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Abstract 

The main focus of this thesis is the investigation of sustainable routes for the 

production of commercially important higher and functionalised aliphatic and aromatic 

amines through the application of (oxide and carbon) supported palladium and gold 

catalysts. In the hydrogenation of butyronitrile as a model aliphatic nitrile, unsupported 

Pd promoted the formation of primary and secondary amines. The acid-base character 

of the support and available surface reactive hydrogen are critical catalyst variables. The 

greater acidity of Pd/C (relative to Pd/Al2O3) resulted in the predominant formation of 

the tertiary (tributyl-) amine where spillover hydrogen serves to elevate hydrogenation 

rate. The combination of Ba with Pd (supported bimetallic) proved effective in 

promoting hydrogenation activity with 100% selectivity to the secondary amine, which 

is attributed to a decrease in acidity and modification to Pd dispersion that enhances 

surface hydrogen. The feasibility of an alternative route for the synthesis of higher 

aliphatic secondary and tertiary amines from primary and secondary amine feedstock 

has been demonstrated. Control of contact time is key where the use of a multiple 

catalyst beds in series facilitates higher yields. This is accounted for in terms of surface 

reaction mechanism. This configuration was also efficient for the synthesis of 

benzylamine from benzonitrile. 

Hydrogenation selectivity was further assessed by considering the reduction of 

functionalized nitroarenes (p-chloronitrobenzene (p-CNB) and p-nitrobenzonitrile (p-

NBN)). It is shown that the redox nature of the support has a direct impact on the 

activity and selectivity response. The formation of Pd
δ+ 

(on carbon) activates the nitro 

group with subsequent C-Cl bond scission with the formation of p-chloroaniline (p-

CAN) and aniline (AN). The occurrence of Pd
δ- 

(on SiO2 and Al2O3) favours interaction 

via the aromatic ring that activates both –NO2 and –Cl for attack generating AN and 

nitrobenzene. The formation of a PdZn alloy (established by XPS analysis) in addition 

to Pd
0
 selectively activates the –NO2 group and promotes the sole formation of p-CAN 

at all levels of conversion (and close to 100%). Exclusive conversion of p-NBN to p-

aminobenzonitrile was achieved over a series of oxide (CeO2, Fe2O3, Fe3O4, TiO2, ZrO2 

and Al2O3) supported (1 mol %) Au catalysts. Hydrogen uptake is structure sensitive 

and favoured by smaller nano-scale metal particles with a consequent increase in 

activity. Reaction over Au/TiO2 delivered the highest specific hydrogenation rate, which 

is explained on the basis of –NO2 activation at the metal-support interface that is 
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facilitated by N
δ+

 interaction with electron rich gold (Au
δ-

, demonstrated by XPS). This 

effect is shown to extend to TiO2 supported Ag and Pd.  

Supported Au is also effective in the selective hydrogenation of benzaldehye in 

liquid phase operation using water as a green solvent. 100% yield of the target benzyl 

alcohol was attained over Au/Al2O3 whereas Pt/Al2O3 generated toluene and benzene as 

significant (hydrogenolysis) by-products. Solvent effects were evaluated where a direct 

correlation between selective hydrogenation rate and dielectric constant is demonstrated 

and ascribed to competitive adsorption, which was more severe for less polar alcohol 

solvents. Solvation by polar water facilitated benzaldehyde activation. The same 

activity and selectivity trends were found to also apply to continuous gas phase reaction.  

The results presented in this thesis demonstrate, for the first time, direct 

participation of the support in the catalytic hydrogenation of aliphatic nitriles over Pd-

based catalysts. This can be harnessed to enhance amine production in a sustainable 

continuous flow gas operation process. Moreover, secondary and tertiary aliphatic 

amines can be selectively produced from the correspondent primary and secondary 

amines over Pd in continuous mode. The use of reducible supports can result in the 

formation of an alloy phase and surface defects with beneficial selectivity and activity 

effects in the production of functionalized amines. The selective catalytic action of 

supported Au catalysts has been established in achieving 100% yield of benzyl alcohol 

(from benzaldehyde) using water as a benign solvent. 
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Chapter 1 

Introduction and Scope of the Thesis 

This Chapter provides a brief overview of the concept of sustainable chemical 

processes, focusing on amine production. The objectives of this PhD research are 

defined and the approach taken is described.  

1.1 Sustainable Chemical Processing and Amine Synthesis 

The apparent conflict of increasing chemical production and environmental 

protection has resulted in a pressing demand for the development of sustainable 

manufacturing processes [1]. This requires processes that operate safely and with a high 

degree of energy efficiency that must draw on cost-effective catalyst formulations that 

deliver high selectivity to the target product [2]. The concept of atom efficiency is 

critical in this respect, i.e. utilisation of all the material in the process, avoiding by-

product formation, minimising waste to arrive at the optimal product yield. Amines 

(both aliphatic and aromatic) are widely used as intermediates in the production of 

agrochemicals and pharmaceuticals [3]. However, traditional synthesis routes via 

hydrogenation of nitriles or nitro-compounds typically generates low product yield and 

selectivity, toxic by-product formation and energy inefficiency [4]. Supported nano-

scaled Pd is effective in the dissociative adsorption of H2 [5] and has been widely 

adopted in catalytic hydrogenation [6,7]. Nevertheless, the application in nitrile or nitro-

compound reduction is limited and existing studies have reported significant by-product 

formation. This is a reaction system that requires improvement to meet the requirements 

of sustainable chemical processing.  

1.2 Scope and Organization of the Thesis 

The aim of this research is to explore the catalytic selectivity in the application of 

Pd and Au catalysts for the synthesis of commercially valuable products. The work has 

covered catalyst synthesis, characterisation and process optimisation. Catalyst 

characterisation has involved ICP, AAS, TPR, H2/O2/NH3 chemisorption, H2/NH3 TPD, 

(S)TEM and XPS measurements. Amines are predominantly produced via high pressure 

batch liquid phase hydrogenation of nitriles [8]. A move to continuous processes has 

been highlighted by the fine chemical/pharmaceutical sector as a priority to achieve 

higher throughput and sustainable production [9]. Palladium catalysts have been
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 employed in amine synthesis in Chapter 2-6; thesis organisation and scope are 

summarised in Table 1.1. The role of support acid-base character in affecting 

activity/selectivity is inconclusive from a consideration of existing literature [10-13] 

and is considered in Chapter 2. The continuous gas phase hydrogenation of 

butyronitrile was investigated over supported (C and Al2O3) Pd and the catalytic action 

compared with bulk (unsupported) Pd. Support acidity facilitated condensation  

  

  Table 1.1: Scope of the studies undertaken in this thesis. 

 

 

 

reactions to form higher (secondary and tertiary) amines. This work is extended in 

Chapter 3 by inclusion of Ba to Pd/SiO2 to modify surface chemistry and enhance 

selectivity to primary amine. The controlled synthesis of higher amines is the focus of 

Chapter 4. The consequences of a switch from an aliphatic (butyronitrile) to an 

aromatic (benzonitrile) nitrile is developed in Chapter 5. Possible support effects are 

further examined in the hydrogenation of p-chloronitrobenzene (Chapter 6). Selectivity 

is further probed in reduction of nitro (-NO2) and cyano (-C≡N) substituents on the 

aromatic ring (in p-nitrobenzonitrile), comparing the catalytic action of supported Au 

with Pd and Ag systems in Chapter 7. In order to further explore the potential of 

supported Au catalysts, Chapter 8 deals with the hydrogenation of benzaldehyde in 
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liquid phase using water as solvent; results are compared with continuous gas phase 

operation. The thesis ends (Chapter 9) with a concluding summary and suggested 

future work.  
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Chapter 2  

Support Effects in the Gas Phase Hydrogenation of  

Butyronitrile over Palladium  

The effect of the support in the hydrogenation of nitriles to higher amines is 

inconclusive in the literature. In this Chapter the possible role of the carrier has been 

established by direct comparison of Pd/Al2O3 with Pd/C in the selective gas phase 

hydrogenation of butyronitrile, taking (unsupported) bulk Pd as benchmark. Catalytic 

performance is correlated to critical catalyst characterisation data.  

2.1 Introduction  

The catalytic hydrogenation of nitriles is an established route to amines, widely 

used as intermediates in the production of agrochemicals and pharmaceuticals [1]. This 

reaction is typically conducted in batch liquid phase at elevated H2 pressure (20-45 atm 

[2-6]) with alkane solvents (e.g. hexane [5,7], heptane [3,4,6] and octane [7,8]). A move 

from batch to continuous processes has, however, been highlighted by the fine 

chemical/pharmaceutical sector as a priority to achieve higher throughput and 

sustainable production [9]. Nitrile hydrogenation has been conducted over supported 

metal (Ni [2,8,10], Co [5,8,10], Ru [3,4,6,10], Cu [4,10], Rh [3,4], Pt [3,4,10], Pd 

[3,4,7,10,11]) catalysts where primary amines are preferentially produced over Ru, Ni 

and Co, whereas Cu and Rh promote the formation of secondary amines and Pd and Pt 

exhibit higher selectivity to tertiary amines. It is striking that Pd, although extensively 

used in hydrogenation applications, has not been employed to any significant extent in 

nitrile reduction and the work to date has primarily considered the performance of 

bimetallic (Pd-Ni [3,4], Pd-Ag [4], Pd-Cu [4], Pd-Pt [12]) or (PdZn, PdGa5, Pd5Ga2 and 

Pd0.48In0.52) alloy [11] catalyst formulations.  

Metal oxides have been used as support in the hydrogenation of butyronitrile [3-

6,10,13], benzylcyanide [3], acetonitrile [4-6,12] and lauronitrile [2]. Use of carbon as 

metal carrier has focused on reactions promoted by Ni [14-16] with limited work on 

supported Pd [13,17]. Catalytic hydrogenation has been shown to be influenced by 

support acid-base character [18] with conflicting results for nitrile reduction. In the 

hydrogenation of acetonitrile [19-22] over oxide (MgO [19,20], Al2O3 [19-21], Cr2O3 
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[19], SiO2 [19,20,22], TiO2 [19], ZrO2 [19], ThO2 [19], and UO2 [19]) supported Ni, 

surface acidity was proposed to contribute to condensation step(s). In contrast, no 

apparent selectivity dependence on support acidity was observed for reaction over oxide 

[23] (Al2O3, TiO2, SiO2-Al2O3, SiO2) and zeolite (NaY [6]) supported Ru [6], Ni [6,23], 

Rh [6] and Pt [6]. Given the available literature, it is difficult to establish any explicit 

link between catalyst performance and surface acid properties. In this report we set out 

to decouple the effect of metal and support in determining catalyst performance and 

evaluate the role of surface acidity in the gas phase continuous hydrogenation of 

butyronitrile, as a model aliphatic nitrile reactant, over Pd/C and Pd/Al2O3, taking bulk 

Pd as benchmark. 

2.2 Experimental Method 

 The alumina support (Puralox, Condea Vista Co.) was used as received, 

butyronitrile (> 99.8%), (1 wt-%) Pd/C, (1.2 wt-%) Pd/Al2O3 and PdO were obtained 

from Sigma-Aldrich. The samples were sieved into a batch of 75 μm average diameter 

and activated in 60 cm
3
 min

-1
 H2 (BOC, > 99.99%) at 10 K min

-1
 to 573 K, which was 

maintained for 1 h. Reduction conditions to convert PdO to zero valent Pd have been 

established elsewhere [24]. Samples for off-line analysis were passivated in 1% v/v 

O2/He at ambient temperature.  

2.2.1 Catalyst Characterization 

Palladium content was measured by inductively coupled plasma-optical 

emission spectrometry (ICP-OES, Vista-PRO, Varian Inc.) from the diluted extract in 

HF. Temperature programmed reduction (TPR), H2 and NH3 chemisorption/temperature 

programmed desorption (TPD) and specific surface area (SSA) measurements were 

conducted using the commercial CHEM-BET 3000 (Quantachrome) unit. The samples 

were loaded into a U-shaped Quartz cell (3.76 mm i.d.) and heated in 17 cm
3
 min

-1
 

(Brooks mass flow controlled) 5% v/v H2/N2 at 10 K min
-1

 to 573 ± 1 K. The effluent 

gas passed through a liquid nitrogen trap and changes in H2 consumption monitored by 

a thermal conductivity detector (TCD) with data acquisition/manipulation using the 

TPR Win
TM

 software. The reduced samples were maintained at the final temperature in 

H2/N2 until the signal returned to baseline, swept with 65 cm
3
 min

-1
 N2 for 1.5 h, cooled 

to ambient temperature and subjected to H2 (or NH3) chemisorption using a pulse (50-

1000 µl) titrations. Samples were thoroughly flushed in N2 with TPD at 10-50 K min
-1

 

to 923-1173 K. The resultant profile was corrected using the TPD recorded in parallel 

directly following TPR to explicitly determine H2 (or NH3) release. SSA was 
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determined in a 30% v/v N2/He flow using undiluted N2 as internal standard. At least 

two cycles of N2 adsorption-desorption were employed using the standard single point 

BET method. SSA and H2/NH3 uptake/desorption were reproducible to ±5% and the 

values quoted represent the mean. Supported Pd particle morphology (size and shape) 

was determined by transmission (TEM, JEOL JEM 2011 unit) and scanning 

transmission (STEM, JEOL 2200FS field emission gun-equipped unit) electron 

microscopy, employing Gatan DigitalMicrograph 1.82 for data acquisition/manipulation. 

The samples were crushed and deposited (dry) on a holey carbon/Cu grid (300 Mesh). 

Up to 800 individual Pd particles were counted for each catalyst to determine the 

surface area-weighted Pd diameter as described elsewhere [25]. 

2.2.2 Catalytic Procedure 

Reactions were conducted (1 atm, 473 K) in situ, following catalyst activation, 

in a fixed bed vertical glass reactor (i.d. = 15 mm) under conditions that ensured 

minimal mass or heat transfer limitations. The butyronitrile reactant was delivered at a 

fixed calibrated flow rate via a glass/teflon air-tight syringe and teflon line using a 

microprocessor controlled infusion pump (Model 100 kd Scientific). A layer of 

borosilicate glass beads served as preheating zone where the reactant was vaporized and 

reached reaction temperature before contacting the catalyst. Isothermal conditions (±1 K) 

were maintained by diluting the catalyst bed with ground glass (75 µm) and the 

temperature was continuously monitored by a thermocouple inserted in a thermowell 

within the catalyst bed. A co-current flow of butryronitrile (<1% v/v) and H2 was 

maintained at GHSV = 1.0 × 10
4
 h

-1
 with an inlet flow rate (F) of 6.9 mmol h

-1
 where H2 

was in excess (by a factor of 24) of the stoichiometric requirement for the formation of 

the butylidenimine intermediate. The reaction temperature (473 K) was above boiling 

point of butyronitrile (390-392 K) ensuring the reactant was gasified. Although the 

boiling point of the hydrogenation products (butylamine (350 K), dibutylamine (432.9 

K) and tributylamine (487 K)) varied, the partial pressure of tributylamine calculated 

under the reaction temperature (175 Pa) was one magnitude lower than the saturated 

vapour pressure (1314 Pa) suggesting the gas phase of tributylamine (Appendix 1). The 

molar palladium (n) to F ratio spanned the range 0.3 × 10
-4 

– 1.3 × 10
-3

 h. The reactor 

effluent was frozen in a liquid nitrogen trap for subsequent analysis, which was made 

using a Perkin-Elmer Auto System XL chromatograph equipped with a flame ionisation 

detector, employing a DB-1 capillary column (i.d. = 0.33 mm, length = 30 m, film 

thickness = 0.20 μm). Data acquisition/manipulation was performed using the 
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TotalChrom Workstation Version 6.1.2 (for Windows) chromatography data system and 

reactant/product molar fractions (xi) were obtained using detailed calibration plots (not 

shown). Fractional butyronitrile hydrogenation (XBT) was obtained from  

 

                                   
[BT] [BT]

[BT]

in out
BT

in

X



                                          

            (2.1)         

 

where selectivity to product i (Si, %) is given by  

 

                                  
100

[BT] [BT]

i i
i

in out

N x
S  

                                                 
(2.2)  

 

[BT]in and [BT]out represent inlet and outlet butyronitrile concentration, respectively, 

and Ni is the stoichiometric coefficient for product “i”. Repeated reactions with different 

samples from the same batch of catalyst delivered raw data reproducibility better than 

±6%. 

 

2.3 Results and Discussion 

2.3.1 Catalytic Procedure 

The critical physico-chemical properties of the catalytic systems considered in this 

study are recorded in Table 2.1. 

 

2.3.1.1 Pd/Al2O3 

 

The TPR profile generated for Pd/Al2O3 is presented in Figure 2.1(I) where the 

occurrence of a negative peak (H2 release) at 355 K can be attributed to Pd hydride 

decomposition [26]. The hydride is generated by H2 absorption, which is known to 

proceed at H2 partial pressures >0.02 atm [27]; a pressure of 0.05 atm during TPR was 

used in this work. The absence of any H2 consumption (positive signal) prior to hydride 

decomposition suggests the presence of metallic Pd in advance of the temperature ramp. 

Palladium particle size was determined by electron microscopy and verified by H2 

chemisorption on the basis of dissociative adsorption (Pd/H stoichiometry = 1:1) [28]. 

Representative TEM images presented in Figure 2.2(AI) and (AII) reveal pseudo-

spherical Pd particles at the nano-scale. The associated Pd size distribution histogram 



 

 

 

 

 

Table 2. 1: Specific surface area (SSA), Pd mean particle size (from TEM/STEM (dTEM) and H2 chemisorption (dH2
) measurements), H2 uptake and 

release during TPD (with associated temperature of maximum release (Tmax)) and NH3 uptake and release (with Tmax). 

 

Catalyst 
SSA/ 

m
2 

g
-1

 

Pd size/ 

nm 
H2 uptake/ 

mmol gPd
-1

 

H2 TPD 

NH3 uptake/ 

mmol g
-1

 

NH3 TPD 

dTEM dH2
 

H2 desorbed/ 

mmol gPd
-1

 

Tmax/ 

K 

NH3 desorbed/ 

mmol g
-1

 

Tmax/ 

K 

 

Pd/Al2O3 145 3.0 2.4 2.1 9.6 767 0.52 0.51 464 

Al2O3 160 - - - - - 0.71 0.69 450 

Pd 3  131 0.04 0.05 782    

Pd+Al2O3 133   0.04 0.09 782    

Pd/Al2O3+Al2O3 152   2.3 46.6 767    

Pd/C 870 2.8 2.2 2.5 79.8 785, 1173 0.94 0.92 480 
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Figure 2. 1: Temperature-programmed reduction (TPR) profiles for (I) Pd/Al2O3 (solid line), (II) 

PdO (dashed line) and (III) Pd/C (dotted line). 

 

 

 

 

 

Figure 2. 2: Representative (I) medium and (II) higher magnification TEM and STEM images with 

associated (III) Pd particle size distributions for (A) Pd/Al2O3 and (B) Pd/C. 
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(Figure 2.2(AIII)) delivered a mean diameter (dTEM = 3.0 nm) in good agreement with 

the value obtained from H2 chemisorption (dH2 = 2.4 nm). We should note that 

chemisorption titration measurements were conducted at H2 partial pressure = 0.001 atm, 

circumventing any contribution due to hydride formation. Subsequent TPD generated 

the profile presented in Figure 2.3(AI) with H2 release over 665-890 K. Hydrogen 

desorption far exceeded the amount chemisorbed (Table 2.1). This suggests the 

involvement of spillover hydrogen, i.e. migration of atomic hydrogen to the support 

following dissociation on Pd sites during TPR [29]. Alumina has been demonstrated to 

accommodate spillover through the action of surface hydroxyl groups [30]. The 

temperature related maximum H2 release (Tmax = 767 K) is consistent with publications 

demonstrating spillover desorption from alumina at T ≥ 503 K [24,31].  

There is some controversy regarding the predominant role of metal or support in 

nitrile hydrogenation particularly regarding condensation steps [4,21,22,32]. In order to 

decouple these effects, we examined bulk Pd (generated by reducing PdO) and a 

Pd+Al2O3 physical mixture, where the Pd content was equivalent to that in Pd/Al2O3. 

We should note that there was no detectable H2 uptake or release on or from Al2O3, a 

response that is expected and in agreement with the literature [26]. The SSA recorded 

for Pd+Al2O3 (Table 2.1) is a composite with additive contributions from both 

components. TPR of PdO also generated a negative peak (Figure 2.1(II)) with a Tmax (= 

373 K) and associated hydride composition (H/Pd = 0.67) which differed from that 

measured for Pd/Al2O3 (Tmax = 35 K; H/Pd = 0.05). This agrees with the reported shift 

in hydride decomposition to higher temperatures and increased H/Pd for larger Pd 

particles [26]. The appreciably lower (by a factor greater than 50) H2 uptake on bulk Pd 

relative to Pd/Al2O3 can be related to the lower specific Pd surface area. While H2 

chemisorption was unchanged with Al2O3 addition, TPD from the physical mixture was 

measurably higher (2-fold) than that from Pd alone, suggesting the occurrence of 

spillover, as noted elsewhere [29]. Hydrogen spillover in catalyst+support physical 

combinations where the two components are well mixed [33] or present as discrete 

layers [34] has been demonstrated with a reported [35] spillover transport across non-

contiguous surfaces. This effect was also observed for the Pd/Al2O3+Al2O3 mixture (see 

TPD profile in Figure 2.3(AII)) where H2 released was (5 times) greater than that 

recorded for Pd/Al2O3 (Table 2.1). 

Surface acidity was probed by NH3 adsorption coupled with TPD; the TPD 

profiles for Al2O3 (I) and Pd/Al2O3 (II) are given in Figure 2.3(B). The conventional 



 

12 

 

 

 

 

Figure 2. 3: (A) Hydrogen temperature-programmed desorption (TPD) profiles for (I) Pd/Al2O3 

(solid line), (II) Pd/Al2O3+Al2O3 (dashed line) and (III) Pd/C (dotted line); (B) Ammonia TPD 

profiles for (I) Al2O3 (dashed line), (II) Pd/Al2O3 (solid line) and (III) Pd/C (dotted line). 

 

approach (as documented in the literature) to quantifying acidity has been based solely 

on a measurement of NH3 desorption [22,36,37]. This can, however, be subject to 

inaccuracy, notably as a result of contributions due to thermal degradation of surface 

functionalities, particularly dehydroxylation [38]. In this study, total acidity obtained 

from integration of the TPD signal matched NH3 uptake measured in pulse 

chemisorption (Table 2.1). The reported acid site data for alumina show some disparity 

depending on sample pre-treatment and experimental desorption conditions, e.g. gas
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flow and heating rates [39]. The NH3 TPD profile for Al2O3 (Figure 2.3(BI)) is 

characterised by Tmax = 450 K where the profile shape is similar to that recorded by 

Skotak et al. [40]. Surface acidity associated with Al2O3 is predominantly attributable to 

Lewis sites (Al
3+

) [41,42] with a secondary -OH group contribution [42]. Profile 

generated for Pd/Al2O3 (Figure 2.3(BII)) exhibited a similar maximum (at 464 K) but 

the NH3 adsorbed (and released) was measurably lower than Al2O3 (see Table 2.1). A 

similar effect has been reported previously [40] and explained on the basis of Pd  

interaction with surface acid sites, following Pd incorporation on Al2O3, that results in a 

decrease in total acidity. The NH3 measurements recorded in this study for Pd/Al2O3 

(0.51 ± 0.01 mmol g
-1

, see Table 2.1) are very close (0.54 mmol g
-1

) to that reported by 

Nam et al.[37]. 

 

2.3.1.2  Pd/C 

In order to assess further the possible role of the metal carrier, Pd/C was examined 

where the SSA (870 m
2 

g
-1

, Table 2.1) far exceeded that of Pd/Al2O3 and is typical of 

activated carbon supported metal catalysts [25]. The TPR profile of Pd/C (Figure 

2.1(III)) exhibits a Pd hydride decomposition peak at 353 K with associated H/Pd = 

0.04, close to that obtained for Pd/Al2O3 (H/Pd = 0.05) and suggesting an equivalent Pd 

size [26]. The STEM images (Figure 2.2(BI) and 2.2(BII)) reveal near spherical Pd 

particles with a mean diameter (dTEM = 2.8 nm) from the size distribution (Figure 

2.2(BIII)) that agrees with the H2 chemisorption (dH2 = 2.2 nm, Table 2.1) measurement. 

We must stress the convergence of Pd loading (1.1 ± 0.1 wt-%), size distribution and 

mean (dTEM = 2.9 ± 0.1 nm) for Pd/Al2O3 and Pd/C, which facilitates an explicit analysis 

of support effects. Hydrogen desorption from Pd/C was significantly greater (by a factor 

of over 30) than that chemisorbed (Table 2.1), again suggesting spillover contributions. 

The H2 TPD profile for Pd/C Figure 2.3(AIII) shows two stages of H2 desorption with 

associated Tmax at 785 K and 1173 K and a greater total H2 release (8-fold) relative to 

Pd/Al2O3. Differences in the amount of spillover hydrogen associated with the same 

metal (and size) on different carriers have been noted in the literature [43]. Spillover can 

be influenced by the concentration of initiating and acceptor sites and degree of contact 

between the participating phases [44]. We can link increased H2 desorption from Pd/C 

to the greater SSA that can accommodate more spillover. Surface carboxylic and 

phenolic groups associated with carbonaceous materials can act as spillover acceptor 

sites [34]. A wide variation in acidity of carbon supported transition metal catalysts has 

been observed and is sensitive to carbon source and pre-treatment conditions [45,46]. 
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The total acidity of Pd/C from NH3 chemisorption matched the desorption measurement 

(0.93 ± 0.1 mmol g
-1

) and exceeded that of Pd/Al2O3 (Table 2.1). The NH3 TPD profile 

for Pd/C (Figure 2.3(BIII)) is characterised by a Tmax = 480 K, equivalent to that (473-

483 K) reported elsewhere for carbon supported systems [45] and ascribed to the 

presence of weak acid sites [47,48]. 

2.3.2 Gas Phase Hydrogenation of Butyronitrile 

  Reaction pathways in butyronitrile hydrogenation that have been reported in the 

literature [3,49] are presented in Figure 2.4. Nitrile reduction generates a reactive 

aldimine (butylidenimine, BI) intermediate that is hydrogenated to the primary amine 

(butylamine, BA, step (I)). Butylamine can undergo condensation with the imine in the 

presence of hydrogen, releasing ammonia to generate a secondary amine (dibutylamine, 

DBA, step (II)) which, in turn, can be transformed into a tertiary amine (tributylamine, 

TBA, step (III)). The reactivity of butylidenimine, in terms of hydrogenation or 

condensation, governs product selectivity. Fractional butyronitrile conversion (XBT) over  

 

 

Figure 2. 4: Reaction pathways for the hydrogenation of butyronitrile (BT) to (I) primary 

(butylamine, BA), (II) secondary (dibutylamine, DBA) and (III) tertiary (tributylamine, TBA) 

amine products. 

 

Pd/Al2O3 was time invariant and representative time on-stream plots are shown in 

Figure 2.5(A). This response is significant given that (liquid and gas phase) 

hydrogenation of nitriles over supported Pt [6,50], Ru [6] and Ni [14,16,22] was 

accompanied by catalyst deactivation and a temporal decline in activity. This was 

attributed to: (i) agglomeration of metal particles during reaction [6,15]; (ii) occlusion 

of active sites by the amine product(s) [6,12,15]; (iii) catalyst coking due to the 

formation of dehydrogenated surface species and carbides [14,22]. These deleterious 



 

 

 

 

 

 

 

 

Figure 2. 5: (A) Temporal dependence of butyronitrile fractional conversion (XBT) at varying n/F (0.8 × 10
-3

 h, ; 1.3 × 10
-3

 h,; 0.4 × 10
-3

 h,; 0.8 × 10
-3

 h, ) and (B) 

Selectivity (Si, %) to butylamine (BA, , ), dibutylamine (DBA, , ) and tributylamine (TBA, , ) as a function of XBT for reaction over Pd/Al2O3 (solid symbols) 

and Pd/C (open symbols). Reaction conditions: T = 473 K, P = 1 atm. 

1
5
 



 

16 

 

 

effects do not appear to apply in our system. Selectivity as a function of conversion over 

Pd/Al2O3 is shown in Figure 2.5(B). The secondary amine was the principal product 

with tributylamine as by-product and negligible butylamine formation (SBA < 2%); 

selectivity was independent of conversion. The results suggest that once formed, 

butylamine participates in a condensation step with the aldimine to generate 

dibutylamine as the main product. The secondary amine that is produced undergoes 

further reaction with butylidenimine to give the tertiary amine but this step was not 

promoted to the same extent. Our findings are in line with the work of Huang and 

Sachtler [4] who reported the formation of secondary amine as the main reaction 

product in the conversion of butyronitrile over Pd/NaY in both liquid and gas phase 

operation. We should, however, note that Iwasa and co-workers [11] have reported 

preferential tertiary amine formation in gas phase acetonitrile hydrogenation over 

Pd/Al2O3.  

An unambiguous correlation of metal and support in governing nitrile 

hydrogenation selectivity has yet to be established. It has been proposed that support 

acidity can affect product distribution [16,19,22] and Lewis and Brønsted acid sites on 

alumina are known to contribute to condensation reactions [19,49]. Weak adsorption of 

butyronitrile on Al2O3 with surface coordination through the nitrogen (of the -C≡N 

group) has been demonstrated by infrared spectroscopy [51]. Hegedűs and Máthé [52]  

 

Table 2. 2: Butyronitrile consumption rate and product (butylamine (BA), 

dibutylamine (DBA) and tributylamine (TBA) selectivity (Si) for reaction over bulk 

and supported Pd at an equal fractional conversion (XBT = 0.15); Reaction conditions: 

T = 473 K, P = 1 atm.  

 

Catalyst 
Rate/ 

mol h
-1

molPd
-1

 

Si / % 

BA DBA TBA 

Pd/Al2O3 110 0 84 16 

Al2O3 - - - - 

Pd 1.7 55 45 0 

Pd+Al2O3 2.5 43 52 5 

Pd/Al2O3+Al2O3 112 0 82 18 

Pd/C 183 0 30 70 
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proposed that the Pd phase determines selectivity while the alumina carrier only 

influences activity. In order to decouple these contributions, we conducted the reaction 

over Al2O3 and bulk Pd. There was no detectable conversion using the alumina support 

alone, which can be ascribed to the inability of Al2O3 to dissociate H2 [26] and generate 

the reactive intermediate. The nitrile consumption rate over bulk Pd was appreciably 

lower (by a factor of 65) than Pd/Al2O3 (Table 2.2), which can be attributed to lower H2 

uptake/release (Table 2.1). Comparison of selectivity is only meaningful at a common 

conversion and the selectivity data presented in Table 2.2 were obtained at XBT = 0.15. 

Bulk Pd generated near equivalent butylamine and dibutylamine with no detectable 

tertiary amine formation. This suggests that the condensation reaction to generate 

secondary (but not tertiary) amine can proceed over Pd sites without the involvement of 

the support. Drawing on the pathway in Figure 2.4, the nitrile can be activated on bulk 

Pd, react with the available surface hydrogen to form imine with further hydrogenation 

to butylamine and condensation to dibutylamine. In contrast to Pd/Al2O3, the secondary 

amine formed on bulk Pd must desorb without further reaction. Enhanced selectivity to 

dibutylamine (and formation of tributylamine) exhibited by Pd/Al2O3 suggests a 

contribution due to the support and/or metal/support interface to promote condensation. 

Gluhoi et al. [19] have proposed that the metal-support interface is critical in nitrile 

hydrogenation. To develop this further, the reaction was conducted over a Pd+Al2O3 

physical mixture, which delivered a measurably higher reaction rate than Pd alone 

(Table 2.2). The H2 TPD results presented in Table 2.1 establish the occurrence of 

spillover hydrogen on Al2O3 in the mixture which can account for the increased rate. 

Moreover, selectivity to dibutylamine was enhanced with the isolation of tributylamine 

in the product stream. This suggests a direct contribution of Al2O3 to primary (and 

secondary) amine condensation, where activated nitrile reacts with spillover hydrogen 

generated by Pd. Any contribution due to hydrogen spillover in Pd/Al2O3+Al2O3 was 

negligible and reaction rate/product distribution was essentially the same as that 

obtained with Pd/Al2O3 (Table 2.2). The intrinsic activity of Pd/Al2O3 is such that 

spillover due to addition of Al2O3 (Table 2.1) did not influence performance.  

Pd/C delivered a significantly higher nitrile consumption rate than Pd/Al2O3 

(Table 2.2), which can be linked to greater available surface reactive hydrogen (Table 

2.1), given the equivalency of Pd particle size in both catalysts. Structure sensitivity has 

been proposed for gas phase nitrile hydrogenation over supported Ni [14,15] and Pt [50] 

with higher specific activity for larger metal particles in the 10-18 nm range. The basic 

character of butyronitrile (electron lone pair on nitrogen in -C≡N) must be considered in 
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possible nitrile interaction(s) with the support [49,51]. The greater surface acidity 

exhibited by Pd/C favours nitrile/amine activation and can contribute to higher reaction 

rate. This is consistent with the literature that has linked activity to support acidity 

[16,52]. Catalyst stability with time on-stream also applies to Pd/C (Figure 2.5(A)) 

where selectivity was independent of conversion (Figure 2.5(B)) with tributylamine as 

predominant product, dibutylamine as by-product and no detectable butylamine. This 

deviates from the selectivity response for Pd/Al2O3 and enhanced tertiary amine 

selectivity over Pd/C can be ascribed to greater surface acidity that promotes 

condensation [19,49]. Chen et al. [2] reported increased conversion of lauronitrile over 

more acidic catalysts (Ni/SiO2, Ni/Al2O3 Ni/SiAlO) with low selectivity to the primary 

amine. Moreover, given the decreasing amine basicity, in the order tributylamine > 

dibutylamine > butylamine [53], increased surface acidity enhances amine interaction, 

facilitating sequential reaction (butylamine → dibutylamine → tributylamine, see 

Figure 2.4) leading to predominant tertiary amine formation. 

 

2.4 Conclusions 

This work has set out to decouple the role of metal (Pd) and support in nitrile 

hydrogenation. In solvent-free continuous gas phase butyronitrile hydrogenation over 

Pd/C and Pd/Al2O3 with equivalent mean Pd size (2.9 ± 0.1 nm), Pd/C exhibited 

appreciably higher activity that can be attributed to increased surface hydrogen (from 

H2 TPD) coupled with greater surface acidity (from NH3 chemisorption/TPD). Nitrile 

conversion over both catalysts was constant with time on-stream. Reaction over bulk Pd 

generated primary and secondary amines, indicating that condensation can proceed over 

Pd without support. Alumina alone was inactive but in combination with Pd (physical 

mixture) an increase in activity (relative to Pd) was observed and attributed to the 

involvement of spillover hydrogen. Addition of Al2O3 to bulk Pd shifted reaction to 

higher amines, demonstrating direct contribution of Al2O3 to condensation. Pd/Al2O3 

and Pd/C generated distinct product distributions with secondary amine as principal 

product over Pd/Al2O3 and preferential tertiary amine formation over Pd/C; product 

selectivity was independent of conversion. The greater surface acidity of Pd/C facilitates 

surface interaction(s) with butylamine and dibutylamine, promoting sequential reaction 

with the butylidenimine intermediate, favouring tertiary amine formation. 
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Chapter 3 

Production of Butylamine in the Gas Phase Hydrogenation of 

Butyronitrile over Pd/SiO2 and Ba-Pd/SiO2 

 In the previous Chapter, the predominant formation of tertiary (tributyl-) amine 

was established for reaction over Pd/C and linked to the increase surface acidity where 

spillover hydrogen served to elevate hydrogenation rate. In this Chapter, acidity is 

modified by incorporating Ba with Pd and the consequent effects in butyronitrile 

hydrogenation are assessed. 

3.1 Introduction 

 Primary aliphatic amines are widely used in the textile, pharmaceutical, fine 

chemical and agrochemical sectors [1]. Industrial amine production is based on nitrile 

hydrogenation where reaction selectivity to the primary amine, circumventing 

secondary and even tertiary amine formation, is challenging [1,2]. Taking the 

hydrogenation of butyronitrile (Figure 3.1), partial reduction (step (I)) generates an 

imine (butylidenimine) as reactive intermediate that is converted (step (II)) to the target 

butylamine. The latter can participate in a condensation (step (III)) with the imine and 

reduction (step (IV)) to produce the secondary amine (dibutylamine) with NH3 

elimination. Additional condensation of dibutylamine and imine (step (V)) and 

subsequent hydrogenation (step (VI)) generate the tertiary amine (tributylamine) [3]. 

Nitrile hydrogenation has been predominantly conducted in batch liquid phase at 

elevated H2 pressures (20-45 bar) [4-8]. A range of supported transition metal (Ru [5,9], 

Ni [4,10-12], Co [8,13], Rh [5], Cu [6], Pd [5,14] and Pt [5,14]) catalysts has been used, 

where Ni, Co and Ru favoured primary amine formation, Rh and Cu facilitated 

generation of secondary amine, Pt and Pd promoted a mixture of both amines [2]. There 

is evidence that catalytic activity can also be influenced by the nature of the metal 

where Segobia et al. [15], studying the liquid phase hydrogenation of butyronitrile (T = 

343 K, PH2 = 25 bar) over a series of SiO2 supported metals, established the following 

decreasing activity sequence: Ni > Co > Pt > Ru > Cu > Pd. A move from batch to 

continuous processes has been highlighted by the fine chemical/pharmaceutical sector 

as a priority to reduce downtime and increase throughput [16]. Supported Ni catalysts 

have been applied in gas phase operation but low selectivity to the target primary amine 
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and loss of activity with time on stream are decided drawbacks [10,11,17-20]. Use of 

Pd/ZnO delivered high selectivity (99%) to ethylamine but low activity (conversions  

<6%) in acetonitrile conversion where alloy (PdZn) formation served to inhibit 

condensation to higher amines [21]. 
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Figure 3. 1: Reaction scheme for the hydrogenation of butyronitrile. 

 

 Selectivity in nitrile reduction is affected by acid-base properties of the support 

and the electronic character of the metal site which, in turn, is influenced by the use of 

additives and/or promoters. The incorporation of ammonia provides a basic reaction 

medium that inhibits acid-catalysed condensation (Figure 3.1, steps (III) and (V)) [2]. 

As a corollary, support acidity is critical in terms of amine/imine surface interaction 

leading to higher amine production [4,19,22]. An increase in carrier basicity (by 
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nitrogen doping [10] and LiOH treatment [13]) has been established as a means of 

increasing primary amine selectivity over Ni [10] and Co [13] catalysts in the 

hydrogenation of butyronitrile. Modifications to the electron density of supported metal 

nano-particles can also influence product distribution where Branco et al. [23] 

demonstrated higher n-propylamine selectivity over copper-lanthanide intermetallic 

compounds (LnCu2, Ln = La, Ce, Pr, Nd) that was ascribed to charge transfer (from the 

lanthanide) to Cu which inhibited condensation.  

  Supported nano-scale Pd is effective in dissociative adsorption of H2 [24] and has 

been widely adopted in catalytic hydrogenation [25,26]. Nevertheless, application in 

nitrile conversion is limited due to undesired formation of secondary/tertiary amines and 

low activity [2,7,14,15]. In previous work, we reported a Pd-alkaline earth metal 

synergy that resulted in increased surface hydrogen with a consequent elevated 

hydrogenation rate [27]. Moreover, Ba→Pd electron donation in Pd-Ba/Al2O3 was 

demonstrated [27]. In this study, we explored the promoting effect of Ba in Pd/SiO2 as 

an approach to enhanced butylamine production in gas phase butyronitrile 

hydrogenation. 

3.2 Experimental 

3.2.1 Catalyst Preparation, Activation and Characterisation 

 A 5% w/w Pd/SiO2 was prepared by impregnation of fumed SiO2 (Aldrich) with 

Pd(OAc)2 in dimethylformamide (DMF). The DMF was removed from the impregnated 

sample under vacuum over 12 h at ambient temperature. The Ba-Pd complex  

{(DMF)xBaPd(CN)4}∞ bimetallic precursor was prepared as described elsewhere [28]. 

The SiO2 support was added to a solution of the precursor in DMF to deliver a 5% w/w 

Pd loading (Pd/Ba = 1 mol mol
-1

). Both samples were sieved (ATM fine test sieves) into 

batches of 75 μm mean particle diameter. The samples were activated by reduction in 

flowing (60 cm
3
 min

-1
) dry H2 (99.99%, BOC) at 10 K min

-1
 to 573 K for 30 min, 

flushed in He, cooled to ambient temperature and passivated in 1% v/v O2/He for ex situ 

analysis.  

 Metal loading was determined by inductively coupled plasma-optical emission 

spectrometry (ICP-OES, Vista-PRO, Varian Inc.) from the diluted extract of aqua regia 

(25% v/v HNO3/HCl). Nitrogen adsorption/desorption, temperature programmed 

reduction (TPR), H2 (and NH3) chemisorption and temperature programmed desorption 

(TPD) were performed using the commercial CHEM-BET 3000 (Quantachrome) unit. 

The samples (0.05-0.1 g) were loaded in a U-shaped Quartz cell (3.76 mm i. d.), 
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outgassed for 30 min and the total specific surface area (SSA) recorded in a 30% v/v 

N2/He flow where undiluted N2 (99.9%) served as internal standard. At least two cycles 

of N2 adsorption-desorption were employed using the standard single point BET method. 

TPR analysis was conducted by heating the sample in 17 cm
3
 min

-1
 (Brooks mass flow 

controlled) 5% v/v H2/N2 at 10 K min
-1

 to 573 ± 1 K. The effluent gas passed through a 

liquid N2 trap and changes in H2 consumption were monitored by a thermal conductivity 

detector (TCD) with data acquisition/manipulation using the TPR Win
TM

 software. The 

reduced sample was maintained at 573 K in H2/N2 until the signal returned to baseline, 

swept with 65 cm
3
 min

-1
 N2 for 1.5 h, cooled to ambient temperature and subjected to 

H2 (or NH3) chemisorption using a pulse (50-1000 µl) titration procedure. Any possible 

contribution due to Pd hydride formation can be discounted as the H2 partial pressure 

(<2 Torr) in the sample cell was well below that (>11 Torr) required to generate the 

hydride [29]. Samples were thoroughly flushed in N2 (65 cm
3
 min

-1
) to remove weakly 

bound H2 (or NH3) and subjected to TPD (at 10-50 K min
-1

) to 1000-1273 K with a final 

isothermal hold until the signal returned to baseline. Powder X-ray diffraction (XRD) 

analyses were conducted on a Bruker/Siemens D500 incident X-ray diffractometer 

using Cu K radiation; samples were scanned at 0.02º step
-1

 over the range 20º ≤ 2 ≤ 

90º. Diffractograms were identified using the JCPDS-ICDD Pd reference (46-1043). 

Palladium particle size was obtained from the Scherrer equation [30], 

 

                                                         
cos

c
K

d


 


  

                                                      (3.1)   

 

Where dc is the mean size of the ordered (crystalline) domains, K is a 

dimensionless shape factor (0.9), λ the X-ray wavelength (1.5056 Å), β line broadening 

at half the maximum intensity and θ the Bragg angle (2θ = 40.1
o
). Palladium particle 

morphology (size and shape) was determined by transmission electron microscopy 

analysis, conducted using a JEOL-2000 TEM/STEM microscope equipped with a UTW 

energy dispersive x-ray (EDX) detector (Oxford Instruments) and operated at an 

accelerating voltage of 200 kV. The samples were prepared by ultrasonic dispersion in 

2-butanol, evaporating a drop of the resultant suspension onto a holey carbon/Cu grid 

(300 Mesh). Up to 800 individual particles were counted for each catalyst and the mean  

metal diameter (dTEM) calculated from  

 

http://en.wikipedia.org/wiki/X-ray
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where ni is the number of particles of diameter di.  

3.2.2 Hydrogenation of Butyronitrile  

3.2.2.1 Catalytic System 

 The hydrogenation of butyronitrile (Sigma-Aldrich, ≥99%) was conducted in situ, 

immediately following catalyst activation at 1 atm and 473-563 K in a fixed bed vertical 

glass reactor (i. d. = 15 mm). Reactions were conducted under operating conditions that 

ensured negligible internal or external mass and heat transfer limitations. The nitrile 

reactant was delivered at a fixed calibrated flow rate (0.6 cm
3
 h

-1
) via a glass/teflon air-

tight syringe and teflon line using a microprocessor controlled infusion pump (Model 

100 kd Scientific). A layer of borosilicate glass beads served as preheating zone, 

ensuring that the reactant was vaporised and reached reaction temperature before 

contacting the catalyst. Isothermal conditions (±1 K) were maintained by diluting the 

catalyst bed with ground glass (75 µm); the ground glass was mixed thoroughly with the 

catalyst before insertion in the reactor. The reaction temperature was continuously 

monitored using a thermocouple inserted in a thermowell within the catalyst bed. A co-

current flow of butyronitrile and H2 (<1% v/v nitrile in H2) was maintained at GHSV = 

1.0 × 10
4
 h

-1
. The inlet nitrile flow (F) was constant at 6.9 mmol h

-1
 where the H2 content 

was in excess (by a factor of 12 relative to the stoichiometric requirement for 

butylamine formation) and the gas flow rate was monitored using a Humonics (Model 

520) digital flowmeter. The molar palladium (n) to F ratio spanned the range 3.4 × 10
-4 

– 

3.4 × 10
-3

 h. All the reactant and proposed hydrogenation products (butylamine, 

dibutylamine and tributylamine) are in gas phase at this reaction condition according to 

the analysis in Appendix 1. The reactor effluent was frozen in a liquid nitrogen trap for 

subsequent analysis, which was made using a Perkin-Elmer Auto System XL 

chromatograph equipped with a programmed split/splitless injector and a flame ionisation 

detector, employing a DB-1 capillary column (i. d. = 0.33 mm, length = 50 m, film 

thickness = 0.20 μm). Data acquisition and manipulation were performed using the 

TurboChrom Workstation Version 6.1.2 (for Windows) chromatography data system and 

the overall reactant/product molar fractions (xi) were obtained using detailed calibration 

(not shown). Fractional butyronitrile conversion (X) was obtained from  
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nitrile consumption rate from 
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where selectivity to product i (Si) is given by  
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[Butyronitrile]in and [Butyronitrile]out represent inlet and outlet butyronitrile 

concentration, respectively and Ni is the stoichiometric coefficient for product i. In a 

series of blank tests, passage of butyronitrile in a stream of H2 through the empty 

reactor or over the SiO2 support alone did not result in any detectable conversion. 

Repeated reactions with different samples of catalyst from the same batch delivered raw 

data reproducibility that was better than ±6%.  

 

3.2.2.2 Thermodynamic Analysis 

 Application of thermodynamics to catalytic processes provides an important guide 

to the maximum conversion/selectivity possible under a given set of reaction conditions. 

All the reactant/product species (butyronitrile, butylamine, dibutylamine, tributylamine, 

H2 and NH3) were considered. Setting the inlet nitrile at 1 mol, product distribution at 

equilibrium was determined over 473-563 K at a total pressure of 1 atm, where the 

H2/butyronitrile molar ratio was kept constant at 24 to mimic catalytic reaction 

conditions. The equilibrium calculations were made using CHEMCAD (Version 6) 

where the Gibbs reactor facility was applied to obtain product composition under 

conditions of minimised Gibbs free energy. The equation of state for fugacity employed 

the Soave–Redlich–Kwong approach [31]. The total Gibbs function is given by 
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For gas phase reaction equilibrium,
^ ^

i i if y P , 0 0

if P  and 
0 0

if
G G    and the 

minimum Gibbs free energy of each gaseous species and total for the system can be 

expressed by 
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according to the Lagrange undetermined multiplier method with the elemental balance 

constraint 
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3.3 Results and Discussion 

3.3.1 Catalyst Characterisation 

Critical physico-chemical characteristics of Pd/SiO2 and Ba-Pd/SiO2 are given in 

Table 3.1. The total area (SSA) of Pd/SiO2 is close to that of the SiO2 support (200 m
2
 

g
-1

). In contrast, Ba-Pd/SiO2, synthesised from the bimetallic complex, exhibited a 

significantly lower SSA, which can be ascribed to partial pore blockage as observed for 

silica supported Pd/lanthanide bimetallics prepared from analogous precursors [32]. 

TPR generated the profiles given in Figure 3.2 where Pd/SiO2 (I) exhibited a negative 

peak (H2 release) at 368 K, which can be attributed to Pd hydride decomposition [33]. 

The TPR profile for Ba-Pd/SiO2 (II) is also characterised by a negative peak at 354 K, 

where the associated Pd hydride composition, in terms of H/Pd ratio (0.19), was 

markedly lower than that recorded for Pd/SiO2 (0.34). This suggests inhibited hydride   
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Table 3. 1: Physico-chemical properties of SiO2 supported Pd and Ba- 

Pd catalysts. 

 Pd/SiO2 Ba-Pd/SiO2 

SSA (m
2
 g

-1
) 191 154 

TPR Tmax (K) 368
a
 354

a
, 573

b
 

Pd hydride (H/Pd; mol mol
-1

) 0.34 0.19 

H2 chemisorption (μmol g
-1

) 7 46 

H2 TPD (μmol g
-1

) 19 91 

NH3 chemisorption (mmol g
-1

) 0.49 0.34 

NH3 TPD (mmol g
-1

) 0.48 0.32 

dTEM (nm) 28 7 

dc (nm) 33 9 
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Figure 3. 2: Temperature programmed reduction (TPR) profiles for (I) Pd/SiO2 and (II) Ba-

Pd/SiO2. 
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Figure 3. 3: Representative transmission electron microscopy (TEM) images of (I) Pd/SiO2 (○) and 

(II) Ba-Pd/SiO2 () with (III) associated particle size distributions. 
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formation due to the incorporation of Ba but can also indicate the occurrence of smaller 

Pd particles as size governs hydride composition with an upper H/Pd = 0.76 for bulk Pd 

[34]. Decomposition of supported Pd hydride has been reported to occur over the 

temperature range 323-373 K [34-36] where a shift to higher temperature correlates 

with an increase in Pd particle size [37]. A secondary H2 consumption (positive 

TPRsignal) at 573 K suggests a temperature induced reduction step, which may result 

from stabilisation of surface Pd oxide with the addition of Ba [27]. Supported Pd size 

was determined by TEM analysis and representative images (with associated particle 

size distributions) are presented in Figure 3.3. Both catalysts display quasi-spherical Pd 

nano-particles with a narrower distribution of smaller particles on Ba-Pd/SiO2 (mean 

size = 7 nm) relative to Pd/SiO2 (mean size = 28 nm). This result is in good agreement 

with the mean Pd size obtained from application of the Scherrer equation to XRD line 

broadening (Table 3.1, diffractograms not shown). The incorporation of Ba can serve to 

minimise Pd agglomeration, leading to the formation of smaller Pd particles, as noted 

elsewhere [27,38]. The higher metal dispersion can account for the lower hydride 

decomposition temperature, associated H/Pd  ratio and the greater H2 chemisorption on 
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Figure 3. 4: Hydrogen temperature programmed desorption (TPD) profiles for (I) Pd/SiO2 and (II) 

Ba-Pd/SiO2. 

 

Ba-Pd/SiO2 relative to Pd/SiO2 (Table 3.1), where smaller Pd particles facilitate 

dissociative H2 adsorption [39]. Hydrogen released from both catalysts during TPD 

(Table 3.1) exceeded that adsorbed in pulse titration, diagnostic of spillover hydrogen 
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during TPR [40]. Hydrogen TPD from Pd/SiO2 generated the profile given in Figure 

3.4(I), characterised by a two stage release with Tmax = 775 K and 1273 K (final 

isothermal hold). Drawing on available literature, the lower temperature peak can be 

ascribed to loss of chemisorbed hydrogen from Pd [36]. This is consistent with the 

equivalence of H2 desorbed over 720-980 K (6 μmol g
-1

) with that chemisorbed (7 μmol 

g
-1

, Table 3.1). Hydrogen release at higher (1050-1273 K) temperatures has been 

attributed to desorption from the support and/or metal/support interface [27,41]. The 

TPD profile for Ba-Pd/SiO2 (Figure 3.4(II)) also showed two desorption peaks with a 

greater (by a factor of 5) amount of H2 desorbed compared with Pd/SiO2 (Table 3.1). 

This can be linked to the presence of smaller Pd particles that increased H2 uptake and 

diffusion/spillover to the support [42]. The shift of the second H2 desorption from Ba-

Pd/SiO2 to a lower temperature (relative to Pd/SiO2) has been ascribed to Ba/surface 

interaction that impacts on spillover release [27]. 

 Surface acidity was probed by NH3 chemisorption/desorption where TPD from 

the silica support (Figure 3.5(I)) exhibited NH3 release with Tmax = 343 K that can be 

attributed to weak acid sites [43,44], Indeed, both Brønsted (hydroxyl groups acting as  
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Figure 3. 5: Ammonia temperature programmed desorption (TPD) profiles for (I) SiO2, (II) 

Pd/SiO2 and (III) Ba-Pd/SiO2. 

 

proton donors) [44] and weak Lewis acid sites [43,44] have been detected on silica 

surfaces by FTIR spectroscopy. Integration of the NH3 desorption signal gave a total 

NH3 release that correlates well with the chemisorption measurement (0.21 ± 0.02 mmol 
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g
-1

). Both Pd/SiO2 (II) and Ba-Pd/SiO2 (III) exhibited a positive peak at Tmax = 357 K 

with NH3 desorption (0.15 mmol g
-1

) close to that observed for SiO2 (0.19 mmol g
-1

). A 

secondary higher temperature (600-1000 K) NH3 release was also in evidence that must 

be linked to surface acidity generated during metal incorporation and sample treatment. 

Impalà et al. [45] reported NH3 TPD up to 0.46 mmol g
-1 

from Pd/SiO2, which was 

dependent on catalyst synthesis procedure, i.e. metal precursor, loading and thermal 

treatment. Ammonia chemisorption/desorption was lower for Ba-Pd/SiO2 compared 

with Pd/SiO2 (Table 3.1). Labalme and co-workers [46] also reported a decrease in total 

surface acidity as a result of Ba addition to Pt/Al2O3 based on NH3 TPD, which was 

attributed to neutralisation of surface hydroxyl groups. We should flag prior XRD 

analysis of Ba-Pd/SiO2 that exhibited a weak signal due to a BaSiO3 phase [27], which 

can result in a consumption of surface acid sites. XPS analysis has shown [27] that the 

Pd 3d5/2 signal for Ba-Pd/SiO2 appeared at a lower binding energy (by 0.5 eV) relative 

to Pd/SiO2, suggesting electron donation from Ba to form an electron-rich Pd phase, 

which is consistent with Labalme’s conclusion of electron donation from electropositive 

Ba to Pt on Al2O3 [46]. This is in line with other reports which have concluded that 

addition of Ba increases electron density of Pd sites [47,48]. In summary, Ba-Pd/SiO2 

exhibited greater dispersion of electron rich Pd with enhanced H2 chemisorption and 

lower total surface acidity relative to Pd/SiO2. 

3.3.2 Butyronitrile Hydrogenation: Thermodynamic Considerations 

480 510 540 570
0

25

50

75

100

S
i 
(%

)

T (K)

 

 

 

Figure 3. 6: Product selectivity (Si) as a function of reaction temperature at thermodynamic 

equilibrium; butylamine (); dibutylamine (); tributylamine ().  
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 A thermodynamic analysis of butyronitrile hydrogenation was performed to 

determine system behavior at equilibrium. Under thermodynamic control, the nitrile 

reactant was fully converted under the reaction conditions employed in this study. The 

calculated equilibrium selectivity as a function of reaction temperature is presented in 

Figure 3.6 where it can be seen that the tertiary amine is the predominant product (S = 

83-90%). Production of equivalent amounts of butylamine and dibutylamine as by-

product is favoured by increasing temperature. Preferential tertiary amine production 

indicates that there is no thermodynamic barrier for the coupled reduction and 

condensation steps shown in Figure 3.1.  

3.3.3 Butyronitrile Hydrogenation: Catalytic Activity/Selectivity (at 473 K) 
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Figure 3. 7: Time on-stream butyronitrile fractional conversion (X) for reaction over (I) Pd/SiO2 

and (II) Ba-Pd/SiO2; Reaction conditions: P = 1 atm, T = 473 K, n/F = 1.4 × 10
-3

 h.  

 

 Taking 473 K as a benchmark temperature, fractional butyronitrile conversion 

was time invariant over both Pd/SiO2 (I) and Ba-Pd/SiO2 (II) where the latter exhibited 

higher nitrile conversion (Figure 3.7). This is significant, given the temporal decline in 

activity reported in liquid [4-7,9,49] and gas phase [10,11,17,19] nitrile hydrogenation 

over supported Pd [5-7,9,50,51], Pt [7,52], Ru [7] and Ni [11,18,19]. Catalyst 

deactivation has been ascribed to metal particle agglomeration [7,10], active site 

occlusion by amine product(s) [7,10,14,52,53] and catalyst coking associated with the 

formation of dehydrogenated surface species and carbides [11,14,18,20]. The greater 
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levels of H2 uptake/release exhibited by Ba-Pd/SiO2 (Table 3.1) can account for the 

observed higher nitrile hydrogenation activity. Product distribution was invariant with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 8: Selectivity (Si) to butylamine (■), dibutylamine () and tributylmine (▲) as a function 

of butyronitrile fractional conversion (X) for reaction over (I) Pd/SiO2 and (II) Ba-Pd/SiO2; 

Reaction conditions: P = 1 atm, T = 473 K, n/F = 3.4 × 10
-4 

– 3.4 × 10
-3

 h. 

 

conversion (Figure 3.8) where butylamine was the major product, deviating from 

predominant tertiary amine formation under thermodynamic equilibrium (Figure 3.6), 
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demonstrating catalytic control. Nitrile transformation to amines via the pathway shown 

in Figure 3.1 requires catalyst bifunctionality [54] where the metal phase serves to 

promote hydrogenation steps (steps I, II, IV and VI) and condensation of the imine 

intermediates with butyl- and dibutyl-amine (steps III and step V) proceeds on surface 

acid sites [2,4,17,18,54]. Selectivity to the target butylamine was higher over Ba-

Pd/SiO2 (Figure 3.8(II)) than Pd/SiO2 (Figure 3.8(I)). This can be partly attributed to 

the lower surface acidity of the bimetallic catalyst that served to suppress condensation 

to secondary and/or tertiary amines. Moreover, weaker butylamine interaction with 

electron-rich Pd sites on Ba-Pd/SiO2 resulting from repulsion with the –NH2 function 

can favour desorption of the primary amine without further reaction. Branco et al. [23] 

reached a similar conclusion for the conversion of propionitrile over lanthanide-

promoted Cu where the electron enriched Cu sites exhibited weaker adsorption of 

primary amine, limiting subsequent condensation. 

 

3.3.4 Butyronitrile Hydrogenation: Temperature Effects  

 Reaction temperature is a critical variable that impacts on reactant/intermediate 

activation and desorption dynamics, which in turn can influence hydrogenation rate and 

product distribution [55]. The nitrile consumption rate delivered by Pd/SiO2 (I) and Ba-

Pd/SiO2 (II) passed through maxima at 523 K and 493 K, respectively, as shown in 

Figure 3.9. Nieto-Márquez et al. [11] reported a maximum rate of butyronitrile 

hydrogenation over (carbon nanosphere) supported Ni catalysts at comparable 

temperatures that they linked to decreasing surface coverage by reactant due to thermal 

desorption. Reaction over Ba-Pd/SiO2 delivered higher nitrile consumption rates with 

the maximum at a lower temperature (493 K). The latter can be linked to a lesser degree 

of butyonitrile interaction via the nitrogen electron lone pair at electron rich Pd sites, 

resulting in a more facile desorption. There is evidence in the literature [11] for a higher 

Tmax  in butyronitrile hydrogenation rate over smaller Ni particles with lower electron 

density that can be attributed to stronger C≡N adsorption and the requirement for higher 

desorption temperatures. In terms of product distribution, butylamine selectivity over 

both catalysts increased with increasing temperature to 100% at T ≥ 543 K (Figure 3.9).  

This is quite distinct from the thermodynamic equilibrium composition (Figure 3.6) 

where tri-butylamine was the predominant product over the entire temperature range. 

An increase in temperature must induce desorption of the butylamine product, 

circumventing condensation. Cristiani and co-workers [56] have recorded an increase in  
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Figure 3. 9: Reaction rate (◇ ) and selectivity (Si) to butylamine (■), dibutylamine () and 

tributylamine (▲) as a function of temperature for reaction over (I) Pd/SiO2 and (II) Ba-Pd/SiO2; 

Reaction conditions: P = 1 atm, n/F = 1.4 × 10
-3

 h. 

 

primary amine formation (S = 16% - 41%) at higher temperatures (453-563 K) in 

stearonitrile conversion over CuO-Cr2O3. In contrast, Braos-García and co-workers [20]  

noted decreasing primary amine selectivity and preferential secondary amine formation  

with increasing temperature (378-418 K) for acetonitrile hydrogenation over mixed 
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alumina/gallium oxide (16% w/w Ga2O3) supported Ni, which they ascribed to the 

combined effect of amine desorption and differences in the strength of amine interaction 

with surface acid sites. Nieto-Márquez et al. [11] have proposed that the selectivity 

maximum is the result of contributions due to mass transfer, thermodynamic limitations 

and thermal poisoning. The higher butyronitrile consumption rate delivered by Ba-

Pd/SiO2 coupled with reaction exclusivity translates into higher butylamine productivity 

(91 mol h
-1 

molPd
-1

) than that achieved over Pd/SiO2 (54 mol h
-1 

molPd
-1

) at 543 K. We 

attribute this to greater availability of surface reactive hydrogen and lower surface 

acidity, resulting in enhanced nitrile conversion and inhibited condensation reaction. It 

is important to stress that in previous reports Ni has shown higher activity and 

selectivity to primary amines than Pd in the liquid phase nitrile hydrogenation [6,15]. 

We have achieved an order of magnitude higher rate over Ba-Pd/SiO2 with full 

selectivity to the target butylamine when compared with reported gas phase continuous 

reaction over supported Ni under similar reaction conditions (T = 493 K, 1 atm) [10]. 

Our results demonstrate that incorporation of an alkaline earth metal (Ba) with Pd 

facilitates enhanced cleaner primary amine production. 

3.4 Conclusions 

 Ba-Pd/SiO2 delivered a higher butyronitrile selective hydrogenation rate (91 mol 

h
-1 

molPd
-1

) to the target butylamine relative to Pd/SiO2 (54 mol h
-1 

molPd
-1

). The 

increased rate can be attributed to greater available surface reactive hydrogen (from H2 

chemisorption coupled with TPD) on Ba-Pd/SiO2. Lower acidity of Ba-Pd/SiO2 (from 

NH3 adsorption/TPD) served to minimise side condensation with imine and the 

formation of higher amines. Electron donation from electropositive Ba weakened 

butylamine interaction with Pd sites resulting in more facile desorption without 

subsequent condensation. Temperature-related activity maxima (Tmax) are attributed to 

thermal desorption that limits surface coverage by reactant where Tmax for Ba-Pd/SiO2 

(493 K) was measurably lower than Pd/SiO2 (523 K), reflecting weaker surface 

interaction for the former. We have provided the first reported evidence for (i) full 

selectivity to primary amine in nitrile hydrogenation over supported Pd; (ii) enhanced 

selective hydrogenation rate (ten-fold higher compared with that supported for 

supported Ni) for the supported Pd-alkaline earth metal formulation. 
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Chapter 4 

Palladium Promoted Production of Higher Amines from a Lower 

Amine Feedstock  

The results in the previous Chapters have demonstrated a distinct catalytic 

response in the synthesis of higher (secondary or tertiary) amines as a result of 

modifications in the acid-base properties of the catalyst due to variation in the nature of 

the support, metal dispersion and incorporation of a second metal. In this Chapter, an 

alternative route for the synthesis of higher aliphatic (secondary and tertiary) amines 

from a primary and secondary amine feedstock is demonstrated.  

4.1 Introduction  

Higher (secondary and tertiary) amines are commercially important in the 

production of a range of chemical products [1-3]. Secondary amines are key 

pharmacophores in biologically active compounds in the drug industry [4] while tertiary 

amines find widespread use as solvents in extraction processes [3]. Standard synthesis 

of secondary amines involves (i) N-alkylation of primary amines with (toxic) alkyl 

halides or alcohols [5,6] or (ii) reduction of imines using reducing agents (e.g. 

NaCNBH3) in liquid batch mode [4]. Both approaches generate mixtures of primary, 

secondary and tertiary amines, as well as quaternary ammonium salts [7] where 

extraction of the target product necessitates multiple separation/purification steps [2,4,8]. 

Condensation of primary amines offers an alternative more sustainable route to 

secondary amines [4,9,10]. Taking mono-butylamine (MBA) as a model reactant 

(Figure 4.1), dehydrogenation generates a reactive butylidenimine (BI) intermediate, 

which readily reacts with MBA to form N-butylidene-butylamine (BBA) via elimination 

of 1 mol NH3. BBA can be further hydrogenated to di-butylamine (DBA), which in turn 

leads to the formation of a tertiary amine (tri-butylamine, TBA) through the 

hydrogenation of but-1-eny-dibutylamine (BEDA). The limited reports on primary 

amine condensation have employed homogeneous Pt [4], Pd [10], Ru [11,12] and Ir 

[13,14] catalysts that are difficult to reuse. We should note the work of Miyazawa et al. 

[15] who proposed DBA synthesis from MBA employing physically mixed Pt/C and 

alumina powder under microwave irradiation but the temperature was difficult to 
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control, resulting in data irreproducibility. Kim et al. [9] studying the synthesis of 

secondary amine from a primary amine over Cu/Al2O3 reported formation of significant 

quantities of undesired imine by-product. Kamiguchi and co-workers [10] recorded low 

selectivity (<13%) to DBA in gas phase condensation over Pt/C and Pd/C with imine as 

the principal product where Pd/C exhibited higher reaction rate. Activated carbon 

[16,17] and alumina [18-22] supports bear acid sites that favour condensation reactions 

to generate higher amines [23,24]. Moreover the activated carbon and alumina exhibited 

different electron transfer between the support and the Pd metal phase that resulted in 

different catalytic adsorption mode of reactant which in turn impact on the catalytic 

performance [25], but the metal electronic effect has not been investigated in any details 

for the amine condensation.  

 

Pr-CH = NH

Butylidenimine
         (BI)

Pr-CH2-NH2

Mono-butylamine
           (MBA)

(Pr-CH2)2-NH

Di-butylamine
       (DBA)

 MBA-H2

-NH3

 +H2

Pr-CH N-CH2-Pr

N-butylidene-butylamine
              (BBA)

=

 -NH3 +BI

(BEDA)

But-1-eny-dibutylamine

(Pr-CH2)2-N-CH=CH-CH2-CH3

 +H2

(Pr-CH2)3-N

Tri-butylamine
       (TBA)

 

Figure 4. 1: Schematic showing the reaction pathways associated with the condensation of mono-

butylamine (MBA) to higher amines (di-butylamine (DBA) and tri-butylamine (TBA)). 

 

Tertiary amines are also predominantly produced via primary amine N-alkylation 

[1] and hydrogenation of nitriles over supported Pt [26,27] and Pd [28]. These 

approaches show the same drawbacks in terms of non-selective amine production and 

use of toxic agents (e.g. alkyl halides). Condensation of secondary to tertiary amines is a 
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possible alternative but a thorough research through the literature only revealed one 

patent on the preparation of tri-alkylamines from di-alkylamines using a metal chloride 

(e.g. ruthenium trichloride) catalyst in presence of a biphyllic ligand (as catalyst 

stabiliser) [29]. This homogeneous system requires downstream product/catalyst 

separation and there is no evidence of commercial application. Moreover, we could not 

find any reported reaction mechanism for di- → tri-amine transformation. An efficient 

amine condensation system that utilises reusable heterogeneous catalysts in continuous 

mode at ambient pressure represents a significant advancement in terms of green 

chemistry/sustainable processing. Given the higher activity recorded for Pd relative to 

Pt in gas phase amine condensation [10] and the established performance of Pd catalysts 

in dehydrogenation [30-34] and hydrogenation [35-37] (critical steps in higher amine 

synthesis), we have adopted supported Pd as suitable candidates for this process. In this 

study, Pd/C was first applied in gas phase operation to establish viability of DBA 

production from MBA and the catalytic response was compared with Pd/Al2O3. 

Synthesis of the tertiary amine (TBA) from DBA was also evaluated and a reaction 

mechanism proposed based on the catalytic results. We demonstrate that operation of 

catalyst beds in series serves to decrease the contact time that enhanced the further 

conversion of MBA and DBA which in overall facilitates full selectivity to TBA at 

elevated rates.  

 

4.2 Experimental 

4.2.1 Catalyst Characterisation 

Commercial (1% w/w) Pd on carbon and alumina catalysts were obtained from 

Sigma-Aldrich. The Pd content was measured by inductively coupled plasma-optical 

emission spectrometry (ICP-OES, Vista-PRO, Varian Inc.) from the diluted extract in 

HF. Catalyst activation, H2 chemisorption, temperature programmed desorption (TPD) 

and specific surface area (SSA) measurements were conducted using the CHEM-BET 

3000 (Quantachrome) unit. Samples were loaded into a U-shaped Quartz cell (3.76 mm 

i.d.) and heated in 17 cm
3
 min

-1
 (Brooks mass flow controlled) 5% v/v H2/N2 at 2 K 

min
-1

 to 573 ± 1 K, following the reduction procedure established previously [25]. The 

samples were swept with 65 cm
3
 min

-1
 N2 for 1.5 h, cooled to ambient temperature and 

subjected to H2 chemisorption using a pulse (50 µl) titration procedure. The samples 

were thoroughly flushed in N2 and subjected to TPD at 50 K min
-1 

(in 65 cm
3
 min

-1
 N2) 

to 1173 K. Hydrogen uptake and release were monitored by a thermal conductivity 
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detector (TCD) with data acquisition/manipulation using the TPR Win
TM

 software. SSA 

was recorded with a 30% v/v N2/He flow using undiluted N2 (99.9%) as internal 

standard. Three cycles of N2 adsorption-desorption in the flow mode were employed, 

applying the standard single point BET method; SSA and H2 uptake/release values were 

reproducible to within ±5% and the values quoted represent the mean. Palladium 

particle morphology (size and shape) was determined by transmission (JEOL JEM 2011 

TEM unit) and scanning transmission (JEOL 2200FS field emission gun-equipped TEM 

unit) electron microscopy, employing Gatan DigitalMicrograph 1.82 for data 

acquisition/manipulation. Samples for analysis were crushed and deposited (dry) on a 

holey carbon/Cu grid (300 Mesh). Up to 800 individual Pd particles were counted for 

each catalyst and the surface area-weighted metal diameter (d(S)TEM) calculated from 
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(S)TEM
2

i i
i
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                                                                    (4.1)     

 

where ni is the number of particles of diameter di. X-ray photoelectron spectroscopy 

(XPS) analyses were conducted on an Axis Ultra instrument (Kratos Analytical) under 

ultra-high vacuum conditions (<10
-8

 Torr) using a monochromatic Al K X-ray source 

(1486.6 eV). The source power was maintained at 150 W and the emitted 

photoelectrons were sampled from a 750 × 350 m
2
 area at a take-off angle = 90°. The 

analyser pass energy was 80 eV for survey spectra (0–1000 eV) and 40 eV for high 

resolution spectra (Pd 3d5/2 and 3d3/2). The adventitious carbon 1s peak was calibrated at 

284.5 eV and used as an internal standard to compensate for charging effects. 

 

4.2.2 Catalytic Procedure 

The condensation (of MBA and DBA, Sigma-Aldrich, purity ≥99%) reactions 

were conducted in situ, immediately after catalyst activation, under atmospheric 

pressure over the temperature range 453-523 K in a fixed bed vertical glass reactor (i.d. 

= 15 mm). The reactant was delivered at a fixed calibrated flow rate to the reactor via a 

glass/teflon air-tight syringe and teflon line using a microprocessor controlled infusion 

pump (Model 100 kd Scientific). A layer of borosilicate glass beads served as 

preheating zone, ensuring the reactants were vaporised and reached reaction 

temperature before contacting the catalyst bed. Isothermal conditions (±1 K) were 
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achieved by diluting the catalyst bed with ground glass (75 µm); the ground glass was 

mixed thoroughly with catalyst before insertion in the reactor. Reaction temperature 

was continuously monitored using a thermocouple inserted in a thermowell within the 

catalyst bed. A co-current flow of amine and ultra pure (BOC, >99.99%) N2 or H2 was 

maintained at total GHSV = 1 × 10
4
 h

-1
 with an inlet amine molar flow (F) of 3.5 – 6.1 

mmol h
-1

. The boing point of reactant (mono-butylamine (350 K), di-butylamine (432.9 

K) was below reaction temperature (453-523 K) ensuring the gasification. Although 

tributylamine showed a high boing point 487 K, the highest partial pressure (182 Pa) 

according to the composition of the products was still one magnitude lower than the 

saturated vapour pressure (1314 Pa) at 473 K suggesting the gas phase of tributylamine. 

The gas (N2 or H2) flow rate was monitored using a Humonics (Model 520) 

digital flowmeter. The molar palladium (n) to F ratio spanned the range 0.3 × 10
-3 

– 2.5 

× 10
-3

 h. In a series of blank tests, passage of MBA or DBA in a stream of H2 through 

the empty reactor did not result in any detectable conversion. The reactor effluent was 

frozen in a liquid nitrogen trap for subsequent analysis by capillary GC (Perkin-Elmer 

Auto System XL chromatograph equipped with a programmed split/splitless injector 

and FID), employing a DB-1 capillary column (i.d. = 0.33 mm, length = 50 m, film 

thickness = 0.20 μm). The effluent gas from the DBA reaction was bubbled through a 

water trap (5 cm
3
) to absrob NH3 which is fully soluble in water at room temperature 

[38]. The pH is monitored (pH meter, Hanna Instruments) with time on-stream [39]. 

Reactant/product molar fractions (xi) were obtained using detailed calibration (not 

shown). Fractional conversion (Xreactant), taking MBA as reactant, is given by  
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where [MBA]in and [MBA]out represent the concentration of reactant entering (in) and 

leaving (out) the reactor and Ni is the stoichiometric coefficient for each product. 
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Repeated reactions with different samples from the same batch of catalyst delivered raw 

data reproducibility that was better than ±6%.  

4.3 Results and Discussion 

4.3.1  Production of DBA from MBA  

The mechanism (see Figure 4.1) for the formation of secondary and/or tertiary 

amines from the corresponding mono-amine involves (i) dehydrogenation (MBA→BI), 

(ii) condensation with NH3 release (BI+MBA→BBA) and (iii) hydrogenation 

(BBA→DBA) reactions [10]. As it is possible that the hydrogen released in 

dehydrogenation can participate in the subsequent reduction steps, we first assessed the 

requirement for H2 in the feed by carrying out catalytic tests in N2. Reaction over Pd/C  

 

Table 4. 1 : Rate of di-butylamine (DBA) production (RDBA) (in N2 and H2; P = 1 atm, T 

= 473 K) and physico-chemical properties of Pd/C and Pd/Al2O3 in terms of specific 

surface area (SSA), mean Pd particle size (obtained from (S)TEM (d(S)TEM)), XPS (Pd 

3d5/2) binding energy (BE), H2 chemisorbed and release during TPD. 

 

Catalyst Pd/C Pd/Al2O3 

RDBA in N2 (molDBA h
-1

molPd
-1

)  38 17 

RDBA in H2 (molDBA h
-1

molPd
-1

) 104 77 

SSA  (m
2 

g
-1

) 870 145 

Pd size (nm, d(S)TEM) 2.5 3.0 

Pd 3d5/2 BE (eV) 335.9 334.9 

H2 chemisorbed (× 10
-2 

mol  molPd
-1

 ) 27 22 

H2 TPD (× 10
-2 

mol molPd
-1

 ) 849 102 

 

and Pd/Al2O3 resulted in the sole formation of the target DBA, demonstrating effective 

transfer of the hydrogen generated in the dehydrogenation step for the conversion of 

BBA to DBA. In contrast, Kim et al. [9] reported that reaction in Ar over Cu/Al2O3 

resulted only in the production of the intermediate alkylimine where a switch to H2 was 
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required to further hydrogenate alkylimine to secondary amines. DBA production rate 

(RDBA) was obtained from  

 

                

MBA-1 -1

DBA DBA Pd(mol  h  mol )
2

X F
R

n




                                                 (4.4)                                                                             
 

 

where n is molar amount of Pd catalysts. The values obtained are presented in Table 4.1 

where Pd/C shows a (two-fold) higher rate than Pd/Al2O3 for reaction in N2. Activation 

of reactant [40,41] and/or available surface hydrogen [42] have been considered crucial 

in determining reaction rate in hydrogenation reactions. We have demonstrated that the 

support acidity favours the condensation reactions leading to the formation of higher 

amine in the hydrogenation of butyronitrile [42]. However, this is on the premise that 

nitrile has to be activated on the support [20,21] which was further reduced by the 

spillover hydrogen generating imine, involving in the following condensation reaction 

with amine to form higher amines. As we have also demonstrated that condensation 

reaction can take place on Pd without the involvement of any support [42]. In this study, 

it is feasible that amine as reactant adsorbed on Pd via the lone electron pair on N that 

acts as a Lewis base [43] which can donate electrons, through dehydrogenation to imine 

and then condense with amine to generate higher amines. To investigate the Pd charge  
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Figure 4. 2: XPS spectra over the Pd 3d binding energy (BE) region recorded for (A) Pd/C and (B) 

Pd/Al2O3.  
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Figure 4. 3: Representative (I) medium and (II) high resolution TEM/STEM images with (III) 

associated Pd size distribution for (A) Pd/C and (B) Pd/Al2O3.  
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in interacting with the amine, Pd XPS analysis was conducted over the Pd 3d binding 

energy (BE) range and the resultant profiles are presented in Figure 4.2 with BE values 

included in Table 4.1. Pd/C (Figure 4.2(A)) exhibited a Pd 3d5/2 signal (at 335.9 eV) 

that is 0.7 eV higher than metallic Pd (335.2 eV [44]), suggesting electron transfer to 

the carbon support with the generation of Pd
δ+

, as proposed elsewhere for nano-scale (4-

12 nm) Pd on carbon [25,45]. In contrast, Pd/Al2O3 (Figure 4.2(B)) is characterised by 

a Pd 3d5/2 BE (334.9 eV) that is 0.3 eV lower than the metallic Pd reference, suggesting 

(partial) electron transfer from support to metal phase. This is in accordance with the 

reported occurrence of an electron-rich Pd
δ-

 (2-10 nm) phase on Al2O3 [25]. The 

STEM/TEM images provided in Figure 4.3(I-II) for Pd/C (A) and Pd/Al2O3 (B) reveal 

quasi-spherical particles at the nano-scale with a narrow (1-6 nm) size distribution 

(Figure 4.3(III)) and an equivalent mean (2.5-3.0 nm). The observed differences in 

reaction rate (Table 4.1) can not then be explained on the basis of Pd size. The carbon 

supported Pd
δ+

 facilities activation of the amine function (at the electron rich N atom) 

via electrostatic interaction, utilising the hydrogen generated in the dehydrogenation 

step for BBA hydrogenation. In contrast amine activation is inhibited on Pd/Al2O3 due 

to repulsion between Pd
δ-

 and N
δ-

, which can explain the lower DBA synthesis rate.  

Given that DBA formation involves a hydrogenation (of BBA, Figure 4.1) step, 

the amount of surface hydrogen is an important parameter. Conversion of MBA over  
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Figure 4. 4: Arrhenius plots associated with the condensation of MBA to DBA over Pd/C () and 

Pd/Al2O3 (). 
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both catalysts in a flow of H2 was again fully selective to DBA but at a significantly 

higher rate (Table 4.1) relative to reaction in N2. Kamiguchi and co-workers [10], using 

Pd/C to promote the gas phase condensation of MBA (573-773 K), obtained BBA as the 

principal product and DBA as secondary product (selectivity < 13%). Exclusivity to 

DBA in this study was obtained at 453-523 K where higher temperatures are known to 

result in the desorption of amines and imines [46]. Under our reaction conditions, 

surface BBA hydrogenation (to DBA) proceeds without desorption. Total surface 

hydrogen was evaluated by H2 TPD where, in both cases, H2 release far exceeded that 

measured in the chemisorption step (Table 4.1). This suggests hydrogen spillover, i.e. 

H2 dissociation on Pd sites with migration of atomic hydrogen to the support [47]. We 

can note studies that have established the occurrence of hydrogen spillover on activated 

carbon [48] and Al2O3 [49] supported Pd. Hydrogen desorption from Pd/C was 

appreciably greater than that from Pd/Al2O3 and can be linked to the higher SSA (Table 

4.1) of Pd/C, which can accommodate more spillover [48]. Greater availability of 

surface hydrogen on Pd/C must promote the BBA→DBA step with resultant higher 

DBA rates (Table 4.1). The apparent activation energy (79 kJ mol
-1

) from the Arrhenius 

plots in Figure 4.4 converged for both catalysts and is close to that (75 ± 2 kJ mol
-1

) 

reported for the formation of ethylamine over Raney nickel [50].  

  

4.3.2  Production of TBA from DBA 

 

Table 4. 2: Di-butylamine (DBA) consumption rate and selectivity to tri-butylamine (STBA) in 

single-, double- and triple- Pd/Al2O3 and Pd/C bed(s); Reaction conditions: P = 1 atm, T = 473 

K, n/F = 2.5 × 10
-3 

h in H2. 

 

 Pd/C  Pd/Al2O3 

Catalyst 

Rate 

(molDBA h
-1

molPd
-1

) 

STBA 

(%) 

 

Rate 

(molDBA 
 
h

-1
molPd

-1
) 

STBA 

(%) 

Single-bed 489 52  34 70 

Double-bed 622 92  22 100 

Triple-bed 698 100  - - 
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           Given the full selectivity to DBA from MBA, we explore here the feasibility of 

continuous TBA production from DBA as feed. The conversion of DBA over both Pd 

catalysts generated a mixture of MBA and TBA which is in line with a patent covering 

tertiary amine formation from lower amines using homogeneous catalysts (RuCl3∙xH2O 

and P(C6H5)3) [29]. In terms of activity, Pd/C again delivered a significantly higher 

reaction rate in DBA conversion (Table 4.2) that can again be attributed to enhanced 

amine (DBA) activation on Pd
δ+

 and greater surface reactive hydrogen to promote imine 

(BEDA, Figure 4.1) hydrogenation. The selectivity response was independent of DBA 

conversion (Figure 4.5) where Pd/C generated equivalent amounts of TBA and MBA, 

whereas Pd/Al2O3 promoted preferential formation of TBA. Based on the product 

distributions, we propose the reaction mechanism in Figure 4.6. DBA adsorbs on Pd 

through the lone pair of electrons on N resulting in bond polarisation (N
δ-

 ̶ C
δ+

) with 

dehydrogenation to form the unsaturated imine (BBA) with polarised N
δ- 

=C
δ+

. The  

 

Figure 4. 5: Selectivity (Si, %) to MBA (, ) and TBA (, ) as a function of DBA fractional 

conversion (XDBA) for reaction over Pd/C (solid symbols) and Pd/Al2O3 (open symbols). Reaction 

conditions: T = 4733 K, P = 1 atm; n/F = 0.3 × 10
-3 

– 2.5 × 10
-3

 h. 

 

activated BBA can then react with adsorbed activated DBA with a surface 

rearrangement to generate a but-1-eny-dibutylamine (BEDA) intermediate with the 

release of 1 mole MBA as product. Surface hydrogenation to TBA as product then 

follows path (I) shown in Figure 4.6. Alternatively, the MBA formed undergoes 

condensation with BBA to generate TBA with loss of 1 mole NH3 via path (II).  The 
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catalytic results suggest that reaction over Pd/C predominantly follows path (I) with 

rearrangement to generate a but-1-eny-dibutylamine (BEDA) intermediate with the 

release of 1 mole MBA as product. Surface hydrogenation to TBA as product then 

follows path (I) shown in Figure 4.6. Alternatively, the MBA formed undergoes 

condensation with BBA to generate TBA with loss of 1 mole NH3 via path (II).  The 

catalytic results suggest that reaction over Pd/C predominantly follows path (I) with  

 

 

Pr-CH =N-CH2-Pr

N-butylidene-butylamine
              (BBA)

(Pr-CH2)2-NH

Di-butylamine
      (DBA)

+DBA

-H2
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(Pr-CH2)2-N-CH=CH-CH2-CH3
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Path (I)

Path (II)

 

 

Figure 4. 6: Multiple catalyst bed reaction arrangement with associated product(s) from an inlet 

DBA reactant. 

 

 

equi-molar production of TBA and MBA. Release of MBA from Pd/Al2O3 must not 

occur to the same extent and the reaction is directed along paths (I) and (II) with an 

overall greater relative enrichment of TBA in the product stream. The nitrogen in DBA 

bearing two electron-donating n-butyl chains is more electron-rich than in MBA [2] 

with a a consequent stronger interaction with Pd
δ+

 sites on C and competition for 

adsorption sites must result in a displacement of MBA from the surface by DBA 

reactant. On the other hand, Pd
δ-

 sites on Al2O3 exhibit greater repulsion with respect to 

DBA relative to MBA and the latter can undergo further condensation with BBA to 

form TBA (path (II)) with the release 1 mole of NH3. This was demonstrated by pH 

monitoring of an aqueous trap used to collect volatiles downstream of the reactor where 

the far alkalinity of the exhaust stream from Pd/Al2O3 (pH = 9.5) relative to Pd/C (pH
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Figure 4. 7: Multiple catalyst bed reaction arrangement with associated product(s) from an inlet 

DBA reactant. 
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=7.8) establishes more NH3 was produced from the former which corroborated the 

mechanism proposed for path (II). 

In the proposed reaction scheme, surface reaction of MBA with BBA results in 

higher TBA production via path (II). Alternatively, MBA released could undergo 

dehydrogenation to BI which can react with DBA with further hydrogenation to TBA 

(Figure 4.1). In the single catalyst bed, a significantly component of MBA generated 

via path (I) enters the the product stream. Operation of a second catalyst bed in series 

should facilitate conversion of MBA exiting the first bed by (i) reaction with BBA 

generated via DBA dehydrogenation in the second bed (ii) dehydrogenation to BI and 

reaction with DBA. Both cases will lead to increased TBA yield. A simplified schematic 

diagram of the multiple catalyst bed arrangement and corresponding product 

distribution is presented in Figure 4.7. The experimental results obtained are provided 

in Table 4.2 where the same total mass of catalyst was divided into N (= 1-3) beds with 

the same inlet DBA and H2 flow rate. The contact time for each catalyst bed is 

decreased where MBA generated from first bed can enter the second bed for 

dehydrogenation generating intermediate BI reacting with DBA to form TBA until all 

the MBA generated were transformed to TBA with the increasing of catalyst beds. The 

multi-catalyst beds act as an ‘recycle system’ by transforming the unreacted MBA 

instead of releasing into the stream. An increase in overall reaction rate and TBA 

selectivity was observed with increasing number of beds to attain target tertiary amine 

exclusivity in the double-bed for Pd/Al2O3 and triple-bed for Pd/C. This is the first time 

that full selectivity to a tertiary amine from a secondary amine feedstock has been 

reported. The higher TBA selectivity achieved over Pd/Al2O3 relative to Pd/C (Figure 

4.5) translated into a requisite lower number of catalyst beds in series to achieve full 

TBA selectivity.  

4.4 Conclusions 

We have established, for the first time, exclusive formation of higher amines 

(DBA and TBA) from a lower amine (MBA and DBA, respectively) feedstock over 

nano-scale Pd (mean size ca. 3 nm from TEM/STEM) supported on C and Al2O3 in gas 

phase continuous operation. Full selectivity in the conversion of MBA to DBA was 

attained over both catalysts with an associated apparent activation energy = 79 kJ mol
-1

. 

Increased activity was recorded on switching from MBA condensation in N2 to H2 

where Pd/C delivered a significantly higher DBA production rate. This is explained on 

the basis of enhanced amine activation on carbon supported Pd
δ+ 

(from XPS) sites and 
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higher level of spillover hydrogen (from H2 TPD). Exclusive formation of TBA (from 

DBA) has been achieved over both catalysts where operation of beds in series resulted 

in higher TBA production rates. A reaction mechanism is proposed that can account for 

our experimental observations. The results from this work can serve as a basis for an 

alternative efficient and clean continuous production of higher amines from a lower 

amine feedstock. 
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Chapter 5 

Selective Production of Benzylamine via Gas Phase Hydrogenation of 

Benzonitrile over Supported Pd Catalysts  

In the previous Chapter the viability of the synthesis of higher aliphatic amines 

from a lower amine feed is established for the operation of multiple catalyst beds in 

series. That work is extended in this Chapter with a demonstration of the applicability of 

this methodology for the transformation of an aromatic nitrile (benzonitrile). 

5.1 Introduction 

 Benzylamine is a versatile chemical used in the production of Vitamin H 

(Biotin), as an intermediate for photographic chemicals, in the manufacture of cationic 

paints and as an active ingredient in the synthesis of nylon fibres [1]. The hydrogenation 

of benzonitrile (BN), as the principal route to benzylamine (BA) [2,3], is challenging 

due to low selectivity as a result of undesired condensation and hydrogenolysis [4], see 

Figure 5.1. Benzylideneimine (BI) as a reactive intermediate can undergo condensation 

to generate dibenzylamine (DBA) with NH3 elimination [4-6]. Toluene (TOL) can 

result from hydrogenolysis of the amine, diamine or even the starting nitrile [1,4]. 

Benzonitrile hydrogenation has been established in liquid phase under supercritical 

conditions at elevated H2 pressure (6-100 bar [4,6-11]) over supported metal (Ni [6,12], 

Pt [10], Rh [10] and Pd [4,7-11]) catalysts. Chatterjee et al. [10] reported high activity 

and selectivity (91%) to benzylamine in supercritical CO2 (80-100 bar) over MCM-41 

supported Pd relative to Pt, Rh and Ni where the following sequence of decreasing 

turnover frequency (TOF) was established: Pd (4151 h
-1

) > Pt (553 h
-1

) > Rh (42 h
-1

) > 

Ni (6 h
-1

). Yoshida and co-workers [7] achieved improved benzylamine selectivity (up 

to 98%) over Pd/Al2O3 in a biphasic (CO2 + H2O) medium (at 70 bar), which they 

ascribed to benzylamine transfer into the aqueous phase that prevented undesired 

condensation to dibenzylamine. The energy demands associated with supercritical CO2 

lowers process efficiency. In batch liquid phase operation, Bakker et al. [4] reported 

decreasing benzylamine selectivity, in the order Pd/Al2O3 > Pd/C > Pd/BaCO3, at a 

fixed benzonitrile conversion (X = 0.5) but did not provide any explanation for a 

possible support effect. We can also note the work of López-de Jesús et al. [9] where 
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benzylamine was generated as principal product (selectivity = 50%-72%) over Pd/Al2O3 

with secondary formation of dibenzylamine. The nature of the solvent and use of acids 

have been shown to influence selectivity. Cheng et al. [12] observed a range of 

benzylamine selectivity (8%-94%) in different solvents (hexane, ethanol, H2O, H2O-

CO2) that was ascribed to variation in amine (and imine) solubility. Enhanced primary 

amine selectivity (up to 95%) over Pd/C has been achieved with the addition of sodium 

dihydrogen phosphate (NaH2PO4) [6] that reacts with the intermediate imine to inhibit 

secondary amine formation. However, the requirement for separation and purification 

unit operations to extract the target product represents a decided drawback in terms of 

sustainable/clean synthesis.  

 

 

 

Figure 5. 1: Reaction pathways associated with the hydrogenation of benzonitrile (BN) to target 

(framed) benzylamine (BA, solid arrows), condensation to dibenzylamine (DBA, dotted arrows) and 

hydrogenolysis to toluene (TOL, dashed arrows). 

 

A “white paper” by the American Chemical Society in conjunction with the 

Green Chemistry Institute and global pharmaceutical corporations ranked the move 

from batch to continuous processing as #1 priority to achieve sustainable chemical 

processes with related research given the highest strategic importance [13]. A search 

through literature has revealed only two studies of gas-phase continuous hydrogenation 

of benzonitrile [14,15]. Near exclusive (99% selectivity) benzylamine formation was 



 

67 

 

achieved over Cu-MgO (T = 513 K, WHSV= 1 h
-1

) but with four orders of magnitude 

lower reaction rate (8.1× 10
-4

 mol h
-1 

molCu
-1

) [14] relative to batch liquid phase reaction 

over supported Pd (4.7 mol h
-1 

molPd
-1

) [6]. Gas phase conversion over Ni/Al2O3 

resulted in sole amine formation but at low conversions (<5%) [15]. We have targeted 

full benzylamine selectivity in the gas phase reduction of benzonitrile at high 

conversions, circumventing condensation and hydrogenolysis by-products. Taking the 

high activity exhibited by Pd in liquid phase operation [10,11], we have examined the 

possible role of support (carbon and alumina) on the catalytic action of Pd in gas phase 

reaction and consider the use of catalyst beds in series to promote amine production.  

 

5.2 Experimental  

5.2.1 Materials and Catalyst Activation 

 Commercial (1% wt.) Pd/C and (1.2% wt.) Pd/Al2O3 catalysts were obtained 

from Sigma-Aldrich. Prior to use, the samples were sieved to 75 μm mean diameter and 

activated in 60 cm
3
 min

-1
 H2 at 2 K min

-1
 to 573 K, which was maintained for 1 h to 

ensure the complete reduction to zero valent Pd [16]. Samples for off-line 

characterisation analysis were passivated in 1% v/v O2/He at ambient temperature. 

 

5.2.2 Catalyst Characterisation 

The Pd content was measured by inductively coupled plasma-optical emission 

spectrometry (ICP-OES, Vista-PRO, Varian Inc.) from the diluted extract in HF. 

Chemisorption (H2 and NH3), temperature programmed desorption (TPD) and specific 

surface area (SSA) measurements were conducted using the commercial CHEM-BET 

3000 (Quantachrome) unit. Each sample was loaded into a U-shaped Quartz cell (3.76 

mm i.d.) and heated in 17 cm
3
 min

-1
 (Brooks mass flow controlled) 5% v/v H2/N2 at 2 K 

min
-1

 to 573 ± 1 K. The reduced samples were maintained at the final temperature in a 

flow of H2/N2 until the signal returned to baseline, swept with 65 cm
3
 min

-1
 N2 for 1.5 h, 

cooled to ambient temperature and subjected to H2 (or NH3) chemisorption using a 

pulse (50-1000 µl) titration procedure. Samples were thoroughly flushed in N2 and 

subjected to TPD (at 10-50 K min
-1

)
 
to 950-1200 K. The resultant profile was corrected 

using the TPD profile recorded in parallel directly following activation to explicitly 

determine H2 (or NH3) release. SSA was recorded with a 30% v/v N2/He flow using 

undiluted N2 (99.9%) as internal standard. Three cycles of N2 adsorption-desorption in 
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the flow mode were employed to determine SSA using the standard single point BET 

method; SSA and H2/NH3 uptake/release were reproducible to within ±5% and the 

values quoted represent the mean. X-ray photoelectron spectroscopy (XPS) analyses 

were conducted on an Axis Ultra instrument (Kratos Analytical) under ultra-high 

vacuum conditions (<10
-8

 Torr) using a monochromatic Al K X-ray source (1486.6 

eV). The source power was maintained at 150 W and the emitted photoelectrons were 

sampled from a 750 × 350 m
2
 area at a take-off angle = 90°. The analyser pass energy 

was 80 eV for survey spectra (0–1000 eV) and 40 eV for high resolution spectra (Pd 

3d5/2 and 3d3/2). The adventitious carbon 1s peak was calibrated at 284.5 eV and used as 

an internal standard to compensate for charging effects. Palladium particle morphology 

(shape and size) was determined by scanning transmission electron microscopy (STEM, 

JEOL 2200FS field emission unit), employing Gatan DigitalMicrograph 1.82 for data 

acquisition/manipulation. Samples for analysis were crushed and deposited (dry) on a 

holey carbon/Cu grid (300 Mesh). Up to 800 individual Pd particles were counted for 

each catalyst and the surface area-weighted mean Pd diameter (dSTEM) was calculated 

from  

 

                                            

3

i i
i
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i i
i

n d

d
n d




                                                                (5.1) 

 

where ni is the number of particles of diameter di.  

 

5.2.3 Catalytic Procedure 

Reactions of benzonitrile/benzylamine (Sigma-Aldrich, purity ≥99%) were 

conducted in situ, immediately following catalyst activation, under atmospheric 

pressure at 353 K in a fixed bed vertical glass reactor (i.d. = 15 mm). The reactant was 

delivered as a 2-propanol (Sigma-Aldrich, purity ≥99.5%) solution at a fixed calibrated 

flow rate (Model 100 kd scientific microprocessor-control infusion pump) to the reactor 

via a glass/teflon air-tight syringe and teflon line in a co-current flow of H2 

(BOC, >99.98%, GHSV = 2 × 10
4
 h

-1
). A layer of borosilicate glass beads served as 

preheating zone where the organic reactant was vaporised and reached reaction 

temperature before contacting the catalyst. Isothermal conditions (±1 K) were 

maintained by diluting the catalyst bed with ground glass (75 µm); the ground glass was 
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mixed thoroughly with catalyst before insertion in the reactor. The reaction temperature 

was continuously monitored using a thermocouple inserted in a thermowell within the 

catalyst bed. Catalyst performance in a multiple bed arrangement was tested for Pd/Al2O3 

where each catalyst bed was separated by glass wool (10 mm); catalyst activation followed 

the procedure described above. The inlet molar reactant flow rate was in the range 0.18-

0.36 mmol h
-1

 where the H2 content was up to 900 times in excess of the stoichiometric 

requirement for amine production. Gas flow rate was monitored using a Humonics 

(Model 520) digital flowmeter. The molar palladium (n) to inlet reactant ratio (n/F) 

spanned the range = 1.3 × 10
-3 

– 3.6 × 10
-2

 h. Although the reaction temperature (353 K) 

was well below the boing point of the reactant (benzonitrile) and the proposed products 

(benzylamine and toluene), the partial pressure for the benzonitrile was calculated 

according to the composition of the component and compared with the saturated vapor 

pressure derived from Antoine equation respectively at the reaction conditions as shown 

in Appendix 2. The inlet flow of  benzonitrile showed a partial pressure of 221.9 Pa 

which was one magnitude lower than the saturated vapor pressure (2230 Pa) ensuring 

the gasification of the reactant. Benzylamine (22.5 Pa) and toluene (22.3 Pa) also 

exhibited a great lower partial pressure than the saturated vapor pressure of 23000 and 

38636 Pa respectively, suggesting the vapor phase the products. In a series of blank 

tests, passage of benzonitrile or benzylamine in a stream of H2 through the empty 

reactor did not result in any detectable conversion. The reactor effluent was frozen in a 

liquid nitrogen trap for subsequent analysis using a Perkin-Elmer Auto System XL 

chromatograph equipped with a programmed split/splitless injector and a flame 

ionization detector, employing a DB-1 capillary column (i.d. = 0.33 mm, length = 50 m, 

film thickness = 0.20 μm). Fractional benzylamine conversion (X) is given by  
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where subscripts “in” and “out” represent the reactor inlet and outlet effluent streams. 

Repeated reactions with different samples of catalyst delivered raw data reproducibility 

that was better than ±5%.  

 

5.3 Results and Discussion  

5.3.1 Pd/C: Characterisation and Catalyst Test Results 

The physicochemical properties of Pd/C are summarised in Table 5.1 where the SSA 

(870 m
2
 g

-1
) is close to that (875 m

2
 g

-1
) reported previously [17]. Supported Pd particle 

size was determined by H2 chemisorption (assuming dissociative adsorption with H2/Pd 

adsorption stoichiometry = 1/2 [18]) and validated by STEM analysis. The 

representative STEM image given in Figure 5.2(I) reveals pseudo-spherical Pd nano-

particles with a narrow size distribution (<5 nm, Figure 5.2(II)) and mean of 2.5 nm 

that is in good agreement with that (2.2 nm) obtained from H2 uptake. Hydrogen 

temperature programmed desorption (TPD) generated the profile presented in Figure 

5.2(III) where a two-stage H2 release is evident with temperature maxima (Tmax) at 789 

K and 1148 K. The lower temperature H2 release was close to the chemisorbed 

component (3.1 ± 0.2 mmol gPd
-1

). Higher temperature desorption can be attributed to 

spillover hydrogen generated during thermal activation [19], i.e. migration of atomic 

hydrogen to the support following dissociation at Pd sites. Desorption of spillover 

species has been shown to require higher temperature than release of hydrogen [20,21].   

Reported surface acidities of supported metal systems has relied on NH3 desorption 

measurements [19,21,22]. In this study, NH3 chemisorption matched that released by 

TPD (Table 5.1) with an associated Tmax = 490 K (Figure 5.2(IV)) that is within the 

range (444-573 K) reported for activated carbon supported Pd [23]. In order to gain 

insight into the electronic character of the Pd phase, XPS analysis over Pd 3d binding 

energy (BE) region was conducted (Figure 5.2(V)). The Pd 3d5/2 signal (at 335.9 eV) is 

0.7 eV higher than metallic Pd (335.2 eV [24]), suggesting electron transfer to the 

carbon support with the generation of Pd
δ+

, as proposed elsewhere for nano-scale  (4-12 

nm) Pd on carbon [16,25].  

Product selectivity (Si) as a function of contact time (n/F) is presented in Figure  

5.2(VI). Toluene was generated as the principal product (Si > 80%) at lower n/F (< 8 × 

10
-3

 h) with secondary benzylamine formation. At extended contact time, toluene was 

the sole product and can be formed from direct hydrogenolysis of the nitrile reactant or 



 

 

 

 

 

 

 

 

Table 5. 1: Palladium loading, specific surface area (SSA), Pd particle size (from H2 chemisorption and STEM analysis), H2 and NH3 chemisorption and release 

during TPD. 

 

Catalyst 
Pd 

(% wt.) 

SSA 

(m
2 

g
-1

) 

Pd particle size (nm) 
H2 uptake 

(mmol gPd
-1

) 

H2 TPD 

(mmol gPd
-1

) 

NH3 uptake 

(mmol g
-1

) 

NH3 release 

(mmol g
-1

) 
H2 

chemisorption 
STEM 

Pd/C 1.0 870 2.2 2.5 2.5 80 0.94 0.92 

Pd/Al2O3 1.2 145 2.4 3.0 2.1 10 0.52 0.51 
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Figure 5. 2:  (I) Representative STEM image with (II) associated Pd particle size distribution, (III) 

H2 and (IV) NH3 TPD profiles, (V) XPS profile and (VI) dependence of selectivity (Si) to 

benzylamine () and toluene () on contact time (n/F) for Pd/C. Reaction conditions: T = 353 K, 

PH2
= 1 atm. 
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subsequent hydrogenolysis of benzylamine and/or dibenzylamine (see dashed arrows in 

Figure 5.1). Under the same reaction conditions, use of benzylamine as feedstock 

generated toluene, demonstrating feasibility of this hydrogenolysis step. There was no 

detectable dibenzylamine, a result that deviates from liquid phase reaction systems 

where secondary amine formation (S < 14%) was observed over Pd/C [6,8]. This 

suggests that condensation of the imine intermediate with benzylamine was 

circumvented, possibly due to the shorter contact time in continuous gas phase 

continuous. Nitrile reduction to primary amine proceeds via a nucleophilic mechanism 

where hydrogen (as a weak nucleophile) attacks activated C≡N to generate the reactive 

imine (C=N) that undergoes further hydrogenation (to C-NH2). A variety of nitrile 

adsorption modes (i.e. parallel, perpendicular and side-on [4]) on Pd surfaces have been 

proposed for nitrile hydrogenation. Nitrile interaction should be favoured via the lone 

pair electron on nitrogen with electron deficient Pd
δ+

 in a perpendicular orientation, 

where the adsorbed nitrile undergoes successive attack by surface dissociated hydrogen 

with cleavage of C-N to generate toluene. A perpendicular adsorption of the basic nitrile 

group on support acid sites [26-29] is also possible with hydrogenolytic bond scission 

by spillover hydrogen.  

5.3.2 Pd/Al2O3: Characterisation and Catalyst Test Results 

The SSA of Pd/Al2O3 was appreciably lower than Pd/C (Table 5.1) and is 

comparable with values (142-160 m
2
 g

-1
) reported in literature [30]. The Pd phase on 

Al2O3 took the form of discrete pseudo-spherical particles (Figure 5.3(I)) with a similar 

size distribution (Figure 5.3(II)) and mean (3.0 nm) to Pd/C that was again in good 

agreement with H2 chemisorption (Table 5.1). Hydrogen TPD from Pd/Al2O3 resulted 

in a broad signal (Figure  5.3(III)) over the 610-950 K temperature range, where the 

total H2 desorbed exceeded H2 uptake during pulse titration but was significantly lower 

than that measured for Pd/C (Table 5.1). Differences in the amount of spillover 

hydrogen for the same metal (and size) on different carriers have been noted in the 

literature [31]. Spillover can be influenced by the concentration of initiating and 

acceptor sites, degree of contact between participating phases and metal-support 

interaction(s) [32,33]. Greater H2 desorption from Pd/C can be linked to the greater 

available surface area relative to Pd/Al2O3 that can accommodate more spillover. 

Ammonia desorption from Pd/Al2O3 (Figure 5.3(IV)) exhibited a lower Tmax (470 K) 

relative to Pd/C, suggesting weaker interaction of NH3 with surface acid sites. Total 

NH3 release from Pd/Al2O3 again coincided with chemisorption and is close to that 
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Figure 5. 3: (I) Representative STEM image with (II) associated Pd particle size distribution, (III) H2 

and (IV) NH3 TPD profiles, (V) XPS profile and (VI) dependence of selectivity (Si) to benzylamine 

() and toluene () on contact time (n/F) for Pd/Al2O3. Reaction conditions: T = 353 K, PH2
= 1 atm. 
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(0.54 mmolNH3 g
-1

) reported for Pd/Al2O3 by Nam et al. [22]. Ammonia 

adsorption/desorption measurements confirm an appreciably greater level of surface 

acidity associated with Pd/C relative to Pd/Al2O3. The XPS profile for Pd/Al2O3, given 

in Figure 5.3(V), is characterised by a Pd 3d5/2 BE that is 0.3 eV lower than the metallic 

Pd reference, suggesting electron transfer from support to metal phase. This is in 

accordance with reported electron-rich Pd
δ-

 (2-10 nm) on Al2O3 [16].  

In contrast to Pd/C, Pd/Al2O3 exhibited full selectivity to the target benzylamine 

at low contact time (n/F < 3 × 10
-3

) as shown in Figure 5.3(VI). This result is 

significant in terms of clean synthesis of benzylamine when compared with existing 

literature where dibenzylamine production (up to 16% selectivity) has been reported 

over Pd/Al2O3 [4,7,9]. From a consideration of Pd electronic character, a partial 

negative charge (Pd
δ-

) should favour interaction with a polarised carbon (C
δ+

) of the 

C≡N group through a side-on adsorption mode due to repulsion of Pd
δ-

 with the nitrogen 

lone pair. Hydrogenation of unsaturated C≡N bond to saturated amine (C-NH2) reduces 

carbon polarity, weakening adsorption with the result that the primary amine product 

then can desorb without further reaction. In common with Pd/C, toluene selectivity was 

increased at higher n/F, indicative of a sequential pathway, i.e. benzonitrile → 

benzylamine → toluene. Reaction with benzylamine as feedstock (n/F = 4 × 10
-3

) over 

Pd/Al2O3 resulted in negligible conversion. This is in marked contrast to Pd/C which 

promoted hydrogenolysis of benzylamine to toluene. Taking a common fractional nitrile 

conversion (X = 0.2, see Table 5.2), Pd/Al2O3 delivered an appreciably higher 

selectivity to benzylamine (96% vs. 10%) but at a lower rate (by a factor of two) relative 

to Pd/C. This deviation in selectivity can be attributed to difference in Pd electronic 

 

Table 5. 2: Benzonitrile hydrogenation rate (R) and selectivity (Si, at X = 

0.2) over Pd/C and Pd/Al2O3; Reaction conditions: T = 353 K; n/F = 2.6 

× 10
-3

 – 3.1 × 10
-3

 h.  

Catalyst 

 
R 

(mol h
-1 

molPd
-1

) 

Si, X = 0.2 

Product (%) 

Pd/C 230 (527)
a
 

Benzylamine (10) 

Toluene (90) 

Pd/Al2O3 99 (272)
a
 

Benzylamine (96) 

Toluene (4) 
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character (from XPS) that impacts on mode of adsorption of benzonitrile. As -C ≡N 

group could also be activated through the adsorption of nitrogen (lone pair of electron) 

on support acid sites [26-29], the higher nitrile consumption rate over Pd/C can be 

linked to greater levels of surface reactive hydrogen (H2 TPD measurements) and the 

higher surface acidity. 

 

5.3.3 Use of Catalyst Beds in Series: Enhanced Benzylamine Production over 

Pd/Al2O3 

The results presented in Figure 5.3(VI) established full selectivity to 

benzylamine over Pd/Al2O3 at low contact time, where X < 0.15. This falls short in 

terms of the productivity required for practical applications where reaction exclusivity 

must be targeted at high conversion. An increase in n/F served to increase conversion 

(Figure 5.3(VI)) but this was accompanied by undesired toluene formation. Given that 

hydrogenolysis to toluene was suppressed over Pd/Al2O3 at low contact time when 

using either nitrile or amine as feedstock, a configuration based on several discrete 

catalyst beds in series, each operated at low n/F, should serve to increase overall nitrile 

conversion while retaining hydrogenation selectivity. The multiple catalysts beds served 

as a ‘recycle system’ by controling of contact time facilitates selective transformation of 

benzonitrile to benzylamine where any unreacted feedstock is converted to the target 

product in the subsequent catalyst beds and the amine is  

  

Table 5. 3 : Selectivity (at X = 0.45 and 0.6) and benzonitrile hydrogenation rate (R) using multiple 

Pd/Al2O3 catalyst beds in series; Reaction conditions: T = 353 K; n/F = 1.2 × 10
-2 

h. 

 

Catalyst Beds 
Si, X = 0.45 (%)  Si, X = 0.6 (%)  

R 

( h
-1

) Benzylamine Toluene  Benzylamine Toluene 

Single-bed 78 22  62 38 48 

Double-bed 93 7  90 10 75 

Triple-bed 97 3  96 4 84 

Quadruple-bed 100 0  100 0 99 

 

 

carried through without further reaction. The application of catalyst beds in series is 

atypical in hydrogenation processes. Dual-bed catalyst systems have been used for NOx 
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and NO2 treatment in lean burn natural gas [34,35] where increased activity and 

selectivity (to N2 and O2) were obtained with different catalyst bed composition 

operating at different temperatures. Use of a dual catalyst bed in simultaneous oxidation 

of CH4 to C2H4 and syngas also involved different catalysts and temperatures [36]. The 

multi-bed catalyst arrangement and the associated reaction rates and product selectivity 

are given in Table 5.3. The same total mass of catalyst was divided equally into N (= 1-

4) beds with the same inlet benzonitrile and H2 flow rate. Selectivity is assessed at two 

representative nitrile conversions (X= 0.45 and 0.60). An increase in overall reaction 

rate and benzylamine selectivity (to 100%) was observed with increasing bed number  

  

 

 

 

Figure 5. 4: Schematic diagram for multiple Pd/Al2O3 catalyst beds in series with reactant and 

product distribution (N is the total number of beds). 

 

 

up to the quadruple bed arrangement. In principle this system should achieve 100% 

amine selectivity and complete benzonitrile consumption with increasing number of 

catalsyt beds, as shown in Figure 5.4. Our results demonstrate for the first time the 

beneficial effect of multi-beds of the same catalyst in series to enhance selective amine 

formation. We have achieved a rate (99 mol h
-1 

molPd
-1

) with full selectivity to 

benzylamine that is higher by a factor of 10
5
 than that (8.1× 10

-4
 mol h

-1 
molCu

-1
) 

reported for over Cu-MgO (at 513 K) [14] which showed the highest selectivity to 

benzylamine (99%) in gas phase continuous reaction in the existing literature. We have 
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established that the use of catalyst beds in series under isothermal conditions is an 

effective means of delivering high and exclusive benzylamine throughput.  

 

5.4 Conclusions 

Gas phase continuous hydrogenation of benzonitrile over Pd/C (mean Pd size = 

2.5 nm) generated toluene as principal product with higher nitrile consumption rates 

than Pd/Al2O3 (mean Pd size = 3.0 nm), ascribed to greater surface acidity and levels of 

reactive (spillover) hydrogen. Electron transfer to the activated carbon support with the 

formation of Pd
δ+

 (from XPS analysis) favours a perpendicular adsorption of 

benzonitrile through the nitrogen lone pair with hydrogen attack to generate 

consecutively, imine, amine and toluene. The occurrence of Pd
δ-

 on Al2O3 results in a 

side-on activation of benzonitrile and desorption of benzylamine as exclusive product at 

n/F < 3 × 10
-3

; hydrogenolysis to toluene was observed at higher n/F. Utilisation of 

multiple Pd/Al2O3 beds in series serves to control contact time while retaining full 

selectivity to benzylamine with a rate of selective hydrogenation far greater than that 

reported previously.  
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Chapter 6 

Selective Gas Phase Hydrogenation of p-Chloronitrobenzene over Pd 

Catalysts: Role of the Support 

 

It has been established in Chapter 5 the interaction between support (C and 

Al2O3) and Pd affected the electronic status of Pd that resulted in different adsorption 

mode of reactant. The support effect was further studied in the gas phase hydrogenation 

of p-chloronitrobenzene over supported (C, Al2O3 SiO2 and ZnO) Pd catalysts. 

 

6.1 Introduction  

 Functionalised anilines are key intermediates in the synthesis of fine chemicals, 

herbicides, pesticides, dyes and pigments [1]. Amine production via nitroarene 

hydrogenation has been promoted using a range of (carbon [2-5], Al2O3 [6-10], SiO2 

[11-13], TiO2 [14-17], CeO2 [18], Fe2O3 [18-20], Fe3O4 [19], SnO2 [21], CeO2 [18,22] 

and polymer [23]) supported metal (Pd [2-7,16,24], Pt [11,20,23,25,26], Ru [21,26-28], 

Rh [29], Ni [8,10,14,30], Cu [31], Ag [13,32] and Au [33,34]) catalysts. Taking the 

hydrogenation of p-chloronitrobenzene (p-CNB), undesired C-Cl scission (Scheme 6.1) 

is difficult to circumvent, particularly at high conversions [33,35]. To date, p-CNB 

hydrogenation has focused on liquid phase batch reactions at high H2 pressure (up to 60 

atm) [30]. A move from batch to continuous operation has been identified [36] as a 

priority for sustainable production in the pharmaceutical and fine chemical sectors. We 

have demonstrated [34] exclusive –NO2 reduction (but at low reaction rate) in the 

continuous gas phase hydrogenation of substituted nitroarenes over supported Au. In 

examining the role of Pd as promoter to increase activity, selective p-chloroaniline (p-

CAN) production was achieved for Au/Pd ≥ 20 [9]. Increasing the Pd content delivered 

higher rates but with the formation of nitrobenzene (NB). This is consistent with the 

literature on gas [16] and liquid [7,35] phase operation that has demonstrated non-

selective CNB hydrogenation over supported Pd, generating aniline (AN) [7,16,35], NB 

[7,16,35] and azo-compounds [16] as by-products.  

 Catalytic activity/selectivity in nitro-group reduction can be governed by the 

electronic [18,22] and crystallographic [15] character of the metal phase that is, in turn, 

influenced by interactions with the carrier [12,37]. Support acid-base properties can 

impact on metal dispersion with electron transfer resulting in the formation of partially 
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charged nano-scale particles [38,39]. Sangeetha et al. [40] observed higher activity in 

the hydrogenation of NB over Pd/hydrotalcite relative to Pd/MgO and Pd/-Al2O3, 

which they linked to enhanced Pd dispersion due to support basicity. Higher p-CAN 

selectivity (from CNB) has also been achieved with the incorporation of metal cations 

(Cr
3+

/Cr
2+

 [41] and Sn
4+

 [7]) on supported Pd and associated with enhanced polarization 

of the N=O bond [7]. When reducible oxides are used as carriers, partial reduction of 

the support can lead to alloy formation [42]. Recent work has demonstrated selective 

hydrogenation of functionalized alkynes over PdZn alloy [43,44]. The formation of a 

PdZn phase, established by high-resolution X-ray diffraction/absorption spectroscopy, 

has been shown to enhance selectivity in the hydrogenation of 1-pentyne to pentenes 

(relative to Pd/SiO2) [45] and acetonitrile to ethylamine (compared with Pd black) [46]. 

Use of supported Pd catalysts to achieve high selectivity in the conversion of p-CNB to 

p-CAN represents a challenge. We have set out to identify the critical variable(s) that 

control –NO2 group reduction selectivity by examining a range of (commercial and 

laboratory synthesised) catalysts with varying Pd content, support and method of 

preparation. We compare the catalytic action of bulk (unsupported) Pd with that of Pd 

supported on three distinct carriers; (i) activated carbon; (ii) non-reducible oxides (SiO2 

and Al2O3); (iii) ZnO. 

 

6.2 Experimental 

6.2.1 Catalyst Preparation and Activation 

 The activated carbon support (AC, 905 m
2
 g

-1
) was obtained from NORIT (UK) 

and subjected to a demineralization treatment (1 M HNO3 under continuous stirring at 

500 rpm for 7 days) to remove any residual metal that could contribute to the 

hydrogenation process. The AC support was thoroughly washed with deionized water 

(until pH of the wash water approached 7) and oven-dried at 383 K for 12 h. The oxide 

supports, SiO2 (Cab-O-Sil M-5, Cabot), Al2O3 (Puralox, Condea Vista Co.) and ZnO 

(Aldrich) were used as received. A series of (AC, SiO2 and Al2O3) supported Pd catalyst 

precursors were prepared by standard impregnation (with Pd(NO3)2 at 363 K) and 

denoted as Pd/AC-I, Pd/SiO2 and Pd/Al2O3-III. The impregnated samples were oven 

dried at 393 K for 12 h. In addition, Pd/Al2O3-I, Pd/ZnO and Pd/ZnO-PVP were 

prepared by deposition of ex-situ synthesized monodispersed Pd
0
 nanoparticles. In the 

case of Pd/Al2O3-I and Pd/ZnO, an aqueous solution of PdCl2 (Fluka, >99 %) and 

Na2MoO4·H2O (Fluka, >99 %) (Pd/Mo mol ratio = 1) was heated at 368 K (under 
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continuous stirring, 500 rpm) until complete evaporation. The solid residue was 

dissolved in water and contacted (at ambient temperature) with a continuous flow of H2 

(100 cm
3
 min

-1
) for 30 min. This procedure has been demonstrated [47] to result in the 

formation of uniform Pd
0 

nanoparticles stabilised by molybdate anions. The ex-situ 

synthesis of monodispersed PVP (poly N-vinyl-2-pyrrolidone, Aldrich) stabilised Pd 

nanoparticles followed the method described by Lim et al. [48]. A known mass (0.277 

g) of PVP and ascorbic acid (0.156 g, 99%, Aldrich), which acts as reducing agent, 

were dissolved in 15 cm
3
 water at 368-371 K. An aqueous solution of PdCl2 (0.088 g, 

60% Pd, Aldrich) and NaCl (0.058 g, 99.5%, Fluka) was added under constant agitation 

(ca. 500 rpm) with an instantaneous change in color (from brown to black), indicative 

of Pd reduction and colloid formation [48]. The colloidal solution was kept under 

agitation at 368-371 K for 3 h, cooled and diluted with 75 cm
3
 acetone and left for 12 h. 

The colorless liquid was decanted and the black viscous residue dissolved to give an 

homogeneous and stable Pd(PVP) colloidal solution. Palladium deposition (on ZnO) 

was achieved via adsorption where the support (ca. 2 g) was immersed and stirred in the 

Pd colloidal solution for ca. 2 h, the slurry filtered and dried in air at ambient 

temperature. Two commercial supported catalysts (Pd/AC-II and Pd/Al2O3-II, Aldrich) 

and bulk PdO (Aldrich) were also examined.  Prior to use, the catalysts were sieved into 

a batch of 75 μm average diameter and reduced in 60 cm
3
 min

-1
 H2 at 10 K min

-1
 to 573 

K, which was maintained for 1 h. Samples for off-line analysis were passivated in 1% 

v/v O2/He at ambient temperature. 

 

6.2.2 Catalyst Characterisation 

 The Pd content was measured by inductively coupled plasma-optical emission 

spectrometry (ICP-OES, Vista-PRO, Varian Inc.) from the diluted extract in HF. 

Temperature programmed reduction (TPR), H2 and CO chemisorption and BET surface 

area were determined using the commercial CHEM-BET 3000 (Quantachrome) unit. 

The samples were loaded into a U-shaped Quartz cell (3.76 mm i.d.) and heated in 17 

cm
3
 min

-1
 (Brooks mass flow controlled) 5% v/v H2/N2 at 10 K min

-1
 to 573±1 K. The 

effluent gas passed through a liquid N2 trap and H2 consumption monitored by a thermal 

conductivity detector (TCD) with data acquisition/manipulation using the TPR Win
TM

 

software. The reduced samples were maintained at 573 K until the signal returned to 

baseline, swept with 65 cm
3
 min

-1
 N2 for 1.5 h, cooled to ambient temperature and 

subjected to H2 (or CO) chemisorption using a pulse (10 µl) titration procedure. In a 
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series of blank tests, chemisorption measurements on each support (AC, Al2O3, SiO2 

and ZnO) did not result in any detectable uptake. BET areas were recorded with a 30% 

v/v N2/He flow using pure N2 (99.9%) as internal standard. At least two cycles of N2 

adsorption-desorption in the flow mode were employed to determine total surface area 

using the standard single point method. BET surface area, H2 and CO uptake were 

reproducible to within ±5 %; the values quoted represent the mean.  

 X-ray photoelectron spectroscopy (XPS) analyses were conducted on an Axis 

Ultra instrument (Kratos Analytical) under ultra-high vacuum conditions (<10
-8

 Torr) 

using a monochromatic Al K X-ray source (1486.6 eV). The source power was 

maintained at 150 W and the emitted photoelectrons were sampled from a 750×350 m
2
 

area at a take-off angle = 90°. The analyser pass energy was 80 eV for survey spectra 

(0–1000 eV) and 40 eV for high resolution spectra (Pd 3d5/2 and Pd 3d3/2). The 

adventitious carbon 1s peak was calibrated at 284.5 eV and used as an internal standard 

to compensate for any charging effects. Spectra curve fitting and quantification were 

performed with the Casa XPS software, using relative sensitivity factors provided by 

Kratos. Palladium particle morphology and size were determined by transmission 

electron microscopy analysis; JEOL JEM 2011 HRTEM unit with a UTW energy 

dispersive X-ray detector (Oxford Instruments) operated at an accelerating voltage of 200 

kV using Gatan Digital Micrograph 3.4 for data acquisition/manipulation. The samples 

for analysis were crushed and deposited (dry) on a holey carbon/Cu grid (300 Mesh). 

Mean Pd size was based on a count of up to 800 individual Pd particles.  

 

6.2.3 Hydrogenation of p-Chloronitrobenzene (p-CNB)  

6.2.3.1 Catalytic System 

 The hydrogenation of p-CNB (Sigma-Aldrich, purity ≥99 %) as a solution in 

ethanol (Sigma-Aldrich, ≥99 %) was carried out in situ, immediately after catalyst 

activation, under atmospheric pressure at 453 K in a fixed bed vertical glass reactor (i.d. 

= 15 mm). The operating conditions ensured negligible heat/mass transport constraints. 

A layer of borosilicate glass beads served as preheating zone where the p-CNB reactant 

was vaporized and reached reaction temperature before contacting the catalyst. 

Isothermal conditions (±1 K) were ensured by diluting the catalyst bed with ground 

glass (75 µm). The reaction temperature was continuously monitored using a 

thermocouple inserted in a thermowell within the catalyst bed. p-CNB was delivered at 

a fixed calibrated flow rate to the reactor via a glass/teflon air-tight syringe and teflon 
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line using a microprocessor controlled infusion pump (Model 100 kd Scientific). A co-

current flow of p-CNB and ultra pure (BOC, >99.99 %) H2 (<1 % v/v p-CNB in H2) 

was maintained at GHSV = 2×10
4
 h

-1
 with an inlet flow (F) over the range 2.4×10

-4 
– 

7×10
-4

 mol h
-1

. The H2 content was up to 110 times in excess of the stoichiometric 

requirement for hydrogenation to p-CAN and the flow rate was monitored using a 

Humonics (Model 520) digital flowmeter. The molar Pd (n) to F ratio spanned the range 

1×10
-3 

– 9×10
-3

 h. Although the reaction temperate (453 K) are below the boiling point 

of the reactant and the proposed products, the partial pressure for each component (Pp-

CNB = 140.2 Pa; Pp-CAN = 27.9 Pa; PNB = 27.9 Pa; PAN = 27.9 Pa) is far lower than the 

saturated vapour pressure (Pp-CNB =1188 Pa; Pp-CAN = 70997.6 Pa; PNB = 46130.4 Pa; 

PAN = 91200.3 Pa) at the reaction conditions (Appendix 3) suggesting all the 

components are in gas phase. In a series of blank tests, passage of p-CNB in a stream of 

H2 through the empty reactor or over the support alone did not result in any detectable 

conversion.  

 

6.2.3.2 Analytical Method and Activity/Selectivity Measurements  

 The composition of the reactant/product(s) mixtures was determined using a 

Perkin-Elmer Auto System XL chromatograph equipped with a programmed 

split/splitless injector and a flame ionization detector, employing a DB-1 capillary column 

(i.d. = 0.33 mm, length = 30 m, film thickness = 0.20 μm). Data acquisition and 

manipulation were performed using the TotalChrom Workstation Version 6.1.2 (for 

Windows) chromatography data system and the overall reactant/product molar fractions 

(xi) were determined from detailed calibration plots (not shown). Fractional 

hydrogenation (Xp-CNB) was obtained from 
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where selectivity with respect to p-CAN is given by 
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Repeated reactions with different samples from the same batch of catalyst delivered 

conversion/selectivity values that were reproducible to within ± 7 %. 
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6.3 Results and Discussion 

6.3.1 Catalyst Characterisation 

 Characterisation measurements for the series of Pd catalysts studied are 

presented in Tables 6.1 and 6.2. Commercial and laboratory synthesized samples 

exhibiting a range of Pd loading (0.9-10.2 % w/w) and BET area (2-875 m
2
 g

-1
) have 

been used in this work to promote p-CNB hydrogenation. We must stress that a very 

broad set of Pd catalysts were chosen in order to establish critical characteristics that 

determine activity and selectivity. 

 

Table 6. 1: Catalyst source or preparation method (for laboratory synthesised samples), Pd loading, 

BET surface area and hydrogenation performance in terms of product selectivities at a common 

fractional p-CNB conversion (Xp-CNB = 0.2).  

 

 

 

 

 

Catalyst 

Catalyst 

Source/ 

Peparation 

Pd loading 

(% w/w) 

BET area 

(m
2
 g

-1
) 

SXp-CNB = 0.2 

(%) 

p-CAN AN NB 

Pd
a
 Commercial - 2 29 55 16 

Pd/AC-I
b 

Prepared by 

impregnation 
5.5 875 74 0 26 

Pd/AC-II Commercial 10.2 826 38 52 10 

Pd/SiO2
b 

Prepared by 

impregnation 
7.7 178 0 90 10 

Pd/Al2O3-I
b 

Prepared by 

deposition 
0.9 157 0 78 22 

Pd/Al2O3-II Commercial 1.2 160 0 38 62 

Pd/Al2O3-

III
b 

Prepared by 

impregnation 
6.9 173 0 68 32 

Pd/ZnO
b 

Prepared by 

deposition 
4.7 8 100 0 0 

a
generated by reduction of PdO; 

b
laboratory synthesised 

 



 

88 

 

 

 

Table 6. 2: Temperature and H/Pd ratio associated with Pd hydride decomposition and Pd  

nanoparticle size obtained from TEM (dTEM), CO (dCO) and H2 (
2Hd ) chemisorption. 

 

 
Catalyst 

Pd hydride 
 

Pd nanoparticle size 

T 

(K)
 

H/Pd 

(mol mol
-1

) 

 
TEMd  

(nm) 

COd  

(nm) 

2Hd  

(nm) 

Pd 377 0.67 
 

- - -
 

Pd/AC-I 365 0.29 
 

11.7 8.2 129.0 

Pd/AC-II 373 0.16 
 

4.4 19.9 4.7 

Pd/SiO2 362 0.36 
 

12.6 36.7 9.4 

Pd/Al2O3-I 343 0.25 
 

6.4 28.8 4.1 

Pd/Al2O3-II 355 0.05 
 

2.4 2.3 2.0 

Pd/Al2O3-III 377 0.33 
 

9.6 49.0 25.0 

Pd/ZnO 356 0.22 
 

6.5 14.6 4.0 

  

 

6.3.1.1 Palladium Particle Size 

 Representative temperature programmed reduction (TPR) profiles (for PdO, 

Pd/AC-II, Pd/Al2O3-II and Pd/ZnO) are presented in Figure 6.1. Each profile is 

characterised by the appearance of a negative peak at 343-377 K (Table 6.2) that can be 

attributed to Pd hydride decomposition. Ambient temperature H2 absorption is known to 

generate β-phase Pd hydride when the H2 partial pressure exceeds 0.02 atm [49,50]; PH2 

during TPR in this work = 0.05 atm. The hydride is thermally unstable and decomposes 

during thermal treatment to release H2 over the temperature range 342-386 K [51-53]. 

Hydride composition, presented in Table 6.2 as H/Pd ratio, is known to depend on Pd 

particle size [10,54] where H/Pd decreases with decreasing size (increasing metal 

dispersion) [51] to approach zero for Pd size <2.5 nm [51,55]. Bulk Pd, as our  
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Figure 6. 1: Temperature-programmed reduction (TPR) profiles for (I) bulk PdO, (II) Pd/AC-II 

(III) Pd/Al2O3-II and (IV) Pd/ZnO.  
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benchmark, is characterized by the highest H/Pd (0.67), a result in good agreement with 

values (0.66-0.73) reported in the literature [54,56]. Considering the supported catalysts, 

the commercial Pd/Al2O3-II exhibited the lowest H/Pd (0.05) while the remaining 

systems generated ratios in the range 0.16-0.36, characteristic of Pd particles of 3-24 nm 

[56,57]. The positive signal at higher temperature (Tmax = 573 K) for Pd/ZnO (Figure 

6.1 (IV)) has been observed previously and linked to: (i) secondary reduction of an 

oxidised Pd component or reduction of ZnO (or ZnCl2) at the metal/support interface 

[58]; (ii) simultaneous reduction of Pd
2+

 and Zn
2+

 resulting in the formation of PdZn 

particles [59].   

 The (mean) Pd particle sizes determined from TEM and (CO and H2) 

chemisorption are given in Table 2. Consistent values for all three measurements were 

obtained in the case of Pd/Al2O3-II (2.20.2 nm), which agree with the low associated 

H/Pd from TPR analysis. However, there are inconsistencies in the results generated 

with each technique for the other supported Pd samples. We should note that there is a 

dearth of published studies recording Pd particle sizes using more than one analytical 

methodology. Taking an overview of the published work on supported metals in 

general, both agreement [4,51,60-62] and disagreement [52,62-64] have resulted from 

the estimation of metal particle size using gas chemisorption and TEM analysis. The 

discrepancy can be linked to limitations associated with these techniques. In the case of 

chemisorption, a source of error can result from a partial (or total) active phase 

occlusion by residual precursor species post-activation that serve to suppress uptake, 

leading to an over-estimation of metal particle size [63,64]. CO chemisorption delivered 

a range of Pd sizes that do not correlate directly with Pd hydride composition and 

deviate significantly from values obtained from H2 uptake and TEM. This may be the 

result of applying a fixed Pd/CO adsorption stoichiometry [52,65] (surface metal 

atoms/CO molecules chemisorbed = 2), as has been the standard approach for carbon 

and oxide supported Pd systems [66,67]. However, CO can adsorb on Pd in both linear 

(Pd:CO = 1:1) [68] and bridged (Pd:CO = 2:1) [68,69] forms and this appears to depend 

on the nature of the support [70] and Pd size [71]. Hydrogen chemisorption is 

commonly employed to estimate Pd dispersion [63,72] where a dissociative adsorption 

(Pd:H stoichiometry = 1:1) is applied. Prelazzi et al. [73], in reviewing the available 

literature, have identified instances of good agreement between H2 uptake (taking Pd:H 

= 1:1) and TEM data. In this study, Pd sizes obtained from H2 chemisorption differ from 

the TEM derived values but both methods delivered an equivalent trend in terms of 

increasing (or decreasing) size across the group of catalysts. Particle size measurements  
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Figure 6. 2: Representative TEM images and Pd nanoparticle size distributions for (I) Pd/AC-II 

(with standard deviation of the mean (m) as a function of the number of Pd particles counted (n)), 

(II) Pd/Al2O3-II and (III) Pd/ZnO.  

 

  

from H2 chemisorption can be compromised due to hydrogen spillover, i.e. dissociative 

chemisorption on metal sites with transport to the support surface [74], which results in 

an apparent higher Pd dispersion (under-estimation of metal size) due to additional H2 

consumption. Indeed, there is evidence in the literature for hydrogen spillover under 

ambient conditions for carbon [75] and oxide [76] supported Pd. We should flag 
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Pd/AC-I that exhibits an unfeasibly large Pd size (129.0 nm) based on H2 

chemisorption. This can result from occlusion of Pd surface sites by amorphous carbon 

associated with the support, as noted elsewhere [64], leading to inhibited H2 uptake. 

 Electron microscopy as an imaging technique provides a particle size distribution 

from which the mean can be determined. There are certain limitations in the application 

of this method, as highlighted in the review of Matyi et al. [65] and recently published 

analysis by Liu [77]. This approach provides a two dimensional imaging of three 

dimensional nanoparticulate structures where the occurrence of irregular morphologies, 

as a result of metal-support interactions, presents problems in terms of consistent 

diameter measurement. Accurate diameter estimation can also be compromised by poor 

contrast between the support and metal(s) phases while apparatus detection limit (sizes 

below 1-2 nm [78]) can also lead to inaccurate sizes. Representative TEM micrographs 

and associated Pd particle size distributions on carbonaceous, reducible and non-

reducible oxide carriers are presented in Figure 6.2. The supported metal phase exhibits 

a pseudo-spherical morphology with particles predominantly <10 nm. It is critical in 

TEM analysis that the particle population used for size estimation is representative of 

the entire ensemble of crystallites. Taking Pd/C-II as an example, the standard deviation 

of the mean (m) is presented as a function of Pd particle count (inset to Figure 6.2 (I)), 

following the approach reported previously [78]. It can be seen that m is sensitive to 

the total number of Pd particles counted and m invariance (at counts >200) ensures that 

the size distribution is truly representative. Invariance of the mean applies to all the 

dTEM values recorded in Table 6.2. While the combination of techniques used in this 

study should be complementary, our results suggest that the chemisorption 

measurements (particularly CO) do not give a reliable measure of Pd size. TEM 

analysis delivers the more valid Pd size information where particle counting is 

conducted with statistical rigour. Hydrogen uptake capacity is, nonetheless, an 

important consideration in H2 mediated catalysis. The correlation between H2 uptake (at 

ambient temperature) and mean Pd size (from TEM) is presented in Figure 6.3 (I), 

where there is a clear increase in H2 chemisorption capacity with decreasing Pd NP size 

(12.6→2.4 nm). This tendency is in agreement with published literature [51,57] 

showing enhanced H2 chemisorption for smaller Pd particles.  

 

 



 

 

 

 

 

 

 

 

 

Figure 6. 3: Relationship between Pd nanoparticle size (dTEM) and (I) H2 chemisorption (open symbols; dashed line) and (II) p-CNB transformation rate 

               (solid symbols; solid line); Pd supported on AC (, ), non-reducible oxides (,) and ZnO (Pd/ZnO: ,; Pd/ZnO-PVP; ,)

9
3
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6.3.1.2 Palladium Electronic Characteristics 

 In order to gain insight into the electronic character of the Pd phase, XPS analysis 

over the Pd 3d binding energy (BE) region was conducted with peak deconvolution, as 

shown in Figure 6.4 for Pd/ZnO. It is known that the support can impact on the 

electronic properties of the metallic phase via metal-support interactions [79], which are 

more pronounced for Pd particles at the nano-scale. Taking bulk Pd as benchmark, the  

 

 

Figure 6. 4: XPS spectrum over the Pd 3d region for Pd/ZnO: XPS experimental data are 

represented by symbols () while the lines are the result of spectra curve fitting with independent 

contributions due to Pd
0
 (dashed line) and PdZn alloy (dotted line) from peak deconvolution.   

 

core level Pd 3d5/2 BE (= 335.3 eV) is in good agreement with the value (335.2 ± 0.2 

eV) reported by Briggs and Seah [80] for Pd
0
. In order to explicitly probe 

modification(s) to Pd electron density due to particle size, we present the relationship 

between dTEM and Pd 3d5/2 BE in Figure 6. 5. The BE values exhibited a measurable 

increase (334.7→334.9 eV) with decreasing mean Pd size (6.4→2.4 nm) for the Al2O3 

system, as has been noted elsewhere [81]. Moreover, the BE showed a marked 

dependence on the support. Palladium on AC exhibits a Pd 3d5/2 BE that is ca. 0.6 eV 

higher than bulk Pd, suggesting electron transfer from Pd to the carbon support resulting 

in a partial positively charged metal phase (Pd
δ+

). Jiang and co-workers [82] observed a 

positive displacement (ca. 1.1 eV) for carbon supported Pd (3-12 nm) when compared 

with bulk Pd that they ascribed to metal-support interactions. Ramos et al. [83] reported 
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a shift to higher BE for Pd/C that was attributed to electronic transfer associated with 

residual surface Cl. Gómez-Sainero et al. [84] have also demonstrated the occurrence of 

electron-deficient Pd (3.8-10.5 nm) on a carbon carrier. They linked this to the presence 

 

 

Figure 6. 5: Relationship between binding energy (BE) of the Pd 3d5/2 signal and Pd nanoparticle 

size (dTEM) for Pd supported on activated carbon (), non-reducible oxides SiO2 and Al2O3 () and 

ZnO (). Note: shaded area illustrates the BE region that is characteristic of Pd
0
 [80].  

 

of surface species (e.g. HCl and NOx) generated during catalyst preparation/activation 

that serve to modify the electron density of the Pd sites with the formation of supported 

Pd
n+

. The presence of Pd
δ-

 on Al2O3 and SiO2 follows from the observed lower (by 0.4-

0.6 eV) BE (relative to bulk Pd), as shown in Figure 6.5. Oxidic supports have been 

found to influence the electronic properties of supported transition metals where a 

change in the electron density of Ru (2-10 nm) on MgO, Al2O3 and SiO2 has been 

attributed to interaction with surface OH groups [85]. The Pd 3d5/2 spectrum for Pd/ZnO 

(Figure 6.4) suggests the presence of two distinct surface Pd species. The main 

component shows a BE (335.0 eV) close to the reference for zero valent Pd [80] while a 

secondary component exhibits a signal shifted to higher BE (by 0.7 eV) and can be 

attributed to the occurrence of PdZn [58]. The formation of an intermetallic PdZn alloy 

phase after H2 treatment at T ≥ 373 K has been demonstrated by HRXRD and XAS [45] 

but the mechanism is still a matter of some debate. Hong et al. [76] have proposed the 

growth of a thin PdZn alloy phase at the metal-support interface resulting in a strong 

anchoring of the metal that serves to inhibit sintering. Alternatively, reversible 
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migration and transformation of ZnO (to Zn) on Pd can result in the partial/total 

coverage of Pd clusters and the ultimate formation of a PdZn outerlayer [58].  

 

6.3.2 Correlation of Catalyst Characteristics with Catalytic Performance  

6.3.2.1 Activity 

 The catalytic response of supported metal nanoparticles in hydrogenation 

reactions can be governed by electronic [86] and/or geometric [87,88] considerations. A 

series of experiments were conducted to investigate the effect of particle size on catalyst 

performance where an increase in activity with decreasing Pd size (12.6→2.4 nm) is 

apparent from the entries in Figure 6.3 (II). The results suggest that the nature of the 

carrier (carbon vs. oxide) or catalyst source (laboratory synthesized or commercial) does 

not impact significantly on rate, which is determined by Pd size. Indeed, similar activity 

was obtained for catalysts with an equivalent mean Pd size on different supports 

(Pd/AC-I (11.7 nm) and Pd/SiO2 (12.6 nm)) while, taking a common support (Pd/AC-I 

(11.7 nm) and Pd/AC-II (4.4 nm)), a four-fold higher activity was recorded for the 

catalyst bearing smaller Pd particles. This response has also been observed for gas 

phase p-CNB hydrogenation over supported Au [22] but we provide here the first report 

of Pd size effects in this reaction. We should note that the opposite trend has been 

reported for batch liquid phase p-CNB hydrogenation where higher activities were 

recorded for Pt/Al2O3 with lower metal dispersion and ascribed to stabilization of the 

negatively charged reaction transition state on larger Pt particles [89]. A salient feature 

of the data generated in this study is the match of activity dependence on Pd size with 

that of H2 chemisorption (Figure 6.3 (I)). Increased rate can be attributed to greater 

surface hydrogen, which is a feature of greater Pd dispersion. We should flag Pd/Al2O3-

I and Pd/ZnO, synthesized by deposition of (Na2MoO4·H2O) stabilized monodispersed 

Pd nanoparticles prepared ex situ, that deviate from the general trend in delivering lower 

activities. This can result from residual surface stabilizer post-activation that occludes 

active sites and inhibits rate, as has been reported for the hydrogenation of acetylene 

[90]. Indeed, XPS analysis has established the presence of surface Mo species (1% 

w/w) in activated Pd/Al2O3-I and Pd/ZnO that is consistent with an earlier report of a Pd 

nanoparticulate catalyst prepared using Na2MoO4·H2O as stabilizer [43]. Zina and 

Ghorbel [91] have demonstrated that inclusion of Mo in zeolite supported Pd 

suppressed 1,3-butadiene hydrogenation activity, which was linked to the formation of 

PdnMom clusters. It should, however, be noted that H2 chemisorption on Pd/Al2O3-I and 
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Pd/ZnO was consistent with the general trend line shown in Figure 6.3 (I). This 

suggests that any Mo remaining from the stabilizer does not impact on H2 uptake but 

must influence p-CNB adsorption/activation. 

 

6.3.2.2 Selectivity 

 The main reaction pathways in the hydrogenation of p-CNB are identified in 

Scheme 6.1 where nitro group reduction (step I) generates the target amine (p-CAN). 

Dechlorination of p-CNB (step II) results in the formation of nitrobenzene (NB), which  

 

 

 

Scheme 6. 1: Reaction scheme for the hydrogenation of p-chloronitrobenzene (p-CNB). The 

targeted route (I) to p-chloroaniline (p-CAN) is given by the open arrow. 
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can undergo further hydrogenation (step III) or dechlorination of p-CAN (step IV) to 

give, in both cases, aniline (AN). Reaction over the Pd catalysts in this study generated 

p-CAN, NB and/or AN in varying proportions. In such a parallel/sequential reaction 

mechanism, selectivity is only meaningful at an equivalent level of conversion (Xp-CNB), 

which we set at 0.2 in Table 6.1. Bulk Pd was employed as benchmark, serving as an 

index against which Pd particle size and Pd-support effects can be evaluated. Reaction 

over unsupported Pd generated all three products with the principal formation of AN 

(composite hydrodechlorination and hydrogenation). Taking an overview of the 

catalytic response exhibited by the supported catalysts, three groups emerge, i.e. Pd on 

carbon, non-reducible oxides and ZnO, which are separated by the dashed lines in 

Tables 6.1 and 6.2. Carbon supported Pd (Pd/AC) promoted hydrogenation and 

hydrodechlorination steps with p-CAN selectivity that deviated from that observed for 

bulk Pd. Palladium on non-reducible Al2O3 and SiO2 did not generate any detectable p-

CAN but exhibited hydrodechlorination character (to produce NB and AN). In marked 

contrast, Pd/ZnO was 100% selective to p-CAN. The latter is a very significant finding 

as, to the best of our knowledge, there have been no reports demonstrating reaction 

exclusivity to p-CAN in the gas phase hydrogenation of p-CNB over supported Pd. 

 Given the distinct selectivity response for the three groupings, one catalyst 

(commercial Pd/AC-II and Pd/Al2O3-II and laboratory synthesised Pd/ZnO) was chosen 

from each group for further comprehensive catalyst testing; the relationships between 

conversion (Xp-CNB) and selectivity (Si) are shown in Figure 6.6 and the activation mode 

of p-chloronitrobenzene over Pd catalysts are shown in Figure 6.7. At low Xp-CNB 

(<0.05), p-CAN was the principal product over bulk Pd (Figure 6.6 (I)) with the 

preferential formation of AN at higher conversions and NB as a secondary product. This 

suggests Pd activation of both −NO2 and −Cl functionalities and is in agreement with 

published literature showing that dechlorination [92] and nitro-group reduction [41] are 

promoted over unsupported Pd. The switch in selectivity to C–Cl bond scission and AN 

formation can be linked to the electron-donating character of the –NH2 function 

(relative to electron-withdrawing −Cl and −NO2), which can induce electron transfer via 

the benzene ring, increasing C−Cl polarity [93,94] and facilitating hydrogenolytic attack 

by dissociated H (Figure 6.7 (I)). In the case of Pd/AC-II (Figure 6.6 (II)), p-CAN and 

AN were the principal products with trace formation of NB. XPS measurements are 

consistent with the formation of Pd
δ+

 in Pd/AC. The activation mode of p-CNB over 

Pd/AC was shown in Figure 6.7 (II), the nitro group exhibits a higher relative 

electronegativity than the para-substitued Cl where the ring inductive and  
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Figure 6. 6: Selectivity (Si) to p-CAN  (), AN () and NB () as a function of p-CNB fractional 

conversion (Xp-CNB) for reaction over (I) bulk Pd (II) Pd/AC-II (III) Pd/Al2O3-II and (IV) Pd/ZnO. 

 

conjugative effects serve to increase the electron density of –NO2 [93] with activation at 

electron-deficient Pd to generate p-CAN formation, as reported elsewhere [95,96]. In 

common with bulk Pd, a decrease in selectivity to p-CAN with increased AN is in 

evidence at higher Xp-CNB (>0.3), indicating a sequential mechanism via steps (I) and 

(IV) (Scheme 6.1). Functionalised chlorobenzenes can interact with Pd
δ+

 through the Cl 

substituent with a weakening of the C-Cl [97], facilitating hydrogenolysis to AN. In 

contrast, NB and AN were the only products generated over Pd/Al2O3-II (Figure 6.6 

(III)), where an increase in conversion (>0.3) was accompanied by higher AN 

selectivity, suggesting that dechlorination preceded NB hydrogenation, i.e. reaction via 

steps (II) and (III) in Scheme 1. Both −NO2 and –Cl functions can reduce the electron 

density of the benzene ring, favouring interaction with Pd
δ-

 in Pd/Al2O3-II, where both 

substituents are activated (Figure 6.7 (III)). The ring carbon bonded to Cl is more 

susceptible to hydrogenolytic attack as it bears the lowest electron density of all the 

carbons in the ring [93], leading to NB formation with further hydrogenation to AN.  
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                 Figure 6.7 : The activation mode of p-chloronitrobenzene over Pd catalysts: (I) bulk Pd; (II) Pd/AC; (IV) Pd/Al2O3 and (IV) Pd/ZnO. 
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Reaction over Pd/ZnO (Figure 6.6 (IV)) generated p-CAN as the sole product, 

regardless of conversion, i.e. exclusive reaction via path (I) in Scheme 6.1. The Pd/ZnO 

catalyst is characterized by a Pd 3d5/2 core level BE close to that of the reference Pd 

(Figure 6.5). As both hydrodechlorination and hydrogenation were promoted over bulk 

Pd, a similar product distribution should be expected for Pd/ZnO. However, the 

formation of PdZn alloy, demonstrated by XPS (Figure 6.4), must influence p-CNB 

adsorption and surface reaction (Figure 6.7 (IV)). Sárkány et al. [58] reported the 

complete suppression of butane formation in the hydrogenation of 1,3-butadiene due to 

the formation of a PdZn intermetallic phase and attributed this to weaker diene/surface 

interaction. Iwasa et al. [46] recorded enhanced selectivity to primary amine in 

acetonitrile hydrogenation over Pd/ZnO, ascribing this to differences in substrate and/or 

intermediate adsorption strength relative to other supported Pd catalysts. XPS analysis 

has established the formation of zero valent Pd with a lesser (34 % w/w) PdZn 

component. We envisage H2 dissociation on Pd
0
 to generate surface reactive hydrogen 

where p-CNB interaction with the PdZn phase selectively activates the –NO2 function. 

Indeed, reaction of p-CAN over Pd/ZnO delivered AN as the sole product where the 

rate (1.6 molp-CAN h
-1

 molPd
-1

) was appreciable lower than that (13.5 molp-CAN h
-1

 molPd
-

1
) recorded for p-CNB as reactant. This is consistent with exclusivity to p-CAN where 

path (IV) (in Scheme 1) does not contribute to the overall process for Pd/ZnO. 

  

6.3.2.3 Role of the Stabilizer in Determining Pd/ZnO Performance 

 In order to establish the possible effect of the stabilizer on the catalytic response 

exhibited by the catalysts synthesised using the colloid route with Na2MoO4·H2O, an 

additional ZnO supported Pd was prepared, employing PVP as stabilizer (see 

Experimental section), which we label Pd/ZnO-PVP. The as-prepared sample was 

calcined at 873 K as there is evidence in the literature for the removal of capping 

polymers at T  550 K [98]. There was no detectable (on the basis of XPS analysis, not 

shown) surface nitrogen associated with the calcined sample, indicating effective PVP 

removal. Subsequent TPR activation, following the same procedure applied to Pd/ZnO 

(see Experimental section), generated an equivalent XPS response (profile not shown) 

with a principal Pd
0
 (BE = 335.0 eV) and secondary PdZn (31% w/w, BE = 335.7 eV) 

component. Palladium particle size distribution from TEM analysis delivered a larger 

mean Pd size (11.4 nm) for Pd/ZnO-PVP relative to Pd/ZnO (6.5 nm) that can be 

attributed to sintering during the calcination step. Reaction of p-CNB over Pd/ZnO-PVP 

resulted in the sole formation of the target p-CAN. Reaction exclusivity in nitro-group 
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reduction for both ZnO supported Pd catalysts can be explicitly attributed to the 

supported PdZn phase. Pd/ZnO-PVP delivered a greater hydrogenation rate than 

Pd/ZnO (Figure 6.3 (II)) although the former exhibited larger Pd particle size. This 

confirms rate inhibition by residual Mo in the case of Pd/ZnO. The correlation of H2 

chemisorption (Figure 6.3 (I)) and activity (Figure 6.3 (II)) with Pd size for Pd/ZnO-

PVP coincides with the general trend. Our results demonstrate enhanced hydrogenation 

activity for smaller nano-scale Pd particles irrespective of support, rate suppression due 

to the presence of residual (Mo-containing) stabilizer and PdZn promotion of full 

selectivity to p-CAN.   

 

6.4 Conclusions 

 We have established that the support (activated carbon (AC), non-reducible (SiO2, 

Al2O3) and reducible (ZnO) oxides) can influence catalytic performance in Pd promoted 

gas phase hydrogenation of p-CNB. Characterisation of Pd particle size by TEM, H2 

and CO chemisorption has been assessed where the former is shown to give the most 

reliable results when particle counting is statistically robust. Chemisorption leads to 

erroneous values arising from (i) the application of an exclusive adsorption 

stoichiometry factor, (ii) possible Pd site occlusion and/or (iii) contribution due to 

spillover. Reaction rate and surface hydrogen both increase with decreasing mean Pd 

size (from 12.6 to 2.4 nm). A lower rate was recorded for particles prepared by a 

colloidal deposition technique, which is due to site blocking by residual Mo from the 

stabilizer (Na2MoO4·H2O). Use of PVP as stabilizer (Pd/ZnO-PVP) circumvents Pd 

poisoning but the calcination step required to remove the polymer induces Pd 

agglomeration, which impacts on H2 uptake and hydrogenation rate. Bulk Pd, used as a 

benchmark, promoted composite hydrodechlorination/hydrogenation to generate p-

CAN, AN and NB. XPS analysis has demonstrated electron transfer from Pd to AC with 

the generation of Pd
δ+

 that activates both –Cl and –NO2 functions with preferential p-

CAN formation at low p-CNB conversion and increased selectivity to AN in subsequent 

dechlorination at higher conversions. Palladium supported on Al2O3 and SiO2 was non-

selective to p-CAN, exhibiting hydrodechlorination character with preferential NB 

formation at lower conversion and AN as major product at higher conversion. This can 

be accounted for in terms of repulsion between –NO2 and –Cl and surface Pd
δ-

 leading 

to adsorption via the benzene ring, which facilitates hydrogen attack of both 

substituents. In complete contrast, Pd/ZnO (and Pd/ZnO-PVP) delivered p-CAN as the 
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sole product, which is linked to the formation of a PdZn alloy that serves to activate the 

nitro function without further dechlorination. 
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Chapter 7 

Gas Phase Chemoselective Hydrogenation of p-Nitrobenzonitrile over 

Gold: Effect of Metal Particle Size, Support and the Metal-Support 

Interface 

 

In the preceding Chapter, support redox character was established as a critical 

catalyst feature that determined performance in the hydrogenation of p-

chloronitrobenzene. That work is extended in this Chapter with a demonstration of 

generic support effects for the hydrogenation of p-nitrobenzonitrile over supported 

(CeO2, Fe2O3, Fe3O4, TiO2, ZrO2 and Al2O3) Au, Ag and Pd catalysts. 

 

7.1 Introduction 

 Catalytic hydrogenation by gold is attracting growing research interest as a 

result of the high chemoselectivity achieved in the reduction of unsaturated 

functionalities, i.e. C≡C [1], C=C [2], C=O [3] and -NO2 [4], in the presence of other 

reactive groups. The enhanced selectivity exhibited by Au nanoparticles has been 

attributed to geometric and electronic properties, which are influenced by interactions 

with the support [5,6]. Reducible oxide carriers bear a higher number of nucleation sites 

that facilitate the formation of smaller Au particles (< 9 nm) [7,8]. Hydrogenation rate 

has shown a dependence on Au size over the 2-9 nm range, notably in -NO2 [8-10] and -

C=O [11] reduction. This has been ascribed to enhanced H2 dissociation on smaller Au 

particles [10,12] which is the rate limiting step [13]. Lower rates have also observed for 

Au particles ≤3 nm and linked to a loss of metallic character [14,15] that inhibits H2 

dissociation. On the other hand, there are studies [11,16] that claim Au particles smaller 

than 3 nm provide the predominant contribution to hydrogenation activity. Claus and 

co-workers [17,18] have proposed an Au size effect in C=O adsorption/activation where 

the occurrence of multiple twinned particles resulted in a lower turnover frequency 

(TOF) in acrolein hydrogenation. Gold particle shape at the nanoscale determines the 

principal exposed crystal plane and this can impact on the catalytic response as 

demonstrated in the hydrogenation of acrolein over Au/TiO2 and Au/ZrO2 [15,17,19]. 

The electronic character of the Au site is an additional consideration that can influence 

the mode of reactant adsorption [20,21] though the possible catalytic effect is not well
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 understood with conflicting reports in the literature. In the selective reduction of C=O 

(relative to C=C), Liu et al. [22] and Milone et al. [21] reported that Au
δ-

 (generated as 

a result of electron transfer from TiO2, FeO(OH), α-Fe2O3 and γ-Fe2O3 supports) served 

to enhance C=O hydrogenation. Lenz and co-workers [23] attributed selectivity to Au 

morphology, discounting any catalytic effect due to support redox properties or Au 

charge. In addition to the possible role of the carrier to influence catalytic performance 

by modifying geometric and/or electronic properties of Au nanoparticles, there is also 

the possibility of a direct contribution via reactant activation at surface coordinatively 

unsaturated sites [24]. The possibility of reactant (notably -NO2) activation at the 

support and/or metal-support interface has been overlooked. Haruta and Daté [25] have 

suggested that reaction at the interface can dictate rates over Au/TiO2. Xiong and co-

workers [26] attributed the high activity and selectivity in –NO2 reduction over Ni/TiO2 

to a strong polarisation of the N=O bond at support oxygen vacancies (TiOx).  

 Given the high selectivity exhibited by supported nano-scale Au in the 

production of functionalized amines [27], we have investigated the role of the carrier in 

determining the catalytic response in the gas phase hydrogenation of p-nitrobenzonitrile 

(p-NBN) to p-aminobenzonitrile (p-ABN). The amine product is used in the synthesis of 

a diversity of agrochemicals, pharmaceuticals, dyestuffs, urethanes and fine chemicals 

[28]. We have examined a series of oxide carriers (Al2O3, ZrO2, TiO2, CeO2, Fe2O3 and 

Fe3O4) with varying redox properties that can impact on (i) Au particle size and 

electronic properties and (ii) -NO2 activation for reaction. We further probe support 

effects by examining selected supported Ag and Pd systems that are active and selective 

in –NO2 reduction [4]. 

 

7.2 Experimental 

7.2.1 Materials and Chemicals 

 The oxide supports (Al2O3, CeO2, TiO2), precursors for the synthesis of ZrO2, 

Fe2O3 and Fe3O4 (ZrOCl2·8H2O and Fe(NO3)3·9H2O (> 99%)), Au, Ag and Pd 

precursors (HAuCl4 (99.999%), AgNO3 (99.99%) and Pd(NO3)2 (99.99%)) were 

obtained from Sigma-Aldrich. All the gases (O2, H2, N2 and He) used were of high 

purity (99.9%, BOC gases). The p-nitrobenzonitrile (p-NBN reactant (Aldrich (≥98%)), 

solvent (1-butanol, Riedel-de Haen (≥ 99.5%)) and urea (Riedel-de Häen (≥ 99%)) were 

used as received. 
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7.2.2 Catalyst Preparation 

  The zirconia support precursor was prepared by precipitation with dropwise 

addition of ZrOCl2·8H2O (0.1 M, 800 cm
3
) to aqueous NH3 (2.5 M, 120 cm

3
) under 

vigorous stirring (300 rpm) until pH = 9.3 with the formation of Zr(OH)4 according to 

[29, 30]:  

 

               ZrOCl2·8H2O + NH3·H2O → Zr(OH)4 + NH3 + 2HCl + 6H2                      (7.1) 

 

Temporal pH changes were measured with a crystal-body electrode coupled to a data 

logging and collection system (Pico Technology), calibrated with standard buffer 

solutions (pH = 7 and 10). The resultant hydrogel was washed thoroughly with 

deionised water until Cl-free (AgNO3 test), dried at 373 K for 24 h and calcined (1 K 

min
-1

) in flowing air (60 cm
3
 min

-1
) at 673 K for 5 h [31]. 

 

                                 Zr(OH)4 → ZrO2 + 2H2O                                                            (7.2) 

 

Iron oxide (Fe2O3) was prepared by precipitation in basic media [10]    

 

    2[Fe(NO3)3·9H2O] + 3Na2CO3 → 2Fe(OH)3 + 6NaNO3 + 3CO2 + 15H2O            (7.3) 

 

where 100 cm
3
 aqueous Na2CO3 (1 M) was heated to 358 K under constant agitation 

(300 rpm) with dropwise addition of Fe(NO3)3·9H2O (300 cm
3
, 1 M). Basic conditions 

(pH > 7.3) were maintained during precipitation by adding Na2CO3 (five additions of 10 

g). The solid hydroxide was subsequently aged for 2 h to increase specific surface area 

(SSA) [32], washed with warm distilled water until the wash water exhibited neutral pH 

and dried for 3 days at 353 K (2 K min
−1

) in pure He (60 cm
3
 min

−1
) to 

produce hematite 

                                  2Fe(OH)3 → Fe2O3 + 3H2O                                                      (7.4) 

 

A series of 1 mol % supported metal (Au, Ag and Pd) catalysts were prepared by 

deposition-precipitation using urea as basification agent. An aqueous mixture of urea 

(ca. 10-fold urea excess) and 400 cm
3
 (5×10

-4
 M) metal precursor (HAuCl4, AgNO3 and 

Pd(NO3)2) was added with the support. The suspension was stirred and heated to 353 K 

(at 2 K min
-1

) and the pH progressively increased (from pH = 3 ~ 4) to reach ca. 8 after 

3 h as a result of the thermally induced urea decomposition.  

javascript:popupOBO('CMO:0001688','C1CY00051A')
http://www.chemspider.com/Chemical-Structure.937.html
javascript:popupOBO('CHEBI:50818','C1CY00051A')
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=353K + -

2 2 2 4 2NH -CO-NH 3H O 2NH +2OH +CO
T

                               (7.5) 

 

The solid obtained was separated by centrifugation, washed with deionised water (with 

centrifugation between each washing) and dried in He (45 cm
3
 min

-1
) at 373 K (at 2 K 

min
-1

) for 5 h. Au/Fe3O4 was obtained from the reduction of Au/Fe2O3 as discussed in 

detail elsewhere [33]. All the samples were sieved to 75 μm average particle diameter 

(ATM fine test sieves). Prior to use, the catalyst precursors were activated in 60 cm
3
 

min
-1

 H2 at 2 K min
-1

 to 423-573 K, which was maintained for 1 h. Prior temperature 

programmed reduction (TPR) analysis has established full reduction of the supported 

metal precursor under these conditions [10,34,35]. 

    

7.2.3  Catalyst Characterisation  

 The metal content was measured by absorption atomic spectroscopy using a 

Shimadzu AA-6650 spectrometer with an air-acetylene flame from the diluted extract in 

aqua regia (25% v/v HNO3/HCl). Hydrogen (and O2) chemisorption and SSA were 

measured using the commercial CHEM-BET 3000 (Quantachrome) unit. Samples were 

loaded into a U-shaped quartz cell (3.76 mm i. d.) and heated in 17 cm
3
 min

-1
 (Brooks 

mass flow controlled) 5% v/v H2/N2 at 2 K min
-1

 to 423-573 K. The samples were swept 

with 65 cm
3
 min

-1
 N2 for 1.5 h, cooled to reaction temperature (423 K) and subjected to 

H2 (or O2) chemisorption using a pulse (10 µl) titration procedure. Pulse introduction 

was repeated until the signal area was constant, indicating surface saturation. SSA 

values were recorded with a 30% (v/v) N2/He flow; pure N2 (99.9%) served as the 

internal standard. At least two cycles of N2 adsorption–desorption in the flow mode 

were used to determine SSA using the standard single point BET method. SSA and 

H2/O2 uptake values were reproducible to ±5% and the values quoted are the mean. The 

degree of support reduction (in the case of supported Au catalysts) was determined from 

O2 uptake where it has been demonstrated previously that there is a negligible 

contribution from Au to total O2 adsorbed [36]. X-ray photoelectron spectroscopy 

(XPS) analyses were conducted on an Axis Ultra instrument (Kratos Analytical) under 

ultra-high vacuum conditions (<10
-8

 Torr) using a monochromatic Al K X-ray source 

(1486.6 eV). The source power was maintained at 150 W and the emitted 

photoelectrons were sampled from a 750 × 350 m
2
 area at a take-off angle = 90°. The 

adventitious carbon 1s peak was calibrated at 284.5 eV and used as an internal standard 

to compensate for charging effects. Metal particle morphology (size and shape) was 
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determined by (scanning) transmission electron microscopy; JEOL JEM 2011 HRTEM 

unit with a UTW energy dispersive X-ray detector (Oxford Instruments) operated at an 

accelerating voltage of 200 kV using Gatan Digital Micrograph 3.4 for data 

acquisition/manipulation. Samples were crushed and deposited (dry) on a holey 

carbon/Cu grid (300 Mesh). Up to 800 individual metal particles were counted for each 

catalyst and the surface area weighted mean metal diameter (d) calculated from 

 

                                                

3

i i
i

2

i i
i

n d

d
n d




                                                                   (7.6) 

 

where ni is the number of particles of diameter di.  

7.2.4  Catalytic Procedure 

 Reactions were carried out in situ, immediately after activation (as above), in a 

continuous flow fixed bed vertical glass reactor (i. d. = 15 mm) at 423 K and 1 atm 

where operating conditions ensured negligible heat/mass transport limitations. A layer 

of borosilicate glass beads served as a preheating zone, ensuring that the p-NBN 

reactant was vaporised and reached reaction temperature before contacting the catalyst. 

Isothermal conditions (±1 K) were maintained by diluting the catalyst bed with ground 

glass (75 µm); the ground glass was mixed thoroughly with catalyst before insertion 

into the reactor. Reaction temperature was continuously monitored by a thermocouple 

inserted in a thermowell within the catalyst bed. A butanolic solution of p-NBN was 

delivered via a glass/teflon air-tight syringe using a microprocessor controlled infusion 

pump (Model 100 kd Scientific) at a fixed calibrated flow rate. A co-current flow of p-

NBN and H2 was maintained at GHSV = 2 × 10
4
 h

-1
 with an inlet p-NBN flow (F) in the 

range 4.0 × 10
-5

 – 7.2 × 10
-5 

mol h
-1

; the molar metal (n) to F ratio spanned the range 1.6 × 

10
-3

 – 6.8 × 10
-3

 h. The calculated partial pressure of p-NBN (157.4 Pa) was one 

magnitude lower than the saturated vapour pressure (6672 Pa) at this reaction conditions 

ensuring the gasification of the components. The reactor effluent was frozen in a liquid 

nitrogen trap for subsequent analysis, which was made using a Perkin-Elmer Auto System 

XL gas chromatograph equipped with a programmed split/splitless injector and a flame 

ionisation detector, employing a DB-1 50 m  0.20 mm i.d., 0.33 μm film thickness 

capillary column (J&W Scientific). Data acquisition and manipulation were performed 

using the TotalChrom Workstation Version 6.1.2 (for Windows) chromatography data 
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system and reactant/product molar fractions (xi) were obtained using detailed calibration 

plots (not shown). Fractional conversion (Xp-NBN) was obtained from  
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                                                      (7.7) 

 

-where selectivity with respect to p-aminobenzonitrile (p-ABN) was calculated as  
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                                     (7.8)    

                           

[p-NBN]in and [p-NBN]out represent p-NBN concentrations in the inlet and outlet 

streams, respectively. In a series of blank tests, passage of p-NBN in a stream of H2 

through the empty reactor or over each oxide support alone did not result in any detectable 

conversion. Repeated reactions with different samples from the same batch of catalyst 

delivered raw data that were reproducible to within ±7%. 

  

7.3 Results and Discussion  

 Each oxide supported (Au, Ag and Pd) catalyst was prepared by deposition-

precipitation to deliver an equivalent metal loading (1 mol %). The test reactant (p-

NBN) bears two reducible substituents (-C≡N and –NO2) on the aromatic ring. All the 

catalysts in this study promoted exclusive production of p-ABN in the gas phase 

hydrogenation of p-NBN. This differs from non-selective reaction reported for Raney 

Ni [37] where both unsaturated groups (-C≡N and –NO2) were reduced.  

 

7.3.1 Effect of Au Particle Size 

 The oxide supported Au catalysts exhibited a mean diameter in the range 3-8 nm. 

Taking Au/Al2O3 (A) and Au/TiO2 (B) as representatives, electron microscopy images 

(I) and associated Au size distributions (II) are presented in Figure 7.1. Both catalysts 

exhibit quasi-spherical Au particles at the nano-scale, which was a feature of all the 

samples given in Table 7.1. There is no obvious correlation between (surface area 

weighted) mean Au size and SSA although Fe3O4 with the lowest area (11 m
2 

g
-1

) bore 

the largest Au nanoparticles (mean= 7.6 nm). Carrier surface area alone does not govern 

Au dispersion and the surface properties (e.g. acid-base, redox) of the support must be 

taken into consideration. In the synthesis of supported metals by deposition-
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precipitation, the point of zero charge (PZC) of the support is a critical variable that 

determines the solution pH requirements to ensure precursor-support interaction. When  

 

 

 

 

Figure 7. 1: (I) Representative electron microscopy images with (II) associated Au size distribution 

for (A) Au/Al2O3 and (B) Au/TiO2. 

 

the solution pH < PZC, the support surface bears a positive charge, favouring the 

interaction with anions species ([Au(OH)xCl4-x]
-
) in solution and a pH in excess of PZC 

leads to a surface affinity for cationic species. It has been established [38] that in 

aqueous solution AuCl4
-
 undergoes sequential substitution of Cl

-
 with OH

-
 at pH = 4, 

4.6, 6.5, and 9 at which point Au(OH)4
-
 is the predominant species. Solution pH during 

synthesis (≤ 8) facilitated deposition of the anionic precursor on the supports (PZC = 

6.0-8.1, Table 7.1). It has been reported elsewhere [39] that a partial reduction of the 

oxide support results in metal-support interactions that impact on Au particle size where 

smaller nanoparticles are formed on reducible supports with a greater number of 
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nucleation sites [7,8,14]. Support reducibility was probed by O2 uptake measurements 

post-TPR where the results (in Table 1) are in good agreement with support redox 

potential (E0) [40,41]. Those supports (CeO2 and Fe2O3) that exhibited the greater 

degree of reduction also generated the smallest Au particle sizes (Table 7.1). 

 

Table 7. 1: Mean Au particle size (d, from TEM/STEM), specific surface area (SSA), pH 

point of zero charge (PZC), redox potential (E0) and oxygen uptake. 

 

Catalyst 
d 

(nm) 

SSA 

(m
2
 g

-1
) 

PZC 
 E0  

(V) 

O2 Uptake 

(mmol molsupport
-1

) 

Au/CeO2 2.9 59 6.0 1.61 23 

Au/Fe2O3 3.0 38 8.1 0.75 27 

Au/Fe3O4 7.6 11 6.8 0.085 14 

Au/TiO2 3.2 52 6.0 -0.56 0.4 

Au/ZrO2 7.0 94 7.4 -1.55 0.3 

Au/Al2O3 4.3 158 7.0 -1.66 0.1 

  

  

 Hydrogen dissociation on Au is the key controlling step in catalytic hydrogenation 

[42] and is dependent on metal site coordination number [43] and temperature [10]. 

Hydrogen chemisorption was measured at reaction temperature (423 K) and is presented 

as a function of mean Au particle size in Figure 7.2(A). An increase in uptake with 

decreasing Au size is evident over the 4-8 nm range. This is consistent with previous 

work [31] where smaller particles bearing a higher fraction of low coordinated Au sites 

have been shown to enhance H2 dissociation [44]. Uptake on catalysts (Au/CeO2, 

Au/Fe2O3 and Au/TiO2) with a mean Au size of ca. 3 nm was suppressed, which can be 

attributed to the loss of metallic character at the 1-3 nm size scale with a switch from 

conductor to semiconductor that limits H2 dissociation [45-47]. The lower uptake on 

Au/TiO2 (experimental point (6)) relative to Au/Al2O3 (experimental point (3)) can be 

linked to the greater proportion of Au particles <3 nm in the former, as established from 

the size histograms in Figure 7.1(II)). The turnover frequencies (TOF, rate per active 

site) presented in Figure 7.2(B) was obtained from Au dispersion (surface atomAu total 

atomAu
-1

) determined by electron microscopy [48]. The dependence of TOF with mean 
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Au size coincided with that observed for H2 uptake, suggesting a direct correlation of 

hydrogenation rate with H2 dissociation capacity. The latter is sensitive to Au size  

 

 

Figure 7. 2: Variation of (A) H2 chemisorption and (B) p-NBN turnover frequency (TOF) with Au 

particle size (d) for (1) Au/CeO2, (2) Au/Fe2O3, (3) Au/Al2O3, (4) Au/ZrO2, (5) Au/Fe3O4 and (6) 

Au/TiO2.  

 

which is influenced by the nature of the support, notably in terms of reducibility. 

However, the carrier can also contribute to activity via p-NBN activation on the support 

or at the support-metal interface.  

7.3.1  Support Effects 

 Analysis of possible contributions due to the support must consider activity 

normalised with respect to H2 uptake capacity. The specific rate (r, per
 
mol H2) is 

presented as a function of support E0 in Figure 7.3. A decrease in r with increasing E0 

suggests greater intrinsic –NO2 reduction efficiency over less reducible oxide supports. 

Similar specific rates were attained over catalysts with comparable redox potential but 

different Au sizes, as illustrated by points 3 (Au/Al2O3, E0 = -1.66 eV, d = 4.3 nm) and 

4 (Au/ZrO2, E0 = -1.55 eV, d = 7.0 nm). Taking a similar Au particle size (7.3 ± 0.3 nm, 

see points 4 and 5 in Figure 7.3), the catalyst with the lower support redox potential 

(Au/ZrO2, E0 = -1.55 eV) delivered a specific rate that was a factor of two higher than 

that obtained over the catalyst with higher E0 (Au/Fe3O4, E0 = 0.085 eV). This is the 

first attempt to correlate hydrogenation activity of supported Au with support redox 

properties. It is known that the oxide support can contribute to reactant activation 

through surface co-ordinatively unsaturated sites, i.e. oxygen vacancies, formed during 

catalyst activation/TPR [49] at temperatures over the 400-1273 K range [50,51]. Baker 

et al. [52] employing density functional calculations proposed the activation of C=O via 
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the oxygen vacancies on TiO2. We envision in this work that the –NO2 group is 

adsorbed via surface oxygen vacancies on the support, resulting in strong interactions 

which serve to stabilise the nitro group and lower catalytic activity.   
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Figure 7. 3: Variation of specific (per mol of H2) rate (r) with support redox potential (E0) for 

reaction over supported Au (), Ag () and Pd (): ((1) Au/CeO2; (2) Au/Fe2O3; (3) Au/Al2O3; (4) 

Au/ZrO2; (5) Au/Fe3O4; (6) Au/TiO2; (7) Ag/Al2O3; (8) Ag/TiO2; (9) Ag/CeO2; (10) Pd/Al2O3; (11) 

Pd/TiO2; (12) Pd/CeO2.
 
 (Note: rate over Pd was obtained at xp-NBN = 0.1 using 10% v/v H2 in He as 

carrier gas) 

 

 It can be seen that Au/TiO2, characterised by relatively low E0 and limited oxygen 

vacancies (from O2 uptake measurements in Table 7.1), deviated significantly from the 

general trend to deliver a clear maximum in specific hydrogenation rate (Figure 7.3). A 

comprehensive search through literature has revealed that in oxidation reactions the Au-

support interface either constitutes the catalytically active site or plays an essential role 

in governing catalyst performance [53,54]. A possible contribution due to the interface 

in hydrogenation applications has yet to be definitively established. Given that H2 

activation on Au is an activated process any modification to the electronic properties of 

the Au site at the boundary with the support can affect the hydrogenation response. This 

is supported by the work of Corma et al. [27,55] who explained (based on DFT 

calculations) high selectivity in –NO2 reduction in liquid phase hydrogenation over 

Au/TiO2 to weak adsorption of the nitrocompound on Au atoms at the nano-particle  
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Figure 7. 4: XPS spectra over the Au 4f, Pd 3d and Ag 3d regions for (A) Au/TiO2, (B) Pd/TiO2 and 

(C) Ag/TiO2. 
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edge. Hugon et al. [56] claimed that the support (TiO2, Al2O3, ZrO2 and CeO2) did not 

influence Au activity in the hydrogenation of 1,3-butadiene. On the other hand, there is 

a number of studies that have showed superior activity and selectivity for Au/TiO2 

relative to other oxide supported Au catalysts (Au/Al2O3, Au/Fe2O3 and Au/ZrO2) but a 

coherent explanation of this effect was not provided [57,58]. We employed XPS to 

characterise Au electronic structure and the Au 4f profile for Au/TiO2 is shown in 

Figure 7.4(A). The recorded Au 4f7/2 binding energy (BE) of 82.8 eV was significantly 

lower than that for reference metallic Au (84.0 eV [59]), suggesting electron transferral 

from TiO2 to generate Au
δ-

. This is in accordance with the work of Schimpt et al. [60] 

who reported a down shift of 0.9 eV in BE for nano-sized (5 nm) Au on TiO2 compared 

with bulk gold. It is known that support redox character can influence the electron 

properties of the supported Au phase [5]. The 4f7/2 BE for Au on oxide supports 

exhibiting E0 extremes (CeO2 (E0 = 1.61V) and Al2O3 (E0 = -1.66V)) can be compared 

in Table 7.2. In both cases, the measured BE was similar and lower than metallic Au 

but the shift was not as great as that recorded for Au/TiO2. This suggests greater  

 

Table 7. 2: XPS Au 4f7/2, Pd 3d5/2 and Ag 3d5/2 binding energies 

(BE) for Al2O3, TiO2 and CeO2 supported catalysts. 

 

Metal 

Binding energy (eV) 

Al2O3 TiO2 CeO2 

Au 4f7/2 83.3 82.8 83.4 

Pd 3d5/2 334.9 334.7 335.3 

Ag 3d5/2 367.7 367.5 368.4 

 

electron-enrichment of Au on TiO2 due to a lower interfacial energy [61] with a more 

facile charge transfer from TiO2. The nitro group can be activated at the Au-TiO2 

interface with polarized N
δ+ 

interacting with Au
δ-

 via electrostatic effects while O
δ-

 is 

adsorbed on the support. The cooperative effect of TiO2 (with lower E0/reducibility) and 

an electron-enriched Au must enhance -NO2 group activation. Somorjai and co-workers 

[62,63] reached a similar conclusion for the catalytic action of oxide (TiOx, ZrOx, TaOx, 

FeOx, etc) supported Rh in the hydrogenation of acetone and CO with carbonyl 

activation at the metal site through the carbon where the oxygen interacts with a Lewis 

acid site on the support.  
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7.3.2  Catalytic Response over TiO2 Supported Ag and Pd 

 Metal-support interactions have been suggested for a range of TiO2 supported 

group VIII metals [64]. The superior activity and selectivity achieved over TiO2 

supported Pt [65-71], Ni [26,72], Pd [73] and Rh [74] in the hydrogenation of –C=O 

[66-68], -NO2 [26,69,71,72], CO2 [65,74] and CO [73] have been ascribed to: (i)  

 

 

Figure 7. 5: (I) Representative electron microscopy images with (II) associated metal particle size 

distribution for TiO2 supported (A) Pd and (B) Ag. 

 

superficial support reduction leading to the formation of TiOx that facilitates H2 

dissociation; (ii) TiOx decoration of the metal surface resulting in enhanced reactant 

activation; (iii) metal-TiO2 interaction that modifies the electronic character of the 

active site. To evaluate if the support effect observed for Au/TiO2 extended to other 

metals we examined p-NBN hydrogenation TiO2 supported Ag and Pd, comparing the 

catalytic response with that recorded for Al2O3 and CeO2 supported systems. Mean Ag 

and Pd particle size on TiO2 was similar (2.8-3.4 nm) with comparable size distribution 
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of peudo-spherical particles (Figure 7.5). XPS analysis has revealed a downward shift 

of 0.7 eV in Pd 3d5/2 BE for Pd/TiO2 (Figure 7.4(B)) relative to metallic Pd (335.4 

eV[75]), suggesting electron donation from the support to generate Pd
δ-

. The Pd 3d5/2 

BE for Pd/Al2O3 and Pd/CeO2 are higher than Pd/TiO2 with the value measured for 

Pd/CeO2 close to the metallic reference (Table 7.2). A similar trend applies to the 

supported Ag samples where the Ag 3d5/2 BE (Figure 7.4(C)) for Ag/TiO2 was lower 

than metallic Ag (368.1 eV [76])
 
with a greater downward shift than Ag/Al2O3 and 

Ag/CeO2 (Table 7.2). The XPS results indicate formation of an electron rich nano-scale 

Pd and Ag phase on TiO2. The cooperative or tandem metal and support effect in terms 

of nitro-group activation at the metal-support interface observed for Au-TiO2 should 

also apply. This is borne out in Figure 7.3 where the specific hydrogenation rate over 

Ag and Pd pass through a maximum for Ag/TiO2 and Ag/TiO2. The maxima for 

Ag/TiO2 and Au/TiO2 coincide where the lower value for Pd/TiO2 with an appreciably 

higher H2 dissociation capacity [77] must reflect less efficient use of H2 in p-NBN 

hydrogenation.  

 

7.4 Conclusion 

A series of 1 mol % oxide (CeO2, Fe2O3, Fe3O4, TiO2, ZrO2 and Al2O3) supported 

Au catalysts were prepared by deposition-precipitation to generate nano-scale Au 

particles with (surface area weighted) mean diameters in the 3-8 nm range. All the 

catalysts were tested in the gas phase hydrogenation of p-NBN with full selectivity to p-

ABN. A decrease in Au size (from 4 to 8 nm) was accompanied by an increase in H2 

chemisorption under reaction conditions. Lower uptake on Au particles ≤ 3 nm was 

recorded and attributed to a loss of metallic character and inhibited H2 dissociation at 

this length scale. The dependence of p-NBN TOF on Au size coincided with that for H2 

uptake. Specific rate normalised with respect to H2 uptake showed a dependence on 

support reducibility where interaction with surface oxygen vacancies served to stabilise 

the nitro-group and inhibit activity. Gold on TiO2 deviated from the trend with respect 

to redox potential, showing a maximum in specific rate that can be ascribed to –NO2 

activation at the metal-support interface via electrostic interaction of polarized N
δ+ 

with 

electron rich Au (Au
δ-

) and O
δ-

 adsorbed on the support. This rate maximum extends to 

Ag and Pd on TiO2. 
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Chapter 8 

Clean Production of Benzyl Alcohol over Supported Catalysts 

 

Exclusive -NO2 group reduction over Au has been established in previous 

Chapters. With a view to demonstrate the applicability of gold for sustainable chemical 

production, the selective hydrogenation of benzaldehye (to benzyl alcohol) has been 

examined in both (batch) liquid and (continous) gas phase operation using water as a 

green solvent; solvent effects in the catalytic response have been evaluated. 

 

8.1 Introduction 

 The production of benzyl alcohol by the selective reduction of benzaldehyde is an 

important commercial process due to the multiple industrial applications of the alcohol  
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Scheme 8. 1: Reaction pathway associated with benzaldehyde hydrogenation; pathway to the target 

alcohol (open arrow), by-products detected in this work (solid arrows) and reported in the 

literature [1] (dashed arrows). 

 

as solvent for ink, paints and lacquers [2]. Oxide supported Ru [3], Pd [4,5], Ni [6,7] Cu 
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[8] and Pt [9,10] catalysts have been employed in both liquid and gas phase operation. 

The target of 100% benzyl alcohol yield remains a challenge where undesired 

hydrogenolysis (to toluene and/or benzene, Scheme 8. 1, paths II-V) is difficult to 

circumvent and reported yields are in the 39-75% range [3-7,9,10]. To date, liquid phase 

operation using Pt-based catalysts have provided the best results. Li and co-workers [11-

13] have achieved 98-99% yield over supported Pt in biphasic (water+benzaldehyde) 

media at high H2 pressure (40 bar) [11-13]. They ascribed this result to (i) product 

transfer to the aqueous phase that avoids readsorption and further reaction, (ii) 

hydrophobicity of the catalyst surface that favours desorption of benzyl alcohol and (iii) 

the formation of electron deficient (Pt
δ+

) nanoparticles that facilitates activation of the 

C=O function. The energy demands due to the high working pressure and the multi-

stepped (template synthesis [14,15], etching [16], washing of the surfactant [17] and 

deposition of a modifier [14]) catalyst preparation are decided drawbacks for industrial 

implementation. The role of the metal site electronic character is inconclusive as higher 

alcohol yield has also been ascribed to electron rich Pd
δ-

 [18], favouring alcohol 

desorption. 

It has been demonstrated that supported Au [19,20] exhibits enhanced selectivity in 

the reduction of polyfunctional reactants relative to group VIII metals, notably in the 

batch liquid phase conversion of aldehydes (crotonaldehyde [21], citral [22] and 

acrolein [23]). The oxidation state of catalytically active gold is still a matter of debate 

where zero valent [24], anionic [25] and cationic [26] Au species have been proposed as 

the active site for hydrogenation. In hydrogenation applications, Au/Al2O3 and 

Au/Fe2O3 are among the most widely studied catalysts where at a similar Au size (2-5 

nm), electron transfer from Al2O3 generates Au
δ-

 [27-29] while the greater 

electronegativity of Fe2O3 [30] results in electron transfer to the support [31]. Milone et 

al. [32] have proposed that the electronic character of nano-scale Au particles can 

influence activation of the C=O group with enhanced selectivity for carbonyl group 

(relative to C=C) reduction over Au
δ-

 in the conversion of α,β-unsaturated ketones to 

α,β-unsaturated alcohols. The role of Au site electronic character in aldehyde activation 

and the resultant hydrogenation rate has not been conclusively established.  

Catalytic hydrogenation in the liquid phase can be influenced by the solvent [33]. 

Differences in catalytic activity have been linked to solvent polarity parameters, notably 

dipolar moment (μ), dielectric constant (ε) [34-36], capacity for hydrogen-bonding (α) 

[36,37] and H2 solubility [34]. Aramendía [38] et al. and Bertero [35] and co-workers 

found that acetophone hydrogenation rate decreased with increasing ε of C1-C3 alcohols, 
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which they  ascribed to solvation effects that impact on reactant adsorption. In contrast, 

Wan et al. [36] observed an increased 2-butanone hydrogenation rate with increasing ε 

due to hydrogen bonding that lowered the activation energy barrier. Enhanced 

hydrodehalogenation activity in polar solvents was explained on the basis of 

stabilisation of the arenium intermediate [33]. Drelinkiewicza [34] et al. concluded that 

acetophenone hydrogenation was more influenced by the solvent polarity than H2 

solubility. Ethanol [5,12] and alkanes (n-octane [4] and dodecane [18]) have been used 

as solvents in the liquid phase hydrogenation of benzaldehyde. Water as an innocuous 

and green reaction medium has not been considered to any great extent. It is, 

nonetheless, worth flagging the work of Wang and co-workers [39] which demonstrated 

higher activity in the chemoselective hydrogenation of α,β-unsaturated carbonyl 

compounds in water relative to organic solvents (ethanol, isopropanol, dioxane and 

cyclohexane) over Au/CeO2 although the authors did not offer an explanation for this 

effect. We provide here the first reported application of Au/Al2O3 in the hydrogenation 

of benzaldehyde in aqueous solution. We have employed a commercial Pt/Al2O3 as 

benchmark catalyst and examined the role of solvent (n-pentanol, n-butanol, ethanol, 

H2O and ethanol + H2O mixtures) and possible Au site electronic effects (with testing of 

Au/Fe2O3). 

 

8.2 Experimental 

8.2.1 Materials 

Reagents (Fe(NO3)3.9H2O, Na2CO3, HAuCl4 (99.999%), Sigma-Aldrich and urea (, 

≥99%),  Riedel-de Häen) were used as received. The Pt/Al2O3 catalyst (0.7% w/w) was 

obtained from Aldrich and Al2O3 from Puralox, Condea Vista. Co.. All the gases used 

(H2, N2, O2, He) were of high purity (99.9%, BOC gases). The reactants (benzaldehyde, 

p-cyanobenzaldehyde and p-tolualdehyde, Aldrich, ≥98%), solvents (ethanol, n-butanol, 

n-pentanol, Aldrich, ≥99.5%) and urea (Riedel-de Häen, ≥99%) were used without 

further purification. 

8.2.2 Catalyst Preparation and Activation 

The Fe2O3 support was prepared as described elsewhere [40]. An aqueous solution 

(100 cm
3
) of Na2CO3 (1 M) was placed into a three-necked round-bottom flask and 

heated (2 K min
-1

) in a water bath to 363 K under constant agitation (300 rpm) using a 

vertically mounted glass impeller. An aqueous solution of Fe(NO3)3·9H2O (300 cm
3
, 1 
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M) was then added dropwise (300 cm
3
 h

-1
) via a glass/Teflon air-tight syringe and 

Teflon line by means of a microprocessor-controlled infusion pump (100 kd Scientific). 

Basic conditions (pH > 7.3) were maintained during precipitation with the addition of 

Na2CO3. The solid hydroxide was subsequently aged for 2 h to enhance surface area 

[41], washed with distilled water until the wash water showed pH ~7 and dried by 

heating in a flow of He (60 cm
3
 min

-1
) at 2 K min

-1
 to 353 K, which was maintained for 

3 days. Gold (1% w/w) on Al2O3 and Fe2O3 were prepared by deposition-precipitation 

using urea as basification agent. An aqueous mixture of urea (ca. 10-fold urea excess) 

and HAuCl4 in water (100 cm
3
,
 
25 × 10

−3
 g cm

−3
, pH= 2) was added to the support (ca. 

10 g). The suspension was stirred and heated to 353 K (at 2 K min
-1

) and the pH 

progressively increased to reach ca. 7 after 3 h as a result of the thermally induced urea 

decomposition. 

 

=353K + -
2 2 2 4 2NH -CO-NH 3H O 2NH +2OH +CO

T
 

        

 

The solid obtained was separated by centrifugation, washed with deionised water (with 

centrifugation between each washing) and dried in He (45 cm
3
 min

-1
) at 2 K min

-1
 to

 

373 K, which was maintained for 5 h. All the samples were sieved to 75 μm average 

particle diameter (ATM fine test sieves). Prior to use in catalysis, the samples were 

activated in 60 cm
3
 min

-1
 H2 at 2 K min

-1
 to a final activation temperature (423 K 

(Au/Fe2O3 [40]), 523 K (Au/Al2O3 [42]) and 773 K (Pt/Al2O3) [43]) that ensured full 

reduction of the supported metal precursor. Post activation, the samples were cooled to 

298 K and passivated in 1% v/v O2/He for off-line analysis. 

 

8.2.3 Catalyst Characterisation 

The metal (Au and Pt) content was measured by inductively coupled plasma-optical 

emission spectrometry (ICP-OES, Vista-PRO, Varian Inc.) from the diluted extract in 

HF. Catalyst activation and chemisorption (353 K) measurements were conducted using 

the commercial CHEM-BET 3000 (Quantachrome) unit. The sample was loaded into a 

U-shaped quartz cell (3.76 mm i. d.), heated in 17 cm
3
 min

-1
 (Brooks mass flow 

controlled), 5% v/v H2/N2 at 2 K min
-1

 to the 423-773 K and kept at the final isothermal 

hold until a return to the baseline. The samples were swept with 65 cm
3
 min

-1
 N2 for 1.5 

h, cooled to 353 K and subjected to H2 chemisorption using a pulse (10-50 µl) titration 

procedure. Hydrogen pulse introduction was repeated until the signal area was constant, 

(8.1) 
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indicating surface saturation. Metal particle morphology (size and shape) was 

determined by scanning transmission (JEOL 2200FS field emission gun-equipped TEM 

unit) electron microscopy, employing Gatan DigitalMicrograph 1.82 for data 

acquisition/manipulation. Samples were dispersed in acetone and deposited on a holey 

carbon/Cu grid (300 Mesh). Up to 1000 individual particles were counted for each 

catalyst and the surface area mean metal (Au, Pt) diameter (dSTEM) was calculated from 

 

i i
i

STEM

i
i

n d
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where ni is the number of particles of diameter di. XPS spectra were collected on a 

SPECS (Phoibos MCD 150) X-ray photoelectron spectrometer, using an Al Kα (hν = 

1486.6 eV) X-ray source. Binding energies were calibrated with respect to the C-C/C-H 

component of the C 1s peak (binding energy = 284.7 eV); spectra processing employed 

the Casa XPS software package [44]. 

8.2.4 Catalytic System  

 The liquid phase hydrogenation of benzaldehyde (T = 353 K; P = 9.0 bar) was 

carried out in a commercial batch stirred stainless steel reactor (100 cm
3
 autoclave, Parr 

reactor) equipped with a H2 supply system (GCE-Druva). The temperature was 

maintained at 353 ± 1 K by a process controller (Scientific & Medicine Products Ltd). 

At the beginning of each run, the benzaldehyde (or p-cyanobenzaldehyde or p-

tolualdehyde) solution (40 cm
3
, 0.05 M) and catalyst were charged and flushed three 

times with H2. The system was then heated to the reaction temperature, pressurised, and 

the stirring engaged (time t = 0 for reaction) at 300-1100 rpm. In a series of blank tests, 

no measurable conversion was detected for reactions conducted in the absence of 

catalyst. The initial molar reactant to metal ratio spanned the range 2  10
3 

- 11.0  10
3
. 

A liquid sampling system via syringe with in-line filters allowed a controlled 

withdrawal of aliquots (≤1.0 cm
3
) from the reactor. The concentration of the organic 

species in the bulk liquid phase was determined from the total mass balance in the 

reaction mixture. The fractional conversion of benzaldehyde (XBenzaldehyde) is defined as 
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where subindex ‘0’ refers to initial concentration. Initial benzaldehyde consumption rate 

(R0) was determined from a linear regression of the temporal benzaldehyde 

concentration profiles at XBenzaldehyde < 0.25 [45]. Selectivity to benzyl alcohol 

(SBenzylalcohol) is given by 
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100Benzylalcohol

Benzylalcohol
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Benzylalcohol Benzylalcohol
 


  

 

The gas phase hydrogenation of benzaldehyde (T = 413 K; P = 1 bar) was carried out in 

a fixed bed vertical glass tubular reactor (15 mm i.d.) under negligible internal or 

external mass and heat transfer limitations as described elsewhere [46]. Benzaldehyde 

(0.05 M aqueous solution) was delivered at a fixed calibrated flow rate to the reactor via 

a glass/teflon air-tight syringe and teflon line using a microprocessor controlled infusion 

pump (Model 100 kd Scientific). A co-current flow of benzaldehyde and H2 was 

maintained at a GHSV=2 × 10
4
 h

-1
 with an inlet reactant molar flow (F) = 6.0 × 10

-5
 mol 

h
-1

. The molar metal to inlet molar organic feed rate (n/F) ratio spanned the range 3 × 

10
-3

– 42 × 10
-3

 h. The partial pressure of benzaldehyde (27.5 Pa) and the only product 

benzyl alcohol (2.7 Pa) were calculated which were at least 3 magnitude lower than the 

saturated partial pressure (Pbenzaldehyde =34266.8 Pa, Pbenzyl alcohol = 12614.7 Pa) at this 

reaction conditions (Appendix 4) ensuring the gasification of all the components. 

Passage of reactant in a stream of H2 through the empty reactor did not result in any 

detectable conversion. The fractional conversion of benzaldehyde (XBenzaldehyde) is 

defined as 
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where ‘in’ and ‘out’ refer to the inlet and outlet streams. Selectivity to benzyl alcohol 

(SBenzylalcohol) is given by 
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The composition of reaction/product mixtures was analysed by gas chromatography 

(8.4) 

(8.5) 

(8.6) 
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using a Perkin-Elmer AutoSystem XL chromatograph equipped with a programmed 

split/splitless injector and a flame ionisation detector, employing a DB-1 capillary 

column (i.d. = 0.33 mm, length = 50 m, film thickness = 0.20 μm). Data acquisition and 

manipulation were performed using the TotalChrom Workstation (Version 6.3.2 for 

Windows) chromatography data system. Repeated reaction runs with the same batch of 

catalyst delivered conversion/selectivity values that were reproducible to within ±5%. 

 

8.3 Results and Discussion 

8.3.1 Catalyst Characterisation 

The metal loading, particle size (from STEM analysis), H2 chemisorption and 

XPS binding energy (BE) over the Au 4f7/2 region are given in Table 8.1. Both 

supported Au catalysts (Au/Al2O3 and Au/Fe2O3) exhibit similar metal content and 

mean Au diameter with a common narrow size distribution 1-8 nm (Figure 8.1). This 

equivalence facilitates a direct comparison of the catalytic response. Hydrogen uptake 

on supported Au is sensitive to Au size where dissociative adsorption is favoured on 

smaller particles [47], which contributes to enhanced hydrogenation rate [47]. However,  

 

Table 8. 1: Metal content, mean metal particle size (dSTEM), H2 chemisorption (T = 353 

K), XPS binding energies (BE) over Au 4f7/2 region and reaction rates in the liquid phase 

hydrogenation of benzaldehyde (T = 353 K, P = 9 bar). 

 

 Au/Al2O3 Au/Fe2O3 Pt/Al2O3 

Metal content w/w (%) 1.1 1.0 0.7 

dSTEM (nm) 3.6 2.2 1.7 

H2 uptake (μmol g
-1

) 2.8 0.9 22.7 

BE 4f7/2  (eV) 83.4 84.2 - 

a
R0 ( h

-1
) 78 73 446 

b
R0 ( h

-1
)
 

23 14 58 

a
initial rate obtained for reaction in water 

b
initial rate obtained for reaction in ethanol 
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Figure 8. 1: (I) Representative STEM images with (II) associated particle size distribution and (III) 

XPS spectra over the Au 4f binding energy region for (A) Au/Al2O3 and (B) Au/Fe2O3. 
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to semiconductor that limits H2 dissociation [48-50]. The lower H2 uptake on Au/Fe2O3 

relative to Au/Al2O3 (Table 8.1) can be linked to the greater proportion of Au particles 

< 3 nm in the former (Figure 8.1(II)). The XPS profile for Au/Al2O3 (Figure 8.1(III)) 

is characterised by a Au 4f7/2 binding energy (BE) = 83.4 eV that is lower than that 

reported for metallic gold (84.0 eV [51]), suggesting support→metal electron transfer 

resulting in the formation of Au
δ-

 and which is consistent with the literature [27-29]. In 

contrast, Au/Fe2O3 shows a Au 4f7/2 BE = 84.2 eV close to the metallic reference and 

agrees with the data (84.3 ± 0.1 eV) reported by Capos et al. [31]. Alumina supported Pt 

(0.7% w/w) used as a benchmark shows pseudo-spherical Pt nanoparticles (Figure 

8.2(I)) with sizes in the range 1-7 nm (Figure 8.2(II)) and a mean = 1.7 nm. Hydrogen 

chemisorption on Pt/Al2O3 (Table 8.1) was an order of magnitude greater than that 

obtained for the Au catalysts and can be attributed to the greater capacity of Pt to 

dissociate H2 [52,53]. 

 

 

 

Figure 8. 2: (I) Representative STEM image with (II) associated particle size distribution for 

Pt/Al2O3. 

0

20

40

60

80

6
.0

1
-7

5
.0

1
-6

4
.0

1
-5

>
 7

<
 1

2
.0

1
-3

3
.0

1
-4

1
.0

1
-2

 

 

P
er

ce
n

ta
g

e 
in

 r
a

n
g

e 
(%

)

Particle size range (nm)

(II)

  10nm 

(I) 



 

142 

 

8.3.2 Liquid Phase Hydrogenation of Benzaldehyde  

8.3.2.1 Reaction under Kinetic Control 

Benzaldehyde hydrogenation rate was determined from the linear variation of 

concentration with time, as shown in Figure 8.3(I). In order to minimise diffusion and 

mass transfer limitations and ensure the reaction is operated under kinetic control, we 

have examined the effect of variations in agitation speed and catalyst mass on reaction 

rate as two well-established diagnostic methodologies to assess external and internal 

mass transfer constrains [54-56]. An increase in stirring speed from 300 to 700 rpm was 

accompanied by a proportional increase in rate, which remained constant at higher 

stirring speeds (Figure 8.3(IA)). This is indicative of minimal gas-liquid/liquid-solid 

mass transfer contributions to hydrogenation rate [57,58]. Based on these results, the 

stirring speed was set at 900 rpm for subsequent tests. Rate was invariant over the range 

of catalyst masses presented in (Figure 8.3(IB)), confirming chemical control where 

external or internal transport constrains do not contribute to the catalytic response [57]. 

 

 

Figure 8. 3: (I) Variation of benzaldehyde concentration ([Benzaldehyde]) with time; dependence of 

initial benzaldehyde consumption rate (R0) in water with (IA) stirring speed and (IB) mass of 

catalyst for reaction over Au/Al2O3. Reaction conditions: T = 353 K, P = 9 bar. 
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8.3.2.2 Catalytic Performance: Supported Au vs. Pt. 

The temporal hydrogenation of benzaldehyde over Au/Fe2O3, Au/Al2O3 and 

Pt/Al2O3 can be compared in Figure 8.4. Both Au catalysts exhibited full selectivity to 

the target alcohol at all levels of benzaldehyde conversions (Figure 8.4(I)) to deliver 

100% benzyl alcohol yield. Reaction selectivity is challenging in benzaldehyde 

hydrogenation with possible by-products shown in Scheme 8.1. Step I represents the 

target reduction of carbonyl group where subsequent hydrogenolysis results in the 

formation of benzene (step II) and toluene (step III) [59,60]. Benzene and toluene can 

also be formed directly from benzaldehyde (step IV and V) [59]. Further hydrogenation 

of benzyl alcohol to cyclohexylmethanol (step VI) has been reported for Ru/C [61] with 

toluene reduction to methylclohexane (step VII) over Ni/Al2O3 [7]. The reaction was 

prolonged for a further 15 h after complete benzaldehyde conversion (Figure 8.4(II)) 

where the benzyl alcohol product did not undergo further reaction. Benzyl alcohol 

production rate over Au/Al2O3 was equivalent or slightly higher than Au/Fe2O3 which 

may be related to the higher H2 uptake (Table 8.1) but there is no compelling evidence 

for any effect due to Au site electron density. The reaction rate recorded for Pt/Al2O3 

was significantly higher (Table 8.1), which can be attributed to the greater H2 

chemisorption capacity. A deviation in selectivity is apparent where Pt/Al2O3 promoted 

hydrogenolysis to toluene and benzene with a lower yield (95%) to benzyl alcohol at 

full benzaldehyde conversion. Moreover, at extended reaction times, benzene and 

toluene production was increased with decreasing selectivity to benzyl alcohol (87%), 

suggesting a sequential hydrogenation and hydrogenolysis (steps II and III) over 

Pd/Al2O3. It has been proposed [8] that benzaldyde hydrogenation over Cu/Al2O3 

proceeds by a nucleophilic attack where the carbonyl function is activated via 

interaction with Lewis acid sites on Al2O3. Reactive hydrogen (as nucleophile) can be 

supplied by H2 dissociation on the supported Au phase. In the hydrogenation of 

substituted benzaldehydes bearing -C≡N and -C=O in the para position, Au/Al2O3 

exhibited full selectivity in generating the corresponding alcohol with decreasing 

activity in the order: p-cyanobenzaldehyde (89 h
-1

) > benzaldehyde (26 h
-1

) > p-

tolualdehyde (13 h
-1

). The electron withdrawing -C≡N group acts to lower the electron 

density of the -C=O function (p-cyanobenzaldehyde), facilitating nucleophilic attack 

whereas –CH3 as an electron donating group (in p-tolualdehyde) renders -C=O more 

electron-rich, inhibited activation.  

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                          Figure 8. 4: Selectivity (Si) as a function of (I) benzaldehyde fractional conversion (XBenzaldehyde) and (II) time after 100% conversion of  

                                         benzaldehyde (in water) had been reached over Au/Al2O3 (solid symbols), Pt/Al2O3 (open symbols) and Au/Fe2O3 (crosses); benzyl  

                                         alcohol (, , ), benzene () and toluene (). Reaction conditions: T = 353 K, P = 9 bar.   
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8.3.2.3 Solvent Effects 

The solvent in batch liquid phase catalytic operation serves to dissolve the reactant 

and/or products but can also interact with the catalyst surface and influence 

performance [57], benzaldehyde hydrogenation rate was consistently lower in ethanol 

relative to water (Table 8.1). Solvents effects in the catalytic hydrogenation of 

unsaturated aldehyde/ketones have been reported and associated with variations in H2 

solubility [34], polarity [34-36] and solvent-catalyst surface interactions [57]. The 

increased rate in aqueous media can not be due to H2 solubility [33] considerations as 

under reaction conditions (T = 353 K, P = 9.0 bar) solubility is higher in ethanol (3.7 

μmol cm
-3

) than water (0.8 μmol cm
-3

). The dependence of benzaldehyde hydrogenation 

rate (over Au/Al2O3) on solvent dielectric constant (ε) is presented in Figure 8.5; ε for 

water+ethanol mixtures was calculated according to the method outlined elsewhere 

[33]. It can be seen that rate increased with increasing ε with the highest value obtained 

in pure water. This response can reflect competitive adsorption between solvent and  
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Figure 8. 5: Variation in initial rate (R0) as a function of solvent dielectric constant (ε) for reaction 

in (1) pentanol; (2) butanol; (3) ethanol; ethanol:H2O = (4) 5:1; (5) 3:1; (6) 1:1; (7) 0.6:1; (8) 0.8:1; 

(9) H2O for the hydrogenation of benzaldehyde over Au/Al2O3. Reaction conditions: T = 353 K, P = 

9 bar.   

 

reactant on the catalyst or interaction of solvent with the reactant. The dielectric 

constant provides a measure of solvent capacity to interact with electron deficient or 

charged surface sites and is related to polarity [62]. Both H2O [63] and alcohol [64] can 

adsorption on the Lewis acid sites (Al
3+

) of Al2O3 through the oxygen of the hydroxyl 
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group. The greater electron density of the hydroxyl oxygen in alcohols results in 

stronger interaction that increases with increasing chain length of the alcohol. 

Competition of solvent and aldehyde for adsorption sites [8] will impact on 

hydrogenation rate where increased surface affinity for the solvent inhibits 

benzaldehyde  activation, resulting in lower reaction rate. The rate decrease is inversely 

proportional to the polarity of the solvent (pentanol < butanol < ethanol < H2O). The 

solvent can also influence reactant activation as a result of hydrogen bonding between 

protic solvents and the -C=O function [36,37]. Akpa et al. [65] employed DFT 

calculations to investigate 2-butanone hydrogenation in water over Ru/SiO2 and 

concluded that the stronger interaction between water and 2-butanone (by hydrogen 

bonding) dramatically lowers the activation energy barrier and should enhance reaction 

rate. Catalyst (Ru/C) testing has shown higher 2-butanone hydrogenation rate in 

solvents with higher ε [36]. In contrast, Bertero et al. [35] and Aramendía et al. [38] 

reported a decrease in acetophenone hydrogenation rate with increasing ε due to 

solvation that inhibited the adsorption step. It should, however, be noted that these 

reactions were not under chemical control and mass transport rate can contribute to the 

overall measured activity.  

8.3.3 Gas Phase Hydrogenation of Benzaldehyde  

We extended our analysis to consider if the catalytic response of the three 

catalysts with respect to the rate and selectivity observed in batch liquid phase extended 

to continuous gas phase operation. The results are summarised in Figure 8.6. As in the 

liquid phase (Figure 8.6(A)), Au/Al2O3 delivered a measurably higher reaction rate than 

Au/Fe2O3 in gas phase mode that was again appreciably lower than Pt/Al2O3 (Figure 

8.6(B)). Reaction exclusivity to benzyl alcohol in the liquid phase also applied to gas 

phase reaction where Pt/Al2O3 again promoted hydrogenolysis to generate toluene and 

benzene as significant by-products. The critical catalytic trends apply to both modes of 

operation and are insensitive to reaction phase, differences in contact/residence time, H2 

pressure and reaction temperature. 



 

 

 

 

 

 

 

 

                                                          

 

 

 

 

 

 

 

 

 

 

               Figure 8. 6: Initial rate (R0) () and selectivity (Si) to benzyl alcohol (open bars), benzene (hatched bars) and toluene (solid bar) over Au/Al2O3,  

              Pt/Al2O3 and Au/Fe2O3 in (A) liquid (T = 353 K, P = 9 bar) and (B) gas phase (T = 413 K, P = 1 bar) hydrogenation of benzaldehyde using water  

              as solvent. 
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8.4 Conclusions 

The liquid phase (T = 353 K, PH2 = 9.0 bar) hydrogenation of benzaldehyde over 

(1% w/w) Au/Al2O3 and Au/Fe2O3 bearing nanoscale Au particles (mean size = 2.2-3.6 

nm) was fully selective with 100% yield of the target benzyl alcohol. XPS analysis 

suggests differences in the electronic character of the Au sites on both supports but this 

had no apparent significant effect on hydrogenation rate or selectivity. Reaction over 

(0.7% w/w) Pt/Al2O3 (mean Pt size = 1.7 nm) generated the alcohol with toluene and 

benzene as significant (hydrogenolysis) by-products. The appreciably higher reaction 

rate recorded for Pt/Al2O3 can be attributed to greater H2 chemisorption capacity. The 

reaction proceeded via a nucleophilic mechanism where the presence of an electron-

withdrawing ring substituent (-C≡N) in the para- position had an activating effect that 

served to increase reaction rate while an electron-donating substituent (-C=O) lowered 

rate. A correlation has been established between solvent dielectric constant (ε) and 

hydrogenation rate over Au/Al2O3. This is accounted for in terms of (i) competition for 

active sites that is more pronounced for alcohol with lower ε and (ii) reactant solvation 

facilitated by hydrogen bonding with solvents with higher ε that generated higher rates. 

Exclusivity to benzyl alcohol over supported Au in batch liquid phase extends to 

continuous operation in the gas phase, opening a number of potential opportunities for 

cleaner aromatic alcohol production.   
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Chapter 9 

Summary and Future Work 

9.1 General Conclusions 

 The main objective of this thesis is to investigate alternative cleaner routes for the 

sustainable production of aliphatic and aromatic amines with multiple industrial 

applications. This work has focused on the use of (oxide and carbon) supported Pd and 

Au catalysts with detailed characterisation to allow correlation of structure with 

performance. Reaction mechanism underpinning each process has also been considered.  

Supported Pd promotes the continuous hydrogenation of aliphatic amines with time on-

stream stability but delivers a mixture of higher amines. The work has tackled 

selectivity issues, taking a series of approaches directed at maximising exclusive 

formation of a target secondary or tertiary amines by modifying the catalyst 

formulation. The acid-base character of the support plays a critical role where acidic 

carriers with high specific surface area (e.g. Pd on C) promote condensation leading to 

the preferential formation of tertiary amines. The work has demonstrated a major 

contribution due to spillover hydrogen to elevate overall hydrogenation rate. The 

incorporation of a second metal (Ba) has been shown to be an effective means of 

controlling catalytic performance through a modification of the surface chemistry that 

influences reactant (nitrile) activation and reaction. Production of higher (secondary and 

tertiary) from a mono- and di- amine feed has been established where metal site 

electronic character is critical. Contact time is a crucial process variable where the use 

of multiple catalyst beds in series facilitates enhanced product output. This applies to 

the production of both aliphatic and aromatic amines from a nitrile feedstock. The effect 

of the support has been demonstrated in the hydrogenation of functionalized 

nitrocompounds. Exclusive nitro-group reduction has been established in the presence 

of other reducible (nitrile and chloride) functionalities. The redox character of the 

support is key where the exclusive nitro-group reduction is promoted using ZnO (linked 

to PdZn alloy formation) and the presence of oxygen vacancies (in TiO2) enhance 

significantly hydrogenation rate. With the overarching theme of process selectivity and 

sustainability, the work was extended to consider the catalytic action of supported Au in 

hydrogenation applications. Preliminary data have established full selectivity in 

benzaldehyde hydrogenation to deliver 100% yield of the target alcohol in water as 
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solvent. This represents a significant improvement over conventional supported Pt 

application and is a system that warrants further research. 

  

9.2  Future Directions 

9.1.1 Selective Hydrogenation of Substituted Aliphatic and Aromatic Nitriles 

The work presented in Chapters 2 and 4 have established fine-tuned selectivity 

control in the synthesis of secondary and tertiary aliphatic amines. An extension of the 

work to more complex functionalized aliphatic nitriles is necessary to fully exploit these 

findings. Such is the case for example the selective hydrogenation of 1,6-hexanedinitrile 

to 6-aminohexanenitrile, a key intermediate in the production of nylon-6 [1]. The 

highest reported selectivity (87%) has been attained in batch liquid phase operation over 

(pyrophoric unstable) Raney Ni-P [3]. Exclusive target amine production is challenging 

due to condensation and cyclisation reactions [2]. Drawing on the database and 

approaches taken in this thesis, improvements over current state of the art are 

anticipated. Of particular relevance in this respect is the work presented in Chapter 3 

where the changes in surface chemistry resulting from the incorporation of Ba with Pd 

can address existing shortfalls in the reported literature. Given the reported preferential 

formation of primary amines over Ni [3], this metal warrants consideration applying the 

methods described in this thesis. Use of a basic support (e.g. MgO [4]) can serve to 

minimise condensation reactions and enhance selectivity to 6-aminohexanenitrile. 

9.1.2 Liquid Phase Hydrogenation of Aromatic Nitrocompounds in Aqueous 

Solution over Au/TO2 and Au/Al2O3 

As established in Chapter 8, water as solvent promotes the selective 

hydrogenation of benzaldehyde to benzyl alcohol over Au/Al2O3. This reaction system 

requires further exploration. It is proposed to extend the work with an examination of 

solvent effects in the hydrogenation of aromatic nitrocompounds, (e.g.  p-

chloronitrobenzene). This would establish whether the competitive adsorption and 

solvation effects are generic or particular to the system studied in this thesis. Support 

(TiO2) effects in terms of–NO2 group activation are noted in Chapter 7 and there is 

evidence in the literature of contributions due to the acid-base properties of Al2O3 [5]. 

The liquid phase hydrogenation of aromatic nitrocompounds in a range of solvents over 

Au/TiO2 and Au/Al2O3 requires further work. 
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9.1.3 Selective Hydrogenation of Levulinic acid to γ-valerolactone Using Au 

Catalysts 

Sustainability is the driver for the work conducted in this thesis. Currently, 

feedstock and the energy source for chemical processing are derived from fossil fuels 

(coal, petroleum oil and natural gas). However fossil reserves are finite and their 

consumption is accompanied by emission of greenhouse gas which causes the global 

warming. One response is to draw on renewable resources. Use of catalysts to convert 

biomass and biomass derivatives has been the subject of intensive research over the last 

decade [6,7]. Levulinic acid is recognised as a biomass derived platform chemical [8]. 

Selective reduction yields γ-valerolactone, used as petrol and diesel additive [9]. 

Drawing on the selective catalytic action of Au catalysts in  C=O reduction to –C-OH 

(Chapter 8) a programme of study is proposed to examine the role of support in the 

hydrogenation of levulinic acid over Au. 
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Appendix 1  

Hydrogenation of butyronitrile (BT) at T = 473 K, P = 1 atm, 

6 BT + H2 → MBA + DBA + TBA + 3NH3 

To calculate the molar fraction of each component at XBT = 25%, 

FBT = 6.9 × 10
-3

 × 25% = 1.75 × 10
-3

 mol∙h
-1 

FBA= FDBA = FTBA = 1/6 FBT = 1/6 ×1.75 × 10
-3

 = 0.2875 × 10
-3

 mol∙h
-1 

2

60 0.001

22.4
1

60

HF



  160 × 10
-3

 mol∙h
-1

 

Molar fraction of tributylamine (TBA), 

xTBA = 
0.2875

6.9 (1 25%) 0.2875 0.2875 0.2875 160


     
1.7 × 10

-3
 

PTBA = PTotal × xTBA = 101325 × 1.7 × 10
-3

 =175 Pa 

 

To calculate the saturated vapour pressure (PTBA*) of tributylamine at T = 473 K, 

TB = 364.7 K, PB =0.01 Bar 

TB, temperature of boiling point;  

PB, vapour pressure at boiling point temperature 

*

473

B TBA

B

P P

T
  

0.01 *

364.7 473

P
  

PTBA* = 0.01297 Bar = 0.01297 × 101325 × 0.98692 = 1314.1 Pa 

PTBA << PTBA* 

Tributylamine produced was in the vapour phase. 
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Appendix 2  

Hydrogenation of benzonitrile (BN) at T = 353 K, P = 1 atm,  

2BN + 3H2 → BA + TOL + NH3 

CBN = 0.3 mol∙L
-1

 

C2-propanol = 12.67 mol∙L
-1

 

(1) To calculate the molar fraction of each component in the inlet flow, 

  FBN  = 0.3 × 1.2 × 10
-3

 = 0.36 × 10
-3

 mol∙h
-1

 

F2-propanol = 12.67 × 1.2 × 10
-3

 = 3.8 × 10
-3

 mol∙h
-1 

2

60 0.001

22.4
1

60

HF



  160 × 10
-3

 mol∙h
-1

 

xBN = 
0.36

0.36 3.8 160


 
2.19 × 10

-3
 

x2-propanol = 
3.8

0.36 3.8 160


 
23.1 × 10

-3 

2

160

0.36 3.8 160
Hx  

 
0.975 

PBN  = PTotal × xBN = 101325 × 2.19 × 10
-3

 = 221.9 Pa 

To calculate the saturated vapour pressure of benzonitrile (PBN*) at T = 353 K, 

according to Antoine equation, 

logPBN* = 
B

A
T C




 

PBN* = Saturated vapour pressure (bar) 

T = Temperature (K) 

The coefficient A, B and C for benzonitrile in the temperature range 301.4 - 463.8 K are,  

A = 4.85401; B = 2110.572; C = -28.331 

logPBN* 
2110.572

4.8540 1.646
353 28.331

   


 



 

160 

 

PBN* = 0.02256 Bar = 0.02256 × 101325 × 0.98692 = 2230 Pa 

PBN << PBN* 

Benzonitrile was in the gas phase at this reaction conditions. 

(2) To calculate the molar fraction of each component at the XBN = 10%, with 

benzylamine as product, 

BN + 2H2 → BA 

FBN  = 0.3 × 1.2 × 10
-3

  × (1-10%) = 0.324 × 10
-3

 mol∙h
-1

 

FBA = 0.36 × 10
-3

 × 10% = 0.036 × 10
-3

 mol∙h
-1 

F2-propanol = 12.67 × 1.2 × 10
-3

 = 3.8 × 10
-3

 mol∙h
-1 

2HF 160 × 10
-3

 mol∙h
-1

 

Molar fraction of each component in the flow, 

xBN = 
0.324

0.324 0.036 3.8 160


  
2.08 × 10

-3 

xBA = 
0.036

0.324 0.036 3.8 160


  
2.22 × 10

-4 

PBN  = PTotal × xBN = 101325 × 2.08 × 10
-3

 = 210.8 Pa 

PBA  = PTotal × xBA = 101325 × 2.22 × 10
-4

 = 22.5 Pa 

To calculate the saturated vapour pressure of benzylamine (PBA*) at T = 353 K, 

according to Antoine equation, 

logPBA* = 
B

A
T C




 

PBA* = Saturated vapour pressure (bar) 

T = Temperature (K) 

The coefficient A, B and C for benzylamine (BA) are, A = 4.8271; B = 2003.528; C = - 

41.973 

logPBA* 
2003.528

4.8271 1.615
353 41.973
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PBA* = 0.02256 Bar = 0.024266 × 101325 × 0.98692 = 23000 Pa 

PBN << PBN* 

PBA << PBA* 

Benzonitrile and benzylamine were in the gas phase at this reaction conditions. 

(3) To calculate the molar fraction of each component at the XBN = 20%, with the 

production of benzylamine and toluene, 

2BN + 3H2 → BA + TOL + NH3 

Likewise, to calculate the composition, 

FBN  = 0.36 × 10
-3

  × (1-20%) = 0.29 × 10
-3

 mol∙h
-1

 

FBA = 0.36 × 10
-3

 × 10% = 0.036 × 10
-3

 mol∙h
-1 

FTOL = 0.36 × 10
-3

 × 10% = 0.036 × 10
-3

 mol∙h
-1 

F2-propanol = 12.67 × 1.2 × 10
-3

 = 3.8 × 10
-3

 mol∙h
-1 

2HF 160 × 10
-3

 mol∙h
-1

 

Molar fraction of each component, 

xBN = 
0.29

0.29 0.036 0.036 3.8 160


   
1.75 × 10

-3 

xBA = 
0.036

0.29 0.036 0.036 3.8 160


   
0.22 × 10

-3 

xTOL = 
0.036

0.29 0.036 0.036 3.8 160


   
0.22 × 10

-3 

x2-propanol = 
3.8

0.29 0.036 0.036 3.8 160


   
0.023 × 10

-3 

PBN  = PTotal × xBN = 101325 × 1.75 × 10
-3

 = 177 Pa 

PBA  = PTotal × xBA = 101325 × 0.22 × 10
-4

 = 22.3 Pa 

PTOL  = PTotal × xTOL = 101325 × 0.22 × 10
-4

 = 22.3 Pa 

To calculate the saturated vapour pressure of toluene at (PTOL*) at T = 353 K, according 

to Antoine equation, 
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LogPTOL* = 
B

A
T C




 

PTOL* = Saturated vapour pressure (bar) 

T = Temperature (K) 

The coefficient A, B and C for benzylamine are, A = 4.07827; B = 1343.943; C = - 

53.773 

LogPTOL* 
1343.943

4.07827 0.413
353 53.773

   


 

PTOL* = 0.386 Bar = 0.386 × 101325 × 0.98692 = 38636 Pa 

PBN << PBN* 

PBA << PBA* 

PTOL << PTOL* 

Benzonitrile, benzylamine and toluene were in the gas phase at this reaction conditions. 
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Appendix 3  

Hydrogenation of p-chloronitrobenzene (p-CNB) at T = 453 K, P = 1 atm,  

p-CNB + 3H2 →  p-CAN + NB + AN 

To calculate the saturated vapour pressure of each component at this reaction 

temperature, 

For p-CNB,  

TB = 386.2 K, PB =0.01 Bar 

TB, temperature of boiling point;  

PB, vapour pressure at boiling point temperature 

*

453

B CNB

B

P P

T
  

0.01 *

386.2 453

CNBP
  

PCNB* = 0.0117 Bar = 0.0117 × 101325 × 0.98692 = 1188 Pa 

For p-CAN, according to Antoine equation, 

LogPp-CAN* = 
B

A
T C




 

Pp-CAN* = Saturated vapour pressure (bar) 

T = Temperature (K) 

The coefficient A, B and C for p-CAN are, A = 4.87876; B = 2254.26; C = - 41.619 

LogPp-CAN* 
2254.26

4.87876 0.1488
453 41.619

   


 

Pp-CAN* = 0.7099 Bar = 0.7099× 101325 × 0.98692 = 70997.6 Pa 

For NB, according to Antoine equation, 

LogPNB* = 
B

A
T C




 

PNB* = Saturated vapour pressure (bar) 
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T = Temperature (K) 

The coefficient A, B and C for NB are, A = 4.21553; B = 1727.592; C = - 73.438 

LogPNB* 
1727.592

4.21553 0.336
453 73.438

   


 

PNB* = 0.4613 Bar = 0.4613 × 101325 × 0.98692 = 46130.4 Pa 

For AN, according to Antoine equation, 

LogPAN* = 
B

A
T C




 

PAN* = Saturated vapour pressure (bar) 

T = Temperature (K) 

The coefficients A, B and C for AN are, A = 4.34541; B = 1661.858; C = - 74.048 

LogPAN* 
1661.858

4.34541 0.03999
453 74.048

   


 

PAN* = 0.912 Bar = 0.912× 101325 × 0.98692 = 91200.3 Pa 

The highest partial pressure for each component at this reaction conditions, 

Fp-CNB = 0.24 × 10
-3

 mol∙h
-1

 

FButanol = 1.2 × 10
-3

 × 

810 1000

74.12

1000



=13.11 × 10
-3

 mol∙h
-1 

2

60 0.001

22.4
1

60

HF



  160 × 10
-3

 mol∙h
-1

 

To calculate the molar fraction of each component 

xp-CNB = 
0.24

0.24 13.11 160


 
1.38 × 10

-3 

Pp-CNB = PTotal × xp-CNB = 101325 × 1.38 × 10
-3

 = 140.2 Pa 

Pp-CNB << Pp-CNB* 

At the conversion of Xp-CNB = 20%, to calculate the molar fraction of each component, 
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p CANx   = xp-CNB × 20% = 1.38 × 10
-3

 × 20% = 0.276 × 10
-3

 

Pp-CAN  = PTotal × xp-CAN  = 101325 × 0.276 × 10
-3

 = 27.9 Pa 

PAN = PTotal × xAN  = 101325 × 0.276 × 10
-3

 = 27.9 Pa 

PNB = PTotal × xNB  = 101325 × 0.276 × 10
-3

 = 27.9 Pa 

Pp-CAN << Pp-CAN* 

PAN << PCAN* 

PNB << PNB* 

Ensuring all the components are in gas phase at this reaction conditions. 
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Appendix 4  

Hydrogenation of benzaldehyde at T = 413 K, P = 1 atm,  

To calculate the partial pressure of each component at this reaction condition, 

FBenzaldehyde = 0.06 × 10
-3

 mol∙h
-1 

2

3

3

3

917  10
 

181.2  10
1  10

H OF 



  


=61.1 × 10
-3

 mol∙h
-1 

2

60 0.001

22.4
1

60

HF



  160 × 10
-3

 mol∙h
-1

 

xBenzaldehyde = 
0.06

0.06 61.1 160 
= 0.27× 10

-3 

PBenzaldehyde = PTotal × xBenzaldehyde  = 101325 × 0.27 × 10
-3

 = 27.5 Pa 

At the conversion of XBenzaldehyde = 10%, to calculate the partial pressure of benzyl 

alcohol, 

xBenzyl alcohol =10% × 0.27 × 10
-3

 = 0.027 × 10
-3

 

PBenzyl alcohol = PTotal × xBenzyl alcohol = 101325 × 0.027 × 10
-3

 = 2.75 Pa 

To compare with the saturated vapour pressure of each component at this reaction 

conditions, 

For benzaldehyde, according to Antoine equation, 

LogPBenzaldehyde* = 
B

A
T C




 

PBenzaldehyde* = Saturated vapour pressure (bar) 

T = Temperature (K) 

The coefficient A, B and C for benzaldehyde are, A = 3.87652; B = 1380.729; C = - 

94.98 

LogPBenzaldehyde* 
1380.729

3.87652
413 94.98

  


-0.465 
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PBenzaldehyde* = 0.3426 Bar = 0.3426× 101325 × 0.98692 = 34266.8 Pa 

For benzyl alcohol, according to Antoine equation, 

LogPBenzyl alcohol* = 
B

A
T C




 

PBenzyl alcohol* = Saturated vapour pressure (bar) 

T = Temperature (K) 

The coefficient A, B and C for benzaldehyde are, A = 4.47713; B = 1738.9; C = - 89.559 

LogP* 
1738.9

4.47713
413 89.559

  


-0.899 

PBenzyl alcohol* = 0.126 Bar = 0.126× 101325 × 0.98692 = 12614.7 Pa 

PBenzaldehyde << PBenzaldehyde* 

PBenzyl alcohol << PBenzyl alcohol* 

Ensuring all the components were in gas phase at this reaction conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


