catalyst volume; RP is the catalyst 

particle radius, Cs,A is the substrate concentration on catalyst surface and Deff is the effective 

diffusivity of the substrate in the pores of the catalyst. 

W-P criterion asserted that if NWP<0.3, rates for all reactions with an order of 2 or less 

should have negligible mass transfer limitations, while a value for NWP>6 indicates the 

definite diffusion control [38, 39]. The calculation methods of NW-P derived from some 

handbooks [40-42] and Table S5.1 gave some values, which were needed in determining a 

W-P number. 
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Table S5.1 Physicochemical properties of the reactants and solvent in the reaction system 

Reactants 

and solvent 
r nm  

M 

(g·mol-1) 

Vb 

(m3·kmol-1)
	 

� 

(Pa·s×10-4)

C0 

(mol/cm3) 

H2 0.12 2 0.0286 - - 8.5×10-5 a  

4-CBA 0.4 150.13 0.147 - - 1.332×10-5 b  

H2O 0.14 18 - 2.6 3.15 - 

Note: (a) Calculated based on Henry’s law under the pressure of 2.0 MPa.  

     (b) Calculated based on the data of mH2O and mCBA in Table 4.2. 

 

Bulk diffusivity of a dilute gas solute in a liquid solvent (D12) and a dilute solid solute 

(<10 mol%) in water (D’12) can be estimated using Equation S5.3 and S5.4 [43]. 

6.0
12

216
12 101728.1

V
MT

D
⋅

⋅
×= −

η
χ

                             S5.3 

589.0
1

14.1
2

14
'
12

10621.8

V
D

⋅
×=

−

η
                              S5.4 

where T is the reaction temperature (T); 	 is the solvent association parameter; M2 is the 

molecular weight of solvent (g/mol); �2 is the viscosity of the solvent under the reaction 

temperature (Pa·s); and V1 is the molar volume of the gas solute at normal boiling point 

(m3/kmol). 

Effective diffusivity (De) of a substrate can be calculated using Equation S5.5 as 

demonstrated by Satterfield [44]. 

�! � 3@X
Y                                     S5.5 

where Db is the bulk diffusivity (cm2/s), � is the internal void fraction of the solid particle, 

� is the tortuosity factor of the pores. 

S5.4 Calculation for the prediction of k2 over Pd catalysts. 

The Equation S5.6 was used in Pd/AC50, Pd/AC160, Pd/AC3000, Pd/CNF160 and 

Pd/CNF/TiO2/monolith; Equation S5.7 was used in Pd/AC3000. 

 lmn	� � |=
|=$U �" � o�8�" � o�

&
|p$U � ";                       S5.6 

lmn	� � |=
|=$U �" � o�8�" � o�

&
}|p$U � ";                       S5.7 

The equations were solved by trial and error method and the fitting curve were as 

follows: 
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Figure S5.3: Fitting curve of 4-CBA conversion vs. 4-HMBA yield over Pd/AC3000 with Equation S5.6 

(a), Pd/AC3000 with Equation S5.7 (b), Pd/AC160 with Equation S5.6 (c), Pd/AC50 with Equation S5.6 

(d), Pd/CNF160 with Equation S5.6 (e) and Pd/CNF/TiO2/monolith with Equation S5.6 (f). 
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The work in this thesis aimed at developing macro-structured carbon nanofiber (CNF) 

materials that can be used as catalyst supports for selective hydrogenation in three-phase 

reactors. The first part of the thesis is focused on the preparation of stable CNF layers 

deposited on the surface of titania extrudate (CNF/TiO2) and cordierite monolith 

(CNF/TiO2/monolith), which were employed as the catalyst supports later. The second part of 

the thesis is dedicated to evaluating the catalytic performance of palladium catalysts 

supported on CNF/TiO2 and CNF/monolith, i.e., Pd/CNF/TiO2 and Pd/CNF/TiO2/monolith, in 

comparison to palladium catalysts supported on activated carbon (Pd/AC). 

6.1 Preparation of stable CNF layers on titania extrudate and cordierite monolith  

The support CNF/TiO2 was synthesized by methane decomposition over TiO2 extrudate 

using Ni-Cu as a catalyst at 873 K for 5 h. Addition of a little Cu promoter in the composite 

synthesis helped to improve the textural and structural properties of CNF/TiO2. The suitable 

mole ratio of Ni to Cu in Ni-Cu/TiO2 employed in the carbon deposit was found to be 8:1. 

During preparation, a CNF surface layer with the thickness of 1.5-2.0 �m was deposited, 

which consisted of numerous fibers with a diameter in a range of 50-80 nm. It had a BET 

surface area of 60 m2 per gram catalyst, but 160 m2 per gram carbon. 97% of the pore volme 

is caused by mesopores. The composite contained 38% carbon by weight, composed of 90% 

carbon nanofibers and 10% amorphous carbon.  

Another macro-structured CNF support, CNF/TiO2/monolith, was prepared through TiO2 

coating on the surface of the monolith by sol-gel method, followed by CNF growth on the 

titania coating by methane decomposition at 873 K for 4 h. The total BET surface area of the 

composite was 31 m2 per gram catalyst, but 160 m2 per gram carbon, similar to the surface 

area of CNF/TiO2. The macro- and mesopore structure dominated the pore volume of the 

material (about 93%), very similar to CNFs deposited on the surface of titania only. In short, 

the two macro-structured CNF supports prepared in this thesis have properties suggesting 

advantages for three-phase catalytic reactions.  

In addition, two supports exhibited good attachment of CNFs to the support as well as 

excellent resistance to acids. For example, CNF/TiO2/monolith lost only 1.4 % weight during 

60 minutes ultrasonic treatment. This confirmed the strong anchoring of the CNFs to the 

monolith. The weight loss was small (only 1.9 wt. %) after refluxing in boiling HNO3 solution 

(20 wt. %) for 180 min, much less as compared to weight loss during the same treatment of 



Chapter 6 Concluding remarks and recommendations 

109 

the bare monolith (9.2 wt. %). The structures of CNFs after HNO3 treatment were partly 

corroded but kept mainly its integrity. The strong acid resistance of CNF/TiO2/monolith was 

attributed to the TiO2 and CNF coating on the surface of the monolith, protecting it for acid 

corrosion.  

6.2 Application of maco-structured CNF materials 

Selective hydrogenations of citral, cinnamaldehyde (CAL) and 4-carboxybenzaldehyde 

(4-CBA) were used in the thesis as the model reactions to evaluate the catalytic performance 

of CNF/TiO2 and CNF/TiO2/monolith supported palladium catalysts, i.e., Pd/CNF/TiO2 and 

Pd/CNF/TiO2/monolith. The results are compared to those of Pd/AC. Three molecules 

mentioned above were selected because the double bonds can be consecutively hydrogenated. 

Three intermediate products, citronellal, hydrocinnamic aldehyde (HCAL) and 

4-(hydroxymethyl) benzoic acid (4-HMBA) were the desired intermediate products in the 

study. However, a large amount of their deep hydrogenated products, such as 

3,7-dimethyloctanol, hydrocinnamic alcohol (HCOL) and p-toluic acid (p-TA), were expected 

to be produced if internal mass transport of the molecules is seriously limiting the reaction in 

the calalyst.  

Results indicated that, compared with Pd/AC catalyst with large particle size, 

macro-structured Pd/CNF/TiO2 and Pd/CNF/TiO2/monolith exhibited improved catalytic 

performance on selective hydrogenation of citral, CAL and 4-CBA, as similar to the slurry 

Pd/CNF catalyst with the particle size of micron scale. Their intermediates, citronellal, HCAL 

and 4-HMBA, were dominant products in the reactions; However, 3,7-dimethyloctanol, 

hydrocinnamic alcohol and p-toluic acid, the deep hydrogenation products were the main 

products on Pd/AC with large particle size. Calculationof the Weisz-Prater number and Thiele 

modulus proved the absence of internal diffusion limitations in Pd/CNF/TiO2 and 

Pd/CNF/TiO2/monolith. Their high catalytic performance was attributed to both high porosity 

and low tortuosity of CNF aggregates, and the short diffusion length in the thin CNF layer. In 

contrast, the occurrence of serious diffusion limitations in Pd/AC with large particle size was 

caused by its predominant microporous structures and long diffusion length.  

In summary, two prepared macro-structured CNF supports, CNF/TiO2 and 

CNF/TiO2/monolith, exhibited improved structural properties over activated carbon support, 

which led to improved catalytic performance in selective hydrogenation reactions as 
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compared to fixed bed Pd/AC catalysts with large particle size. The Pd/CNF/TiO2/monolith 

perform similar to slurry catalysts with small support particle size; however, 

Pd/CNF/TiO2/monolith can be easily used in a fixed-bed reactor, which makes the filtration 

section unnecessary. 

6.3 Recommendations 

In preparation of macro-structured CNF supports, we deposited CNFs on TiO2 extrudates 

and monoliths by methane decomposition using monometallic Ni or bimetallic Ni-Cu catalyst. 

The effects of Cu in Ni particles on the formation of CNF were also investigated. In the study, 

addition of small amounts of Cu in Ni particles significantly improved the textural properties 

of CNF/TiO2. Actually, CNF can be formed on iron group metal particles (Fe, Co and Ni), 

using CO, C2H2 or C2H4 as carbon source [1, 2]. Therefore, further study of addition of Cu 

promoter in Fe or Co particles for the growth of CNF on TiO2 extrudate and monolith is 

recommended. The resulting properties, meso-porosity and low tortuosity should be compared 

to the CNFs prepared by a Ni-Cu catalyst.  

 Regarding the study of catalytic performance over Pd/CNF/TiO2 and 

Pd/CNF/TiO2/monolith, we observed that the product distribution in selective hydrogenation 

is importantly affected by mass transfer of intermediate products inside the catalyst support. 

The differences in structural properties of catalysts became the main focus in the thesis. The 

improved catalytic performance of Pd/CNF/TiO2 and Pd/CNF/TiO2/monolith as compared to 

Pd/AC is due to their dominant mesoporous structures and short diffusion length in the thin 

CNF layer. However, besides structural properties of the catalyst, diffusion coefficients of the 

molecules also affect its mass transfers in catalyst. It is recommended to estimate the catalytic 

performance over one catalyst, using reactant molecules with different diffusion coefficients. 

Based on equations for estimating the diffusion coefficient of a dilute solid solute (<10 mol%) 

in organic solvent (Equation 1) [3], the molecule with both smaller molar volume (Vb) and 

lower enthalpy of vaporization (Lvap) at normal boiling point possesses the larger diffusion 

coefficient. 
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where T is the reaction temperature; �2 is the viscosity of the solvent under the reaction 

temperature; V1 is the molar volume of a solute at normal boiling point; L1vap is the enthalpy 
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of vaporization of a solute at normal boiling point. 

Crotonaldehyde, another �,�-unsaturated aldehyde, has the larger diffusion coefficient 

than citral and CAL under the same reaction system due to its smaller molar volume and 

lower enthalpy of vaporization at normal boiling point. Three molecules can be used in 

selective hydrogenation over Pd/CNF/TiO2 or Pd/CNF/TiO2/monolith, for estimating the 

effects of diffusion coefficient on its catalytic performance. 

In addition, we prepared macro-structured CNF supported Pd catalysts, and compared 

their catalytic performance to Pd/AC, using selective hydrogenation of �,�-unsaturated 

aldehyde (citral and CAL) as the model reaction in the thesis. The catalytic performance of 

supported group VIII metal was studied systematically [4, 5] and results indicated that Rh, Ni 

and Pd favor C=C bond hydrogenation, while Os, Ru, Co and Pt were more selective for C=O 

bond hydrogenation. The differences among Group VIII metals have been explained based on 

the width of the metal d-band. In particular, the narrower the width of the metal d-band, the 

greater the interaction of the metal surface with the conjugated C=C bond compared to C=O 

bond [6].  

Since Pd catalyst is more active for hydrogenation of the C=C bond than the C=O bond, 

citronellal and HCAL are reasonably dominant intermediate products in the reaction [6]. 

Thermodynamically and kinetically, a C=C bond is more easily hydrogenated than a C=O 

bond, and so the selective hydrogenation of unsaturated aldehydes to unsaturated alcohols is 

still a challenging task at present [7]. Actually, unsaturated alcohols such as geraniol, nerol 

and COL, are important intermediates in the synthesis of fine chemicals like flavor, fragrance 

and pharmaceutical compounds as well. Therefore, it is worthwhile to further study Pt and Ru 

catalysts supported on CNF/TiO2 and CNF/TiO2/monolith to obtain unsaturated alcohols in 

citral or CAL hydrogenation. Meanwhile, some literatures reported that addition of a second 

metal can drastically improve the activity and selectivity to the desired products. Compared to 

monometallic platinum, Pt-Sn catalysts have shown a much higher rate of hydrogenation of 

�,�-unsaturated aldehydes and furthermore a very high selectivity towards the formation of 

the corresponding unsaturated alcohols [8, 9]. The improved performance has been explained 

in terms of an interaction of ionic tin species with the organic substrate which increases the 

polarization of the carbonyl group. The higher polarization of the C=O group favor the attack 

of the hydrogen atoms chemisorbed on the platinum sites. Performing experiments with these 

improved catalysts on supports with less internal diffusion limitation, can result in increased 

selectivity to the unsaturated alcohols, which are important intermediates used in fine 
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chemical industries.  

In the thesis, as-prepared macro-structured carbon nano fiber catalysts were employed in 

selective hydrogenations because the product distributions of those reactions are seriously 

affected by internal diffusion limitations, and the selectivity to the intermediate products can 

be improved due to the removal of internal diffusion limitation in them. Actually, those 

catalysts are interesting for all reactions with internal diffusion limitation as an activity or 

selectivity problem. Catalytic dehydrogenation, another important process in chemical 

industry for instance the higher paraffin’s (C10-C14) dehydrogenation to the corresponding 

mono olefins in the manufacture of bio-degradable detergents, is also restricted by internal 

diffusion limitation. In the paraffin dehydrogenation process, �-Al2O3 supported Pt-Sn catalyst 

had been studied extensively. Amounts of di-olefins and aromatics are formed by subsequent 

secondary dehydrogenation reactions. All these side products can lead to the formation of 

light paraffin’s by cracking. Furthermore, coking in the reaction deactivates the catalyst and 

should be periodically burnt in oxygen-diluent mixture to regenerate the catalyst [10, 11]. 

These disadvantages caused by internal diffusion limitations are unfavorable to the production 

of mono olefins. Therefore, the decrease of internal diffusion limitation in catalyst is expected 

to improve the dehydrogenation activity and selectivity, slow down the coking process, and 

extend the life-span of the catalyst. Thus, macro-structured CNF supported catalysts are 

recommended to be employed in selective dehydrogenation of n-dodecane to mono olefins, 

for the purpose of exploring the effects of catalyst structures to selective dehydrogenation.  

Finally, the tests of Pd/CNF/TiO2 and Pd/CNF/TiO2/monolith in this thesis were carried 

out in a stirred slurry reactor, and results proved their good catalytic performance in selective 

hydrogenation reactions. But generally, macro-structured catalysts are more suitable for 

fixed-bed reactor due to avoiding catalyst separation and high pressure drop [12]. So, 

packed-bed reactor is recommended for investigating the catalytic performance of 

Pd/CNF/TiO2 and Pd/CNF/TiO2/monolith, in comparison to that in stirred slurry reactor.   
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Summary 
In the past few years, significant attention has been drawn to the carbon nanofiber (CNF) 

due to its exceptional mechanical and electronic properties. CNF has been shown to be 

important in the field of catalysis. Compared to traditional catalyst supports (alumina, silica 

and activated carbons), metals supported onto CNF can exhibit unusually high catalytic 

activity and selectivity due to its high surface area and pore volume without micro porosity. 

However, CNF suffer from some drawbacks for slurry phase operation. The agglomeration of 

the nanofibers and the difficulty of filtration can adversely impact catalytic processes. In 

addition, CNF agglomerates are difficult to use directly in fixed-bed reactors due to a high 

pressure drop. Therefore, many studies on macro-structured CNF(T) and their prepared 

catalysts have been launched, for the purpose of resolving the disadvantages of the powdered 

catalysts employed in catalytic reactors, especially in fixed-bed ones. This thesis describes the 

preparation of stable CNF layers depositing on the surface of titania extrudate (CNF/TiO2) 

and cordierite monolith (CNF/TiO2/monolith) and their application as catalyst supports for 

selective hydrogenation of citral, cinnamaldehyde (CAL) and 4-carboxybenzaldehyde 

(4-CBA). 

Chapter 2 focuses on the synthesis of a promising carbon-titania composite material, 

CNF/TiO2. It was prepared through methane decomposition over the TiO2 extrudates. The 

suitable mole ratio of Ni to Cu in Ni-Cu/TiO2 employed in carbon deposit was found to be 8:1. 

The synthesized CNF/TiO2 had the good textural and structural properties: the BET surface 

area was 60 m2/g and the mesopore structure dominated the pore space of the material, which 

is beneficial for eliminating mass transfer limitations. Meanwhile, the dominant ingredient of 

carbon deposit over the composite was CNFs (90%).  

The preparation of palladium catalysts supported over CNF/TiO2 (Pd/CNF/TiO2) was 

described in Chapter 3, and the catalytic properties over macro-structured Pd/CNF/TiO2 and 

Pd/AC for citral hydrogenation were estimated using Weisz-Prater criterion. The calculating 

results of Weisz-Prater numbers (less than 0.3 of each reactant) inferred the absence of 

internal diffusion limitations in Pd/CNF/TiO2. It is in accordance with the high citronellal 

selectivity in citral hydrogenation over it. Meso- and macro-pores, the dominant structures in 

Pd/CNF/TiO2, resulted in the elimination of internal diffusion limitation in the catalyst. These 

results showed that CNF/TiO2, an effective catalyst support, has a potential application in 

three phase catalytic reactions, especially those controlled by internal diffusion. 
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In Chapter 4, another macro-structured CNF support, CNF/TiO2/monolith, was 

synthesized by TiO2 coating on the surface of the cordierite monolith and followed by CNF 

growth on it. The total BET surface area of the composite was 31 m2/g and the macro- and 

mesopore structure dominated the pore space of the material (about 93%). Meanwhile, 94% 

of the carbon deposit on the surface of the composite was CNF. TiO2 film and CNF coating 

was deemed to increase the textural and acid-resistant properties of the composite. 

Synthesized CNF/TiO2/monolith was subsequently employed to prepare its supported 

palladium catalysts, Pd/CNF/TiO2/monolith. The catalytic performance was determined by 

the selective hydrogenation of cinnamaldehyde (CAL) to hydrocinnamic aldehyde (HCAL). 

The selectivity to HCAL was high (about 90%) over Pd/CNF/TiO2/monolith at 95% CAL 

conversion, the same as that over powdered Pd/CNF (about 93%), being much higher than 

that over Pd/AC (about 45%). The high selectivity was attributed to the removal of acidic 

oxygen-containing surface groups and the elimination of internal diffusion limitation on 

Pd/CNF/TiO2/monolith. 

In addition, Pd/CNF/TiO2/monolith was employed in Chapter 5 for another model 

reaction, selective hydrogenation of 4-CBA. The effect of mass transfer on catalyst 

performance was studied experimentally and the results are described using simple kinetic 

models. The results were compared to Pd catalysts supported on activated carbon (Pd/AC) 

and carbon nanofibers aggregates (Pd/CNF). Catalytic performance of Pd/CNF/TiO2/monolith 

is similar to Pd/CNF and Pd/AC with particles as small as 50 micron (Pd/AC50), whereas 

Pd/AC with larger support particles revealed lower activity due to internal mass transfer 

limitation. Also selectivity to the intermediate hydrogenation product, 4-(hydroxymethyl) 

benzoic acid (4-HMBA), versus deep hydrogenation to p-toluic acid (p-TA), is clearly 

affected by internal mass transfer. Pd/AC with large particles (3000 �m) achieves a maximum 

yield to the intermediate product of only 35%, whereas all other catalysts achieve typically 

70%. Remarkably, the conversion level at which the maximum yield of intermediate product 

is achieved is highest for Pd/CNF/TiO2/monolith. This advantage is assigned to superior 

internal mass transfer properties, thanks to high porosity, low tortuosity and short diffusion 

length of the CNF layer. Clearly, Pd/CNF/TiO2/monolith applied as a fixed bed outperforms 

slurry catalysts, abandoning the need of a filtration section. 

An outlook with a discussion on future developments of the work presented in this thesis 

is described in Chapter 6. It includes 5 aspects. First of all, bimetallic Co-Cu or Fe-Cu 

catalyst will be employed to grow CNF on TiO2 extrudate and monolith, and resulting 
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properties be compared to the CNFs prepared by a Ni-Cu catalyst. Next, crotonaldehyde, as 

well as citral and CAL in this thesis, will be used to estimate the effects of the molecular 

diffusion coefficient on catalytic performance. Then, Pt and Ru catalysts supported on 

CNF/TiO2 and CNF/TiO2/monolith, rather than Pd one, will be studied to improve the yield of 

unsaturated alcohols in citral or CAL hydrogenation. In addition, Pd/CNF/TiO2 and 

Pd/CNF/TiO2/monolith catalyst like in this thesis will also be tested in selective 

dehydrogenation of n-dodecane to mono olefins, for the purpose of exploring the effects of 

catalyst structures to selective dehydrogenation. Finally, packed-bed reactor will be used for 

investigating the catalytic performance of Pd/CNF/TiO2 and Pd/CNF/TiO2/monolith, in 

comparison to that in stirred slurry reactor, during citral or CAL hydrogenation. 
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Samenvatting 
In de laatste jaren is er veel aandacht voor koolstof nano draden (carbon nano fibers 

(CNF)), vanwege hub bijzondere mechanische en elektronische eigenschappen. De CNF’s 

zijn ook aangetoond belangrijk in het veld van de katalyse. Vergeleken met de traditionele 

katalysator dragers (alumina, silica en geactiveerde koolstof) tonen metalen op CNF 

ongebruikelijke hoge katalytisch activiteit en selectiviteit, als gevolg van het hoge oppervlak 

en het grote poriën volume zonder microporositeit. Jammer genoeg de CNF’s hebben ook 

enige nadelen voor het gebruik in slurry fase operaties. De agglomeratie van de CNF’s en het 

moeilijke filtreren, hebben een negatieve invloed op de katalytische processen. Daar komt bij 

dat CNF’s moeilijk direct te gebruiken zijn in gepakt bed reactors als gevolg van de daar door 

CNF’s gecreëerde hoge drukval. Daarom zijn er veel studies gedaan naar de 

macro-gestructureerde CNF(T) en de daarmee bereide katalysatoren, met de bedoeling het 

oplossen van de nadelen van poeder katalysatoren, speciaal gebruikt in gepakt bed reactoren. 

Dit proefschrift beschrijft de bereiding van stabiele CNF lagen afgezet op het oppervlak van 

titania extrudaten (CNF/TiO2) en corderiet monolieten (CNF/TiO2/monoliet) en hun 

toepassing als katalysator drager voor de selectieve hydrogenering van citral, cinnamaldehyde 

(CAL) en 4-carboxybenzaldehyde (4-CBA). 

Hoofdstuk 2 focust op de synthese van veel belovend koolstof-titania composiet 

materiaal (CNF/TiO2). Het werd bereid, door methaan ontleding over TiO2 extrudaten. De 

meest bruikbare molaire verhouding van Ni tot Cu in Ni-Cu/TiO2 gebruikt voor de 

koolafzetting was 8:1. De gesynthetiseerde CNF/TiO2 had de goede texturele en structurele 

eigenschappen: Het BET oppervlak was 60 m2/g en de mesoporiën domineerden het 

porievolume, wat goed is voor het elimineren van massa transport limitaties. Het dominante 

deel van de afgezette koolstof op het composiet waren CNF’s (90%). 

De bereiding van Palladium katalysatoren op CNF/TiO2 (Pd/CNF/TiO2) worden 

beschreven in Hoofdstuk 3 en de katalytische eigenschappen van de macrostructuur 

Pd/CNF/TiO2 en Pd/AC voor citral hydrogenering werden geschat met het Weisz-Prater 

criterium. De berekende resultaten geven aan dat er geen interne diffussie limitering is in 

Pd/CNF/TiO2. Het resulteert in een hoge citronellal selectiviteit. De meso en macro-poriën de 

dominante structuur in Pd/CNF/TiO2 resulteert in de eliminatie van de interne diffusie 

limitering in de katalysator. Dit resultaat toont aan dat CNF/TiO2 een effectieve katalysator 

drager is en een potentieel heeft in drie fase katalytische reacties, met name die gecontroleerd 
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worden door interne diffusie. 

In Hoofdstuk 4 een ander macro-gestructureerde CNF, CNF/TiO2/monoliet, werd 

gesynthetiseerd door een TiO2 coating aan te brengen op het oppervlak van een cordieriet 

monoliet, gevolgd door CNF groei daarop. Het totale BET oppervlak van de composiet was 

31 m2/g en macro- en meso-poriën-structuur domineerde het porie volume van het materiaal 

(ongeveer 93%). 94% van de koolafzetting op het oppervlak van de composiet waren CNF’s. 

De TiO2 film en CNF coating was bedoeld om texturele- en zuur-resistentie eigenschappen 

van de composiet te verbeteren. De gesynthetiseerde CNF/TiO2/monoliet werd vervolgens 

gebruikt om om een gedragen PD katalysator te bereiden Pd/CNF/TiO2/monoliet. De 

katalytische prestaties werden bepaald aan de hand van de selectieve reductie van 

cinnamaldehyde (CAL) naar hydrocinnamicaldehyde (HCAL). De selectiviteit naar HCAL 

was hoog (ongeveer 90%) over Pd/CNF/TiO2/monoliet bij 95% CAL conversie, hetzelfde als 

over gepoederde PD/CNF (93%), maar veel hoger dan die over Pd/AC (45%). De hoge 

selectiviteit wordt toe gewezen aan de verwijdering van zure groepen en de eliminatie van 

interne diffusie limitering op Pd/CNF/TiO2/monoliet. 

De Pd/CNF/TiO2/monoliet werd in Hoofdstuk 5 ook nog gebruikt voor een andere 

model reactie, selectieve hydrogenering van 4-CBA. Het effect van massa transport op de 

katalytische prestaties werd experimenteel bestudeerd en de resultaten beschreven met een 

simpel kinetisch model. De resultaten werden vergeleken met Pd katalystor op een actieve 

kool drager (Pd/AC) en op aggregaten van nano-kooldraden (Pd/CNF). De katalytische 

prestaties van Pd/CNF/TiO2/monoliet is gelijk aan Pd/CNF en Pd/AC met deeltjes van 50 

micron (Pd/AC50), terwijl Pd/AC met grotere drager deeltjes een lagere activiteit vertonen 

ten gevolge van interne massatransport limitering. Ook de selectiviteit naar het intermediair 

hydrogeneringsproduct, 4-(hydroxymethyl) benzoëzuur (4H-HMBA), versus diepe 

hydrogenering naar p-tolueenzuur (p-TA) is duidelijk beïnvloed door het interne massa 

transport. Pd/AC met grote deeltjes (3000um) bereikt alleen een maximum opbrengst van het 

intermediaire product van 35%, terwijl alle andere katalysatoren 70% halen. Opmerkelijk is 

dat het conversie niveau, waarbij de maximum opbrengst wordt bereikt het hoogste is voor 

Pd/CNF/TiO2/monoliet. Dit voordeel wordt toegeschreven aan een superior intern massa 

transport, ten gevolge van de hoge porositeit, lage tortuositeit en de korte diffusie lengtes van 

CNF laag. Pd/CNF/TiO2/monoliet toegepast in een vast bed overtreft de slurryfase katalysator, 

omdat de filtratie sectie overbodig wordt. 

Een toekomstvisie met discussie over potentiele ontwikkelingen van het werk in dit 
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proefschrift is beschreven in Hoofdstuk 6. Er worden 5 aspecten genoemd. Allereerst het 

gebruik van bimetallische Co-Cu of Fe-Cu katalysatoren voor de groei van CNF’s op TiO2 

extrudaten en monolieten. De resulterende eigenschappen zullen vergeleken worden met 

CNF’s gemaakt met een Ni-Cu katalysator. Vervolgens zullen citral en CAL net als in dit 

proefschrift worden gebruikt om het effect van diffusie op de katalytische prestaties af te 

schatten. Ook zullen Pt en Ru katalysatoren gedragen op CNF/TiO2 en CNF/TiO2/monoliet 

worden bestudeerd, om de opbrengst van onverzadigde alcoholen te vergroten bij de citral een 

de Cal hydrogenering. Daarnaast zullen Pd/CNF/TiO2 en Pd/CNF/TiO2/Monoliet 

katalysatoren, dezelfde als in dit proefschrift, worden getest gedurende de selektieve 

dehydrogenering van n-Dodecaan naar mono olefinen, met als doel de invloed van de 

katalysator structuur op de selectieve dehydrogenering te onderzoeken. Tenslotte zal een vast 

bed reactor kunnen worden vergeleken met een slurry fase reactor, wat betreft de prestaties 

van Pd/CNF/TiO2 en Pd/CNF/TiO2/Monoliet katalysatoren voor de hydrogenering van Citral 

of CAL. 
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