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Abstract

          The abatement of halogenated compounds released from various processes into 

the environment is now recognized as a pressing environmental issue.  Catalytic 

hydrodehalogenation (HDH) has emerged as a potential technology that can facilitate 

waste transformation and reuse.  In this thesis, a comprehensive study of the critical 

reaction/catalyst variables is considered for the HDH of a range of haloarenes (chloro-

and bromo-phenols and chlorobenzenes) using (commercial) Pd/Al2O3 and (laboratory 

synthesised) Au supported on -Fe2O3 and Fe3O4.  Aqueous phase (T = 303 K) HDH is 

demonstrated to be structure sensitive where smaller Pd particles are intrinsically more 

active and metal/support interactions have a major impact on reaction selectivity

(notably at pH = 3).  HDH follows an electrophilic aromatic substitution mechanism: 

the rate of C–Br bond(s) scission is an order of magnitude greater relative to C–Cl (due 

to the lower bond dissociation energy).  The presence of a second halogen substituent 

has a deactivating effect (by lowering electron density in the aromatic ring).  Solvent 

(water, organic and water/organic mixtures) effects have been established where, in 

absence of mass transport limitations, reaction in water delivers significantly higher 

HDH rates and selectivity is unaffected by solvent composition.  A mathematical 

analysis demonstrates that these effects are principally (ca. 80 % contribution) the result 

of the variations in solvent dielectric constant where the molar volume represents a 

secondary consideration.  The advantages of a shift from batch to continuous HDH are 

established in terms of: (i) more efficient gas to liquid H2 transfer; (ii) enhanced HDH 

rates; (iii) prolongued catalyst lifetime.  The potential of HDH as a means of waste 

transformation to a commercial product is demonstrated in the gas phase (T = 423 K) 

hydroconversion of 2,4-dichlorophenol into cyclohexanone (over Pd) and 4-

chlorophenol (over iron-oxide supported Au).  In both cases, a contribution due to 

spillover hydrogen is established.  A comprehensive programme of (Au) catalysts 

synthesis and characterization, in terms of TPR, H2 chemisorption/TPD, XRD, DRS 

UV-Vis, SEM/TEM and BET/pore volume measurements is provided and correlated 

with HDH kinetics.  The results presented in this thesis demonstrate the feasibility and 

flexibility (in terms of operation, rate/selectivity control and product reuse) of catalytic 

HDH as a progressive means of haloarene waste treatment.
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Chapter 1

Introduction and Scope of the Thesis

This Chapter presents a short overview of the environmental implications 

associated with the release of halogenated compounds and available methods of 

control/disposal, highlighting the significance of catalytic hydrodehalogenation as a 

progressive approach to environmental remediation. The objectives of this PhD 

research are defined and the approach taken is described. 

1.1 Halogenated Compounds

Halogen-containing organics (particularly chlorinated compounds) have long been 

used in the chemical industry for the manufacture of fine chemicals, notably personal 

care formulations and microorganism/plant/insect control (see Table 1.1).  Lack of 

stringent production controls has resulted in the release of these compounds into the 

environment as a result of uncontrolled emissions and/or accidental spills [1,2].  Due to 

their low biodegradability and deleterious ecological and environmental effects (see 

Table 1.2), they are now identified as high priority pollutants in terms of treatment [2-

4] and heavily legislated by the EPA Toxic Substance Control Act (TSCA), the 

International Agency for Research Cancer (IARC) and the World Health Organization 

(WHO) [5,6].

Table 1.1: Typical products manufactured using halogenated compounds as starting materials 
or additives.

Category Products Refs.

Health/personal
care

Pharmaceuticals
Deodorants
Mouthwashes and toothpastes
Fragances

[7,8]

Microorganism 
control

Biocides
Antiseptics
Fungicides
Molluskicides
Antimicrobial finishing of textiles and paper

[7-13]

Plant/insect
control

Herbicides
Algae control in water circulating systems
Repellents for plant-feeding insects

[7,8,14-16]

Other

Preservative for metal working lubricants
Flame retardant additives in unsaturated polyester and epoxy resins
Fire extinguishing agents
Solvents for oil, waxes, resins, greases and rubbers
Wood preservation

[1,7,8,14,17]
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Table 1.2: Impact of halogenated chemicals on human health and the environment.

Category Effect Refs.

Healtha

Irritation of skin, eyes and lung
Kidney/liver damage
Cardiovascular effects
Carcinogenic
Neuropathies and behavioral disturbances
Death

[4,6-8,11,14,18,19]

Environmentb

Global warming
O3 depletion
Contamination of agriculture
Animal disease

[4,6,8,20-23]

adetailed information can be found in refs. [4] (for a range of compounds) and [17] and [8]
for specific chlorinated and brominated organics, respectively
bconcise examples can be found in refs [20] and [23] for dioxin(s) and chlorobenzene(s) 
presence/effects in the Great Lakes (USA) and UK rivers, respectively

          Several methods of halogenated waste control/disposal have been considered and 

are summarised in Table 1.3.  Cumulative methods are typically inexpensive and are 

the preferred option for the treatment of individual compounds when present in high 

concentrations (> 2 g dm-3 [24]).  This approach serves to concentrate the pollutant(s).  

Oxidative methods generate CO2, H2O and the corresponding hydrogen halide (HX, X = 

Cl, Br, I) [2,25] and are the most widely used due to their proven efficiency (e.g.

incineration [26]). Nevertheless, oxidative treatments present decided drawbacks in 

terms of (i) the requirement of expensive reactants (e.g. photo-oxidation [27,28]) and/or 

equipment (e.g. sono- [29,30] and electrochemical [31,32] oxidation) and (ii) the 

potential production of even more toxic by-products as a result of incomplete 

combustion (e.g. incineration [33,34]). Bioremediation, either aerobic (oxidative) or 

anaerobic (reductive), can be successfully used for the treatment of a wide range of 

compounds (halogenated dioxins, benzenes and phenols) but only at low concentrations 

(e.g. < 6×10-3 molCl dm-3 in the case of chlorinated compounds [35,36]).  Furthermore, 

effective practical application of bioremediation can be hampered by the requirement of 

careful control of the moisture content and the inclusion of C/N/P nutrients [37]. In 

order to minimise environmental effects and ensure conservation of resources, the ideal 

abatement option should be the recovery/reuse of raw material [4,38]. This is facilitated 

by the last reductive method included in Table 1.3 and the focus of this thesis: catalytic 

hydrodehalogenation.
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Table 1.3: Short overview of principal methods for halogenated waste control/disposal.

Nature Method Resume Refs.

Adsorption
Pollutant capture from a gas/liquid stream 
onto a solid (typically activated carbon or 
resins)

[39-41]

Absorption
Pollutant capture from a gas stream into a 
liquid stream where it can react.

[42,43]

Air stripping
Pollutant capture from a liquid stream into 
air

[43-45]

Cumulative

Permeation
Concentration from a liquid stream into 
another by membrane separation

[46,47]

Incineration
Pollutant combustion at high temperatures
(T ≥ 1200 K)

[26,33,34]

Wet air oxidation
Treatment of a liquid stream containing the 
pollutant with O2 at T ≥ 433 K and P ≥ 2
atm

[48-50]

Advanced

Pollutant oxidation by OH· radicals 
generated by chemical redox processes 
(Fe, H2O2, O3), UV radiation, ultrasound or 
high voltages

[27-32,51]

Oxidative

Aerobic biodegradation
Treatment with microorganisms in the 
presence of air

[35-37]

Anaerobic biodegradation
Treatment with microorganisms in the 
absence of oxygen

[37,52]

Reductive
Hydrodehalogenation

Transformation of the C–X bond into C–H 
using a range of reducing agents: (notably, 
inorganic salts, formic acid, secondary 
alcohols or H2)

-a

aliterature review provided in section 1.2

1.2 Catalytic Hydrodehalogenation

Hydrodehalogenation (HDH) involves the H2-mediated cleavage of the carbon-

halogen bond to form an alkane (via an electrophilic mechanism [53,54], see Table 

1.3), with the release of the corresponding HX [54-56].  A distinction should be made 

bewteen HDH and dehydrohalogenation, the latter involving internal halogen 

elimination with the production of an alkene [57,58]. HDH is a thermodynamically 

favourable and exothermic process [59,60] where the use of a catalyst results in an 

appreciable enhancement of HDH rate. This feature of catalytic HDH will be reviewed,

analysed and discussed throughout this thesis. The main body of work dealing with 

catalytic HDH research has been developed over the past decade where Pd has been 

identified as the most effective metal due to its H2 chemisorptive ability [61,62] and 

resistance to HX-induced deactivation [63,64].  The effect of process variables relating 

to the catalyst (support [65-68], metal particle size [67-77] and electronic state [78,79])

and reaction conditions (temperature/pressure [70,80-87], solvent/carrier [82-86,88-97], 

contact time [70,78,81,95,98]) has now been studied. Nevertheless, there is still no 

general consensus regarding the role of such variables as metal dispersion and solvent.
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Moreover, few published studies have included detailed kinetic measurements 

with an explicit analysis of mass transport phenomena.  Indeed, there is a dearth of 

studies that have provided any clear correlation of catalyst performance with catalyst 

structure/surface chemistry.  This lack of fundamental information has limited the actual 

deployment of catalytic HDH in environmental pollution control.

1.3 Scope and Organization of the Thesis

The objective of this research is to carry out a systematic and comprehensive 

study of critical variables that can underpin catalytic HDH and to demonstrate the 

potential of this approach as a progressive haloarene waste abatement technology.

The liquid phase catalytic hydrodechlorination of 2,4-dichlorophenol over 

Pd/Al2O3 has been taken as starting point because it is a relatively well characterized 

system and total dechlorination can be achieved under mild conditions (P = 1 atm; T = 

303 K; [99-104]). The effect of variations in Pd dispersion is first established in 

Chapter 2 where the Pd particle size is adjusted by means of controlled thermal 

sintering at different temperatures (423 - 1273 K) and heating rates (1 - 50 K min-1); the 

action of bulk (unsupported) Pd is also considered for comparative purposes. The effect 

of the solvent is next considered in Chapters 3 and 4 using water and organic (alcohols, 

cyclohexane, n-hexane, benzene and THF) solvents and extending the study to a range 

of mono- and di-chlorophenols, bromophenols and chlorobenzenes. Since the vast 

majority of liquid phase HDH studies have been carried out in batch (discontinuous) 

operation, the feasibility and advantages of a shift to continuous HDH is addressed in 

Chapter 5. Finally, the feasability of product recovery/reuse from catalytic HDH is 

examined in Chapters 6, 7 and 8, focusing on the gas phase production of 

cyclohexanone and 4-chlorophenol over Pd and iron oxide supported Au, respectively.  

A detailed catalyst characterization program (in tems of TPR, H2 chemisorption/TPD, 

BET/pore volume, XRD, SEM/TEM and DRS UV-Vis) has been performed in each

instance to link critical catalyst structural features with the observed catalytic 

response(s). A comprehensive assessment of mass transfer limitations has ensured

operation under a kinetically controlled regime. In short, this thesis is a compilation of 

fundamental HDH studies with the practical deliverable of halogenated waste 

control/disposal/recovery.
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Chapter 2

Effect of Metal Dispersion on the Liquid Phase Hydrodechlorination of 

2,4-Dichlorophenol over Pd/Al2O3

          The effect of varying Pd metal particle size on catalytic hydrodechlorination is 

studied in this Chapter, where two (alumina) supported Pd catalysts are considered and 

compared with bulk (unsupported) Pd.  The catalysts are subjected to a comprehensive 

programme of characterization and their catalytic performance is established.  The 

results demonstrate that hydrodechlorination is structure sensitive where smaller Pd 

particles deliver a greater intrinsic activity and solution pH is a paramount factor that 

controls selectivity.

2.1 Introduction

          Catalytic hydrodechlorination (HDC) has emerged over the last 20 years as a 

viable non-destructive approach for the treatment of toxic chlorinated waste [1]

including chlorobenzenes [2-8], chlorophenols [1,3,9-16], chlorotoluenes [3,17], CFCs

[18-21] and pesticides based on chloro-derivates [12,22].  In HDC, chlorine is replaced 

by hydrogen with the subsequent release of HCl as by-product. Catalytic studies have 

been carried out in both gas [1-3,5-7,13,15,16,18-21,23-27] and liquid [4,8-12,14,22,28]

phases, where Pd has been identified as the most efficient metal with regard to activity

and resistance to deactivation [29,30].  In terms of the structural properties that control 

HDC performance, metal dispersion which determines specific metal surface area and is 

dependent on particle size, has been identified as critical. Supported metal particle size 

can be altered by the synthesis method [4,12,28], nature of the precursor [4,23,31], the 

support [3,32], loading [3,15,16,33], catalyst pre-treatment [6,7,25,33,34] and/or 

reduction conditions [5,24]. Furthermore, an increase in metal particle size by 

agglomeration during HDC, ascribed to metal-chlorine interactions, has also been 

reported [26,27]. Table 2.1 contains a compilation of studies available in the open 

literature that have quoted a catalytic response towards changes in metal dispersion in 

HDC. 
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Table 2.1: A compilation of the pertinent literature on metal particle size effects in HDC. Nomenclature: CB = Chlorobenzene; 1,2-DCB = 1,2-Dichlorobenzene; 2-CP 
= 2-Chlorophenol; 2,4-DCP = 2,4-Dichlorophenol; 2,6-DCP = 2,6-Dichlorophenol; 2,4,5-TCP = 2,4,5-Trichlorophenol; PCP = Pentachlorophenol; CFC-12 = 
Dichlorodifluoromethane; CFC-114a = Dichlorotetrafluoroethane; CTC = Carbon tetrachloride.

Phase Catalyst Reactant(s) Procedure for metal particle size modification
Size
(nm)

Rates (T (K), units) S.S.a Ref.

Nib CB; 1,2-DCB TTc: Uncalcined/calcined to 523 K 47-60d 3.0-14.0 (493, ×103 molReactant s
-1 molNi

-1) + [25]

Ni/C CB TT: Reduction, 673-973 K 9-57 1.8-1.3 (573, ×10-6 molCB s-1 g-1) - [24]

Ni/CeO2 CB MPc: Ni(NO3)2, Ni(Acetylacetonate)2 5-7 6.2-5.5 (573, ×10-3 molCB h-1 g-1) - [23]

CB; 2-CP MLc: 1.5-15.2 % w/w 1-3 0.9-5.0 (573, ×10-9 molReactant s
-1 gNi mNi

-2) + [3]

CB
ML: 1.5-15.2 % w/w

TT: Calcined/uncalcined to 623 K
1-12 0.8-6.0 (523, ×10-5 molCB s-1 gNi mNi

-2) + [7]
Ni/SiO2

2-CP; 2,6-DCP
2,4,5-TCP; PCP

ML: 1.5-15.2 % w/w 1-3 1.0-3.7 (573, ×10-4 mmolReactant min-1 mNi
-2)d + [16]

CB TT:  Reduction, 423-673 K 6-37d 2.2-1.0 (453, ×10-5 molCB s-1 g-1) - [5]

CFC-12
ML: 1-5 % w/w

MP: PdCl2, Pd(NO3)2

TT: Reduction, 573-873 K
2-18d 4.7-27.0 (453, ×10-3 molCFC-12 s

-1 molPd
-1) + [18]

CFC-12 TT: With/without microwave to 433 K 5-23 7.1-88.0 (473, ×10-3 molCFC-12 s
-1 molPd

-1) + [19]
Pd/Al2O3

CFC-114a TT: Reduction, 573-873 K 11-53 0.8-3.6 (473, molCFC-1114a s
-1 molPd

-1) + [21]

Pd/C CFC-12 STc:  Contact with HCl/HNO3 1-4d 5.2-11.0 (453, ×10-3 molCFC-12 s
-1 molPd

-1) + [20]

Pd/Nb2O5 CB TT: With/without microwave to 473 K 25-38 4.0-4.7 (473, ×10-1 mmolCB min-1 mPd
-2)d + [6]

Gas

Pt/Al2O3 CTC TT: Untreated/treated with NH4Cl after reduction 2-7 1.3-4.9 (363, ×10-1 mmolCTC min-1 mPd
-2)d + [34]

Pd/C CTC
ML: 0.2-1.6 % w/w

TT: Reduction, 423-823 K
5-14d 0.5-12.0 (373, ×10+2 molCTC min-1 g-1) + [33]

Liquid

Pd/AlPO4-SiO2 CB
ML: 0.5-3 % w/w

MP: PdCl2, Pd(Acetylacetonate)2

TT: Reduction, 493-873 K
2-16d 2.1-72.0 (313, ×10-2 mmolCB s-1 gPd

-1) + [4]

aStructure Sensitivity: “+” indicates activity increase with increasing particle size, “-” indicates activity decrease with increasing particle size.
bBulk Ni catalyst prepared from 2NiCO3·3Ni(OH)2·4H2O.
cTT = Thermal treatment; ML = Metal Loading; MP = Metal Precursor; ST = Support Treatment.
dCalculated from data source.
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          Some consensus emerges that points to higher activity for larger particle sizes but 

this conclusion is by no means irrefutable [3-7,16,18-21,25,33,34]; indeed, Kopinke and 

co-workers [28], studying the liquid phase chlorobenzene (CB) HDC over Pd-Fe/TiO2

quoted similar HDC rates (0.3 mmolCB mPd
-2 min-1) over catalysts bearing 8 - 11 nm Pd 

clusters. As shown in Table 2.1, CB has been the model reactant in the majority of 

cases where variations in metal loading and thermal treatment have been employed to 

modify metal surface area. Differences in reaction rates by up to an order of magnitude 

have been recorded when the particle sizes are in the mitohedrical region (1 - 5 nm)

[4,19] and catalytic activity can be governed by particle morphology and support-

induced electronic effects [35]. In gas phase operation, Coq et al. [5], studying CB 

HDC over Pd/Al2O3 (6 - 37 nm), reported (an up to two-fold) higher activity over 

smaller metal particles due to their associated electron-deficient character.  Studying the 

same reaction, Chary et al. [23] reached a similar conclusion for a co-precipitated 

Ni/CeO2 (5 - 7 nm). On the other hand, Gopinath et al. [6], using Pd/Nb2O5 (25 - 38 

nm), suggested that larger Pd particles are more active due to better resistance to HCl 

deactivation. Juszczyk et al. [18], examining CFC-12 HDC over Pd/Al2O3 (2 - 18 nm), 

linked the same tendency to a more facile carbiding of less dispersed Pd. In an earlier 

study [3] of the gas phase HDC of a range of halo-arenes over Ni/SiO2 (1 - 3 nm), 

Keane et al. recorded dechlorination rates up to five times higher on larger Ni particles 

and ascribed this response to an ensemble effect. The role of metal dispersion has not 

been studied to the same extent in liquid phase applications and the available literature 

is not only scant but also inconclusive.  Aramendia et al. [4], taking the HDC of CB 

over Pd/AlPO4-SiO2 (2 - 16 nm), reported rates up to an order of magnitude higher over 

bigger particles and attributed this to a lesser deactivation by HCl and the contribution 

of Pd hydride as an alternative source of active hydrogen at lower dispersion. Gómez-

Sainero et al. [33], examining CCl4 HDC over Pd/C (5 - 14 nm), linked differences in 

activity to a different distribution of metallic (Pd0) and cationic (Pd+n) metal species that 

was dependent on metal size. We have omitted other studies involving 

dehydrochlorination of 1,2-dichloroethane [36,37] and 1,2-dichloropropane [38], as it 

does not require an external H2 supply but an internal elimination of HCl with the 

formation of the pertinent olefin [2]; i.e. different reaction mechanism that can lead to 

different particle size dependence.
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          The aim of this study is to address the effect of metal particle size in liquid phase 

HDC.  2,4-Dichlorophenol (2,4-DCP) HDC over Pd/Al2O3 has been chosen as a model 

catalytic system, as it has been demonstrated elsewhere [9] that complete dechlorination 

can be achieved. The metal surface area has been modified by catalyst activation under 

well controlled conditions (temperature/heating rate) and the action of bulk Pd has also 

been considered to establish the influence of the support. Following an exhaustive 

search through the literature, this is the first reported study of liquid phase HDC over an 

unsupported metal. This Chapter sets out a comprehensive examination of HDC 

structure sensitivity that includes an explicit correlation of catalytic surface 

characteristics with HDC kinetics. In addition, it is also attempted to quantify the 

efficiency of catalytic HDC to reduce the toxicity associated with the starting aqueous 

chlorophenol solution.

2.2 Experimental

2.2.1 Catalyst Activation and Characterization

          1 and 5 % w/w Pd/Al2O3 (labelled in this paper as Pd/Al2O3-A and Pd/Al2O3-B, 

respectively) and PdO were supplied by Aldrich, sieved (ATM fine test sieves) into 

batches of 38 m average particle diameter and activated using the commercial CHEM-

BET 3000 (Quantachrome Instruments) unit. The samples were loaded into a U-shaped 

(100 × 3.76 mm) pyrex-glass or quartz cell, contacted with 5 % v/v H2/N2 (17 cm3

min-1, Brooks mass flow controlled) and subjected to a temperature-programmed 

reduction (TPR) treatment at different heating rates ( = 1, 10 or 50 K min-1) to a final 

temperature in the range 423 - 1273 K. The effluent gas was directed through a liquid 

N2 trap and H2 consumption/release was monitored by a thermal conductivity detector 

(TCD) with data acquisition and manipulation using the TPR WinTM software.  After

TPR, the reduced samples were swept with dry N2 (65 cm3 min-1) at the final reduction 

temperature for 90 min, cooled to room temperature and subjected to H2 chemisorption 

analysis: 50 L H2 pulses, under conditions where Pd hydride formation does not occur, 

i.e. H2 partial pressure < 9 Torr [26]. Post-activation, the samples were passivated at

room temperature in (17 cm3 min-1) 1 % v/v O2/He.  BET surface area analysis and pore 

size distribution were performed using a commercial Micromeritics Flowsorb II 2300.  

Prior to analysis, the samples were outgassed at 423 K for 1 h in 20 cm3 min-1 dry N2.  

BET area was obtained in 30 % v/v N2/He (20 cm3 min-1) with at least three cycles of 

N2 adsorption-desorption using the standard single-point BET method.
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          N2 adsorption/desorption isotherms were performed over the relative pressure 

range 0.05 ≤ P/P0 ≤ 0.98, where the total pore volume and size distribution were 

obtained according to the method of Dollimore and Heal [39]. The BET areas and H2

uptake values were reproducible to within ± 6 % and the values quoted in this paper are 

the mean. Pd particle size and morphology were determined by transmission electron 

microscopy (TEM): JEOL 2000 TEM microscope operated at an accelerating voltage of 

200 kV. The catalyst sample was dispersed in 1-butanol by ultrasonic vibration, 

deposited on a lacey-carbon/Cu grid (200 Mesh) and dried at 383 K for 12 h. At least 

650 individual Pd particles were counted for each catalyst and the mean surface area-

weighted Pd particle sizes (dTEM) are quoted in this paper as:




3
i ii

TEM 2
i ii

n d
d =

n d
                                                   (2.1)

where ni is the number of particles of diameter di and ini > 650. X-ray diffraction 

(XRD) analysis was conducted using a Bruker/Siemens D500 incident X-ray 

diffractometer with Cu K radiation. The samples were scanned at a rate of 0.02º step-1

over the range 20º ≤ 2 ≤ 80º (scan time = 2 s step-1). The diffractograms were 

compared with the JCPDS-ICDD references for comparative purposes (Card No. 05-

0681 (Pd), 16-0394 (-Al2O3) and 10-0425 (-Al2O3)). The pH associated with the 

point of zero charge (pHpzc) was determined using the potentiometric mass titration 

(PMT) technique [40]. Three different masses of catalyst were immersed in 50 cm3 0.1 

M NaCl to which a known amount of NaOH (0.1 M) was added to adjust initial pH to 

ca. 11. Titration of the samples was performed under continuous agitation in a He 

atmosphere with HCl (0.1 M) as titrant. The pH of the slurry was measured with a pH 

meter (Corning, Model 440) equipped with a polymer-body, liquid-filled combination 

electrode: calibration was performed before each titration with standard buffer solutions 

(pH 4.0 and 10.0).

2.2.2 Catalytic Procedure

          Stock aqueous solutions of 2,4-DCP (Aldrich) and NaOH (Riedel-de Haën), both 

≥ 99.0 %, were prepared with distilled water. All the gases used in this study (H2 and 

He) were of ultra high purity (> 99.99 %, BOC).
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          Liquid phase HDC reactions were carried out in a modified commercial stirred 

glass reactor (Ken Kimble Reactors Ltd.) equipped with a H2 supply at a constant 

(Brooks mass flow controlled) volumetric flow rate (150 cm3 min-1), a simplified 

experimental scheme is provided in Figure 2.1. 

Figure 2.1: Simplified experimental scheme of the three-phase slurry (scaled vessel) reactor.

          A glass impeller provided effective agitation at a stirring speed of 1100 rpm. The 

choice of H2 flow rate and stirring speed served to minimize transport limitations as 

established elsewhere [9].  A recirculator (Julabo HD-4) was used to stabilize the 

reaction temperature at T = 303 ± 1 K with water as coolant (293 K); loss of the reactor 

liquid contents in the H2 flow was negligible (< 0.5 % v/v). At the beginning of each 

experiment, the catalyst and 0.1 dm3 of 2,4-DCP stock solution were charged and 

agitated in a He flow (50 cm3 min-1); the temperature was allowed to stabilize (15 min) 

and H2 was then introduced (time t = 0 for reaction). As blank tests, experiments 

carried out under He, i.e. in the absence of H2, did not result in any measurable 

conversion. Three different strategies were employed for pH studies: (i) uncontrolled 

pH during reaction, where a known amount of NaOH was added in the preparation of 

the 2,4-DCP stock solution such that CCl,0/CNaOH,0 = 1 molCl molNaOH
-1; (ii) pH 

maintained at basic conditions (pHbasic = 13), where an aqueous NaOH solution (2.4 

molNaOH dm-3) was fed to the reactor using a Model 100 (kd Scientific) microprocessor-

Coolant In

Temperature Control

NaOH Addition

Gas Inlet (H2 , He)

Coolant Out

Gas Outlet

Sampling

pH Measurement
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controlled infusion pump to bring the initial pH of the reaction mixture to the desired 

value, which was maintained during reaction by adding the same NaOH solution (≤ 5 % 

of the total liquid  volume) with adjustment of the inlet flow rate; (iii) pH kept under 

acid conditions (pHacid = 3) where solution pH decreased rapidly (t < 1 min) to acid 

conditions as a result of the HCl produced [41]. The pH of the reaction mixture was 

monitored continuously using a Dow-Corning pencil electrode coupled to a data logging 

and collection system (Pico Technology Ltd.). The initial 2,4-DCP concentrations (C2,4-

DCP,0) were in the range 25.8 - 47.5 mmol dm-3 where the initial Cl/Pd molar ratio = 23 -

1728 molCl molPd
-1. A non-invasive liquid sampling system via syringe/in-line filters 

allowed a controlled removal of aliquots (≤ 0.5 cm3) of reactant/product(s).  Prior to 

analysis, the samples were neutralized with dilute acetic acid (0.2 mol dm-3). The 

composition of the reaction/product mixture was analyzed by gas chromatography 

(Perkin-Elmer Auto System XL), employing an FID and a DB-1 (J&W Scientific) 

capillary column (i.d. = 0.2 mm, length = 50 m, film thickness = 0.33 m) [9]. The 

concentration of organic species (2,4-DCP, 2-chlorophenol (2-CP), phenol (PhOH) and 

cyclohexanone (C6ONE)) in the bulk liquid phase were determined from the total molar 

balance in the reaction mixture, where the effect of uptake on the support was negligible 

[9,42]. The HCl produced (mol dm-3) during reaction was calculated from the molar 

balance based on GC analysis. The fractional conversion of 2,4-DCP (X2,4-DCP) is 

defined as

2,4-DCP,0 2,4-DCP
2,4-DCP

2,4-DCP,0

C C
X

C


                                        (2.2)

and selectivity with respect to 2-CP (S2-CP) is given in terms of the total moles of 

product formed, i.e.

2-CP
2-CP

2,4-DCP,0 2,4-DCP

C
S

C C



                                       (2.3)

Repeated reactions with different samples of catalyst delivered raw data reproducibility 

that was better than ± 7 %.
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2.3 Results and Discussion

2.3.1 Catalyst Characterization

          The TPR profiles (up to 1273 K) generated for Pd/Al2O3-A (Profile I) and -

Al2O3 (Profile II) are shown in Figure 2.2. 

Figure 2.2: Temperature-programmed reduction (TPR) profiles for Pd/Al2O3-A (I) and -Al2O3 (II), 
TCD response for the thermal treatment of Pd/Al2O3-A in N2 (III) and TPR of PdO+Al2O3 (IV).

          The TPR profile for the support is featureless but Pd/Al2O3-A shows two distinct 

peaks. The appearance of a negative peak at 354 K corresponds to H2 release as a result 

of -palladium hydride (-PdHx) decomposition. It is well established that, at room 

temperature, Pd can absorb H2 when the partial pressure exceeds 0.02 atm [43,44].
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          The absence of any H2 consumption preceding hydride decomposition suggests 

the formation of zero valent Pd at room temperature [45,46].  Subjecting Pd/Al2O3-A to 

the same temperature ramp but in the absence of H2 (in N2) did not result in any TCD 

signal (see Profile III). The positive peak at Tmax = 672 K can be linked to a secondary 

reduction of an oxidized Pd component that interacts strongly with the support [44,47].

Otto and co-workers [48,49] reported (based on XPS measurements) the presence of 

unreduced PdO in activated Pd/-Al2O3 and attributed this effect to support/metal 

electron transfer that stabilises the metal oxide, rendering it less susceptible to 

reduction. In a very recent study, Babu et al. [50] attributed H2 consumption at T = 673 

K by Pd/Al2O3 (prepared by deposition-precipitation) to the reduction of a PdO surface 

phase. TPR of a physical mixture of PdO+Al2O3 was carried out and the resultant 

profile (Profile IV) is characterized by a sole negative peak at 386 K which can again be 

ascribed to -PdHx decomposition. The higher decomposition temperature (T = 32 K) 

for bulk (relative to supported) -PdHx can be accounted for in terms of metal particle 

size. Indeed, a clear increase was observed in this temperature for catalysts subjected to 

higher temperature activation (see Table 2.2), i.e. a shift in hydride decomposition 

temperature to higher values for larger Pd particles. Nag [51], studying the formation of 

-PdHx over Pd/C, reported an increase in the decomposition temperature (T = 20 K)

with increasing reduction temperature (from 303 to 973 K) and attributed this to a 

change in the electronic state of Pd particles that is dependent on metal dispersion. The 

shift to higher decomposition temperature suggests some inhibition of H2 diffusion from 

larger particles. Indeed, H2 diffusivity in transition metal hydrides has been reported to 

decrease with increasing metal size [52] and this has been linked to a higher H2

concentration in these particles [53]. Metal dispersion post-thermal treatment was 

estimated by H2 chemisorption where an increase in the activation temperature from 423 

K to 1273 K was accompanied by an appreciable decrease in dispersion (see Table 2.2). 

The same tendency has been previously reported with a six-fold [5] and five-fold [21]

decrease in dispersion recorded over the temperature ranges 423 - 673 K and 573 - 873 

K, respectively (see Table 2.1). Hydrogen chemisorption data for Pd/Al2O3-A activated 

to the same final temperature using different heating rates () reveals a measurable 

decrease in dispersion at higher  values, which must serve to induce metal sintering

[54].  Activation to a higher final temperature (at a fixed ) was accompanied by an 

appreciable decrease in dispersion, notably where T > 823 K as a direct consequence of 

a more facile agglomeration of metal particles [55].
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Table 2.2: Temperature of Pd hydride decomposition (Tmax), metal dispersion (D), Pd particle size obtained from H2 chemisorption (dChem) analysis, 
specific Pd surface area (SPd), BET area and pH of point of zero charge (pHpzc) for the activated Pd/Al2O3 catalysts and bulk Pd.

Activation Procedure

Catalyst Temperature 
(K)


(K min-1)

Tmax

(K)
Da

(%)
dChem

a

(nm)
SPd

 b

(mPd
2 gPd

-1)
BET

m2 g-1)
pHpzc

423 10 355 55 2.0 250 152 -

1 356 67 1.6 312 160 -

10 355 59 1.9c
263 160 7.7573

50 355 51 2.2 227 157 -

723 10 355 60 1.8 277 155 -

823 10 355 54 2.1 238 150 -

1023 10 356 39 2.7 185 145 -

1123 10 365 25 4.5 111 142 -

1 371 8 13.1 38 138 -

10 371 8 13.1d
38 137 7.6

Pd/Al2O3-A

1273

50 370 9 12.1 41 128 -

Pd/Al2O3-B 573 10 369 51 1.9 263 117 7.7

Pd 573 10 386 - 250 2 2 -
abased on H2 chemisorption analysis.
bSPd = 6 / (Pd × dchem) where Pd = 12.02 g cm-3.
cdTEM = 3.0 nm.
ddTEM = 9.6 nm.
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          The correlation between the hydrogen absorbed to generate the hydride (Hab/Pd) 

and the hydrogen chemisorbed on the Pd surface (Had/Pd) is shown in Figure 2.3, where 

there is a clear decrease in Hab/Pd with increasing metal dispersion (increasing Had/Pd). 

Boudart and Hwang [56] reported a linear decline in H2 solubility with decreasing Pd 

particle size, which approaches zero as dispersion reaches 100 %. Bulk Pd delivered a 

maximum value of Hab/Pd = 0.69 which agrees with the literature [56]. However, 

higher values have been reported and attributed to H2 spillover effects [57]. Hydrogen 

absorption/adsorption data for the thermally treated Pd/Al2O3-B show the same 

tendency (see Figure 2.3), demonstrating the applicability of this analysis regardless of 

metal loading.

Figure 2.3: -Pd hydride composition (Hab/Pd) as a function of specific dissociative hydrogen 
chemisorption (Had/Pd) for activated Pd/Al2O3 (: A, : B) and bulk Pd ().

          An increase in Pd particle size with increasing activation temperature was 

confirmed by TEM analysis; representative images are presented in Figure 2.4(a) which 

also includes TEM derived particle size distributions for two representative activation 

temperatures (Figure 2.4(b)). 
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Figure 2.4: (a) Representative TEM images and (b) Pd particle size distributions associated with 
Pd/Al2O3-A activated ( = 10 K min-1) at 573 K (I, open bars) and 1273 K (II, solid bars).

(aI)

5 nm 1 nm

(aII)

10 nm

10 nm

10 nm

(b)

< 1

1.
01

-2

2.0
1-

3

3.
01

-4

4.0
1-

5

5.
01

-6

6.
01

-8

8.
01

-1
0

10
.01

-1
5

> 15
.01

0

10

20

30

40

50

60

P
er

ce
n

ta
ge

 in
 r

an
ge

 (
%

)

Particle size range  (nm)



22

          A significant number of metal particles smaller than 1 nm in size were observed 

at the lower temperature with visible faceting (see Figure 2.4(a)I), as noted previously

[58]. Such faceting is diagnostic of stronger metal/support interactions and can be 

linked to electron transfer between Al2O3 and Pd. An increase in activation temperature 

(from 573 to 1273 K) resulted in an appreciable broadening of the particle size 

distribution (Figure 2.4(b)) with a shift in surface-weighted mean size from 3.0 to 9.6 

nm (Table 2.2), consistent with a temperature-induced metal sintering. Palladium 

particles with diameters up to 20 nm were detected at the higher temperature and the 

particles exhibited a pseudo-spherical morphology (Figure 2.4(a)II). Pd particle sizes 

derived from H2 chemisorption and TEM analysis (see Table 2.2) are in reasonable 

agreement; we have adopted an exclusive dissociative adsorption of hydrogen on Pd 

(H/Pd = 1) as applied elsewhere [8,59].

          XRD analyses were also conducted (see Figure 2.5) to establish metal particle 

sintering. The diffractogram for Pd/Al2O3-A activated up to 573 K (Profile I) does not 

present any peak associated with a Pd phase, i.e. the metal size is below the detection 

limit (< ca. 5 nm) [60]. In contrast, the catalyst activated at 1273 K (Profile II) 

exhibited a peak at 40º that corresponds to the (111) Pd plane with an associated particle 

size (obtained from standard line broadening analysis) of 7 nm. The XRD pattern of 

bulk Pd (Profile III) presents peaks at 40º, 45º and 68º corresponding to (111), (200) and 

(220) Pd planes, consistent with a cubic symmetry. In the case of the supported 

catalyst, the signal at 67º is associated with the (440) plane of cubic -Al2O3 and the two 

peaks at 32º and 45º correspond, respectively, to the (222) and (400) planes of 

tetragonal -Al2O3. The appearance of these peaks, not present at the lower activation 

temperature, is due to a partial allotropic transformation of the support at T = 1273 K

[61]. This temperature induced phase change of Al2O3 was not accompanied by any 

significant modification to the bimodal pore size distribution, shown as an inset in 

Figure 2.5.  Indeed, N2 adsorption/desorption isotherms were consistent with a 

combination of the type I (microporosity) and type IV (mesoporosity) IUPAC 

classification which is characteristic of -Al2O3 [62,63]. The total pore volume 

decreased from 0.56 (at 573 K) to 0.47 cm3 g-1 (at 1273 K) which can be due, in part, to 

a partial occlusion of the pores by the larger (sintered) Pd particles, as noted by 

Jusczcyk et al. [18] and Babu and co-workers [50]. As a direct consequence of the 

decease in total pore volume, the BET areas are lower (see Table 2.2).
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Figure 2.5: XRD patterns for Pd/Al2O3-A activated ( = 10 K min-1) at 573 K (I) and 1273 K (II), 
and bulk Pd activated ( = 10 K min-1) at 573 K (III); () indicates peak assignment based on 
JCPDS-ICDD for fcc Pd (Card No. 06-0581), () for cubic -Al2O3 (Card No. 10-0425) and () for
tetragonal -Al2O3 (Card No. 16-0394). Inset: Pore size distributions for Pd/Al2O3-A activated at 
573 K () and 1273 K () ( = 10 K min-1). 

          The pH point of zero charge (pHpzc) has been shown to be an important catalyst 

characteristic in determining liquid phase catalytic HDC performance [41,58]. The 

effect of thermal treatment on the pHpzc was accordingly considered and representative 

titration curves are presented in Figure 2.6. The pHpzc value (7.6 - 7.7) was insensitive 

to activation temperature and Pd loading (Table 2.2) and fits within the range 

previously reported for -Al2O3 (6 - 9) [32,64].
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Figure 2.6: pH profiles associated with the pH of point of zero charge (pHpzc) determination for 
0.025 g (), 0.050 g () and 0.075 g () of Pd/Al2O3-A activated at 1273 K ( = 10 K min-1).

2.3.2 HDC of 2,4-DCP over Pd/Al2O3 and Pd: Influence of Metal Dispersion on 

Product Composition and HDC Rate 

          The catalytic response to variations in Pd particle size was initially tested by 

monitoring bulk solution composition and associated temporal pH changes for 2,4-DCP 

HDC, which proceeds according to the reaction network shown in Figure 2.7. The 

composition vs. time profiles for Pd/Al2O3-A activated at 573 K are given in Figure 

2.8(a) where 2-chlorophenol (2-CP) was the only partial 2,4-DCP HDC product. This 

can be explained on the basis of steric hindrance where the ortho- positioned Cl is less 

susceptible to attack [9]. Phenol (PhOH) was the predominant product of total 

dechlorination but further hydrogenation to cyclohexanone (C6ONE) was also detected 

with a selectivity ≤ 7 %, i.e. (k3 + k5 + k6 ) <<< (k1 + k2 + k4), a result that finds 

agreement in an earlier report [65].
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Figure 2.7: Simplified reaction network for 2,4-DCP HDC (stepwise mechanism is highlighted by bold arrows).
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Figure 2.8: Bulk liquid composition (% mol 2,4-DCP (), 2-CP (), PhOH (), C6ONE ()) as a 
function of time for reaction over Pd/Al2O3-A activated ( = 10 K min-1) at (a) 573 K, (b) 1123 K 
and (c) 1273 K with associated pH profiles where the lines represent measured and the symbols () 
estimated (from HCl molar balance) values: dashed line represents pHpzc; initial (Cl/Pd) = 1234 
molCl molPd
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           Although liquid phase chlorophenol HDC is strongly influenced by solution pH, 

which impacts on catalyst/reactant interactions [41,58,66-68], there are many instances 

in the literature where the operational pH and/or temporal variations have not been 

recorded/quoted [10,14,42,69-74]. The actual (experimentally determined) pH response 

is illustrated in Figure 2.8 by the solid lines (pHpzc is denoted by the dashed line) while 

the symbols show the predicted pH based on the HCl molar balance (see experimental 

section). The predicted values take into consideration the NaOH consumed to neutralise 

the HCl produced and the dissociation of the species present; pK values = 7.89 (2,4-

DCP), 8.56 (2-CP), 10.0 (PhOH) and 17.4 (C6ONE) [68]. The predicted and measured 

pH values shown in Figure 2.8(a) clearly deviate and, in order to account for this, the 

temporal response can be differentiated into three regions or zones. In zone I, where 

initial 2,4-DCP yields 2-CP as the predominant product, there is reasonable agreement 

between the measured and the predicted pH. In zone II there is an immediate mismatch 

where the actual pH is appreciably lower than the expected values. To explain this 

apparent anomaly, it is necessary to consider pHpzc (7.7, dashed line), which establishes 

the pH at which the accessible wetted catalyst surface is electrically neutral, i.e. when 

pH > pHpzc the catalyst surface bears a negative charge and presents an unfavourable 

surface for interaction with anions in solution [41]. At the beginning of zone II, where 

pH = 12, a repulsion can be expected as a result of electrostatic interactions between the 

dissociated 2-chlorophenolate species and the negatively charged Al2O3 surface and this 

should limit the production of PhOH from 2-CP. However, the composition profile 

(Figure 2.8(a)) shows the opposite effect, i.e. enrichment of the bulk liquid with PhOH 

(in moving from zone I to zone II). We must also take into account the HCl released 

during HDC, which can adsorb on the Al2O3 surface [5,26,34] to generate a liquid/solid 

interface with an associated pH (pHl/s) that can be quite different from that of the bulk 

liquid (pH) and the support surface (pHpzc). Where pHl/s < pHpzc < pH, the -Al2O3

surface develops a positive charge, favouring interaction with the 2-chlorophenolate 

species and, furthermore, the adsorption of OH- ions (from H2O dissociation) on the 

catalyst surface. The observed increase in the acidity of the bulk liquid can then arise as 

the result of two effects: (i) higher PhOH production leading to a high HCl content; (ii) 

greater concentration of H+ as a consequence of the removal of OH- from the reaction 

medium. This can account for the apparent disagreement between the measured and 

calculated pH. When the pH of the bulk solution reaches a value such that pH < pHpzc

(mid-point of zone II), the development of an increasingly positively charged surface 

will enhance OH- interactions leading to a further decrease in bulk solution pH. 
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          Zone III is essentially pH invariant where the only reaction is the secondary 

hydrogenation of PhOH to C6ONE. The measured and predicted bulk solution pH 

agree to a greater extent for reaction over Pd/Al2O3-A activated at 1123 K (Figure 

2.8(b)). This system is characterised by higher 2-CP contents at prolonged reaction 

times, where the rate of HCl production is appreciably lower than that associated with 

the better dispersed catalysts and, accordingly, pHl/s did not drop below pHpzc. Reaction 

over Pd/Al2O3-A activated at 1273 K (Figure 2.8(c)) resulted in a low conversion of 

2,4-DCP exclusively to 2-CP with a negligible temporal change to the bulk solution pH.  

In order to quantify HDC activity dependence on Pd particle size, the initial 2,4-DCP 

consumption rates ((-R2,4-DCP)0) were determined from a linear regression of the 

temporal 2,4-DCP concentration profiles (see Figure 2.9) where X2,4-DCP < 0.24, i.e.

NaOH in excess relative to the HCl produced (CNaOH/CHCl ≥ 4). 

Figure 2.9: Linear fitting of initial 2,4-DCP consumption rates for Pd/Al2O3-A activated ( = 10 K 
min-1) at 723 K (), 823 K (), 1023 K (), 1123 K () and 1273 K (): initial (Cl/Pd) = 1728 molCl

molPd
-1.
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          Under these conditions, Yuan and Keane have demonstrated [58] that any 

contribution due to catalyst deactivation is negligible and the initial rate represents a 

true measure of the intrinsic catalyst activity. Initial 2,4-DCP consumption and HDC 

((RHDC)0) rates can be compared in Table 2.3.  The tabulated rates fall within the range 

that has been established [68] for reaction operated under chemical control. An 

appreciable decrease in (-R2,4-DCP)0 over Pd/Al2O3-A is immediately apparent with a 

decrease in Pd dispersion from 67 to 25 % with only residual activity associated with 

the catalyst treated at the highest temperature (8 % dispersion). 

          The equivalency of the (-R2,4-DCP)0 and (RHDC)0 values suggest that chlorine 

removal occurs predominantly in a stepwise fashion, i.e. PhOH formation via

simultaneous removal of both Cl substituents is not significant [75]. The initial 2-CP 

yields (Y2-CP,0), calculated from [68]

2-CP 4 2-CP 2-CP
2-CP 2-CP,0 2-CP,0

2,4-DCP 1 2,4-DCP 2,4-DCP

(R ) k C C
Y = = Y - · = Y - K·

(-R ) k C C

    
    

     
             (2.4)

are close to unity (see Table 2.3), consistent with a stepwise Cl removal; where the 

value of K = k4/k1 = 1.30 - 1.36 suggests a faster 2-CP HDC (when compared to 2,4-

DCP, see Figure 2.7) that is in line with an increase in reactivity when decreasing the 

number of chlorines in the parent phenolic ring [68,76].  It should be noted that 

(-R2,4-DCP)0, Y2-CP,0 and K values delivered by Pd/Al2O3-B are close to those obtained 

from Pd/Al2O3-A at the same degree of dispersion (Table 2.3), while bulk Pd was 

inactive under the same reaction conditions. In order to explicitly compare the catalytic 

action of samples bearing different metal particle sizes, specific (per mPd
2) initial 2,4-

DCP consumption ((-R'2,4-DCP)0) and HDC ((R'HDC)0) rates were calculated based on 

specific Pd surface area values (SPd, see Table 2.2) and the results are presented in 

Figure 2.10.  There was a measurable decrease in the specific rates over the Pd particle 

size range 1.9 - 4.5 nm and a greater than 20-fold drop in specific activity for the 

catalyst activated at 1273 K (mean particle diameter = 13.1 nm). This response is 

indicative of structure sensitivity where smaller Pd particles (< 5 nm) are intrinsically 

more active.
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Table 2.3: Initial 2,4-DCP consumption (-R2,4-DCP)0 and HDC (RHDC)0 rates, initial 2-CP yield (Y2-CP,0, see eqn. (2.4)) and ratio of 2-CP consumption and 
formation constants (K, see eqn. (2.4)) over Pd/Al2O3 catalysts; initial (Cl/Pd) = 1728 molCl molPd

-1.

Activation Procedure

Catalyst Temperature 
(K)


(K min-1)

(-R2,4-DCP)0

(mmol2,4-DCP gPd
-1 min-1)

(RHDC)0

(mmolCl gPd
-1 min-1)

Y2-CP,0 K

423 10 150 171 1.07 1.36

1 204 205 1.02 1.34

10 192 204 1.04 1.35573

50 183 185 1.00 1.33

723 10 178 180 1.01 1.30

823 10 145 145 1.05 1.35

1023 10 110 110 1.06 1.36

1123 10 64 62 1.00 1.31

1 2 2 1.00 1.31

10 1 1 1.00 1.32

Pd/Al2O3-A

1273

50 <1 <1 1.00 1.31

Pd/Al2O3-B 573 10 146 148 1.01 1.33
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          In marked contrast, Gómez-Sainero et al. [33], studying CCl4 HDC over Pd/C, 

recorded an increase (by a factor of 25) in the initial CCl4 consumption rate when 

increasing the metal size from 5 to 14 nm (see Table 2.1). Aramendia et al. [4] (CB 

HDC over Pd/AlPO4-SiO2 (2 - 16 nm)) recorded a 36-fold increase in the reaction rate 

with increasing Pd particle diameter. In the mitohedrical region (1 - 5 nm), the activity 

of supported metals is governed by the size, shape and number of coordinatively 

unsaturated atoms comprising the metal particle and is sensitive to the number of 

face/edge sites [35]. The mitohedrical region applies to the catalyst activated at 573 K, 

which is characterized by a narrow particle size distribution (Figure 2.3(b)) with a mean 

particle size of 3 nm.  In this size range, electron transfer to the -Al2O3 support can 

result in strong metal-support interactions [31], leading to electron-deficient metal sites. 

Figure 2.10: Specific initial 2,4-DCP consumption (, (-R'2,4-DCP)0, units = mmol2,4-DCP mPd
-2 min-1) 

and HDC (, (R'HDC)0, units = mmolCl mPd
-2 min-1) rates as a function of metal particle size (dChem) 

for Pd/Al2O3-A.
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          Metal sintering at 1273 K shifted the particle size distribution outside the 

mitohedrical region (see Figure 2.3(b)) with a subsequent increase in the coordination 

number for the exposed Pd atoms and a lesser degree of support interaction [35].

Gómez-Sainero et al. [33] have proposed that a HDC-active Pd site bears both metallic 

(Pd0) and electron-deficient (Pd+n) atoms, where the ratio Pd+n/Pd0 decreases (from 2.5 

to 0) with decreasing dispersion (from 30 to 10 %) with an associated maximum in 

activity where Pd+n/Pd0   1. Moreover, they suggested that metal particles composed 

of only one of these species (metallic/cationic Pd) are inactive. However, a base was 

not used in that work to neutralize the HCl produced and the possibility of contributions 

due to catalyst deactivation can not be ruled out. Under conditions of strong inhibition 

by chloride ions, the reaction rate can become a strong function of conversion [4],

where larger metal particles have been reported to maintain higher reaction rates at 

extended reaction times [8]. Indeed, Aramendia et al. [4] have associated higher 

reaction rates over larger particles to a lesser degree of metal deactivation. The gas 

phase HDC work included in Table 2.1 also supports this tendency but differences in 

reaction temperature and contact time do not allow a direct comparison between gas and 

liquid phase operations. The results show a clear increase in specific HDC activity for 

smaller Pd particles (< 5 nm), demonstrating sensitivity to the electronic/geometric 

nature of supported Pd particles under conditions where inhibition by HCl can be 

discounted. 

2.3.3  HDC of 2,4-DCP over Pd/Al2O3 and Pd: Influence of Metal Dispersion on the 

HDC Pathway 

          Dependence of HDC pathway on Pd dispersion can be effectively proved from a 

consideration of 2-CP selectivity (S2-CP) as a function of 2,4-DCP conversion (X2,4-DCP); 

the corresponding data for different dispersions are presented in Figure 2.11. At a 

similar degree of dispersion (51 vs. 59 %), the activity/selectivity profiles for Pd/Al2O3-

A and Pd/Al2O3-B overlapped, which suggest that for the same metal particle size the 

reaction pathway is independent of Pd loading. However, the S2-CP vs. X2,4-DCP profiles 

for Pd/Al2O3-A activated at 573 and 1123 K do not coincide, indicating that Pd particle 

size can impact on the reaction network, i.e. concerted (k2) vs. consecutive (k1, k4) Cl 

removal (see Figure 2.7).
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Figure 2.11: 2-CP Selectivity (S2-CP) as a function of 2,4-DCP conversion (X2,4-DCP) for reaction over 
Pd/Al2O3-A activated ( = 10 K min-1) at 573 K () and 1123 K () and Pd/Al2O3-B activated at 
573 K ().

          The higher values of S2-CP at a given X2,4-DCP for the sintered Pd/Al2O3-A can be 

accounted for on the basis of the electrostatic repulsion between the 2-chlorophenolate 

species and the negatively charged -Al2O3 surface, i.e. pH > pHpzc. A higher 2-CP 

content, maintained over prolonged reaction time, in the bulk liquid under basic 

conditions (pH > 8.5) is evident in Figure 2.8(b). In contrast, for reaction over the 

smaller Pd particles, the pH in bulk solution (Figure 2.8(a)) evolves from initially basic 

(pH = 12.9) to ultimately acidic (pH = 4.7) with a consequent decrease in S2-CP. The 

S2-CP vs. X2,4-DCP profiles are then determined by the interaction between the -Al2O3

surface (negatively/positively charged) and the reacting species in solution 

(chlorophenolate/chlorophenolic). Solution pH is the reaction variable controlling the 

HDC pathway and this, in effect, masks the impact of Pd size variations.
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Figure 2.12. 2-CP Selectivity (S2-CP) as a function of 2,4-DCP conversion (X2,4-DCP) for reaction over Pd/Al2O3-A activated ( = 10 K min-1) at 573 K (,), 823 K (), 1023 
K () and 1123 K (,). Inset: S2-CP vs. X2,4-DCP profiles for bulk Pd activated at 573 K (,). Note: pH maintained at pHacid = 3 (solid symbols) and pHbasic = 13 (open 
symbols).
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          In order to decouple the possible metal particle size effects from pH 

contributions, experiments were carried out where the pH was maintained at a constant 

value. Reactions conducted at pHbasic = 13 (> pHpzc and reactant/product pK) show 

overlapping S2-CP vs. X2,4-DCP trends (Figure 2.12): the HDC pathway was unaffected by 

Pd particle size, i.e. similar kj. This does not apply under acidic conditions, i.e. pHacid = 

3 (< pHpzc and reactant/product pK), where the less dispersed catalysts delivered lower 

selectivities with respect to 2-CP at a given fractional conversion, i.e. k2 > k1. Under

such acidic conditions, all the species in the reaction medium are non-dissociated and 

the catalyst surface bears a positive charge, inhibiting the adsorption of chlorophenolic 

species. As pHpzc was insensitive to thermal treatment (see Table 2.2) differences in S2-

CP must be due to Pd particle size and, critically, to the electron-deficient nature of the 

smaller supported Pd particles. There is evidence in the literature [33] that the presence 

of electron-deficient Pd species can lead to the formation of a Pd–H+ adduct during 

HDC over Pd/C (≥ 4 nm). The higher values of S2-CP for the more dispersed catalysts 

can then be linked to a lower intrinsic efficiency of supported Pd–H+ to dechlorinate 

protonated 2-chlorophenolic species to PhOH, i.e. k4 < k1. Such particle size effects are 

not prevalent at pHbasic due to the dissociated nature of the species in solution 

(chlorophenolate) and the lower concentration of H+ to form the metal adduct. 

          Initial 2,4-DCP consumption rates under controlled pH are given in Table 2.4

where, again, the better dispersed catalysts consistently deliver higher specific activities; 

at a given dispersion, a higher rate is obtained at pHbasic. This observation is in 

agreement with the findings of Felis et al. [70], who claimed that chlorophenolate 

species are more reactive due to resonance effects, i.e. charge delocalisation within the 

aromatic ring, which results in stable resonant forms that undergo a more facile 

dechlorination. 

Table 2.4: Initial 2,4-DCP consumption rates (-R2,4-DCP)0 over activated Pd/Al2O3-
A and bulk Pd ( = 10 K min-1) where pH is controlled. Initial (Cl/Pd) = 1234 
(Pd/Al2O3) and 32 (Pd) molCl molPd

-1.

(-R2,4-DCP)0

(mmol2,4-DCP gPd
-1 min-1)Catalyst

Activation 
Temperature

(K) pHacid = 3 pHbasic = 13
573 80 143
823 76 120

1023 54 86
Pd/Al2O3-A

1123 30 58
Pd 573 19×10-2 5×10-2
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          The results demonstrate that the metal support plays a key role in determining 

2,4-DCP HDC through both metal/support interactions (critical for Pd particles < 5 nm) 

and reactant/support interactions that are dependent on pH variations. Consequently, 

the reaction over bulk Pd was also carried out. To the best of the author’s knowledge, 

this is the first reported instance of liquid phase HDC promoted by an unsupported 

metal. The selectivity/activity response for bulk Pd under controlled pH is shown as an 

inset to Figure 2.12. The S2-CP values at each X2,4-DCP were markedly lower than those 

obtained for the supported systems and the activity/selectivity profiles coincided for 

reaction under acidic and basic conditions.  In the absence of support, any 

catalyst/reactant interactions by electrostatic forces can be discounted and reactant 

adsorption on bulk Pd must occur via the delocalized -system. The lower 2-CP 

selectivities suggest a predominant concerted removal of both Cl substituents. In 

contrast, Rioux et al. [77], studying the HDC of CFCs over Pd/C and Pd black, recorded 

lower selectivities towards dechlorinated products over the non-supported system and 

attributed this to the presence of impurities (traces of other metals) on the bulk catalyst 

surface. van de Sandt et al. [78], in the HDC of CFC-12 over the same catalysts, 

observed a similar trend and linked this to a carbiding of the Pd phase.

          In terms of initial 2,4-DCP consumption rates, bulk Pd delivered smaller (by two 

orders of magnitude) values than those obtained with Pd/Al2O3-A (Table 2.4). It has 

been reported [77,78] that bulk metals can achieve the same degree of HDC (in gas 

phase applications) compared with corresponding supported systems. In contrast to 

Pd/Al2O3, HDC rate over bulk Pd in basic media was lower than that recorded under 

acidic conditions.  This response can be tentatively attributed to a more effective 

interaction of chlorophenolic species with the metal surface via the -delocalized ring 

relative to the adsorption of chlorophenolate species (present at pHbasic).

2.3.4  HDC of 2,4-DCP over Pd/Al2O3: Correlation of HDC with Ecotoxicity

          From the results presented it can be concluded that higher Pd dispersions deliver 

more efficient Cl removal, a critical finding in the treatment of organochlorinated waste 

via “green catalysis” [66]. Despite the growing corpus of literature dealing with 

catalytic HDC, there is still a dearth of work that provides a quantification of such 

“green efficiency”. 
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          In this respect ecotoxicity, i.e. the relationship between the exposure/effects of a 

chemical or effluent under controlled laboratory conditions [79], can be used as a 

benchmark to determine impact on the aquatic environment.

          Here, for the first time, the efficiency of a catalytic HDC process is quantified on 

the basis of a reduction in toxicity. The ecotoxicity of the reaction medium was 

evaluated in terms of toxicity units, applying the approach of Chen and Lu [80] for a 

concentration addition effect where all the compounds impact independently on a model 

biological system with no synergistic/antagonistic effects:

( )
. . ( )

,

 
   

 
 C tiT U tMixture i EC50 i

                                        (2.5)

          The parameter T.U.Mixture(t) represents the toxicity units of the mixture at time t, 

Ci(t) is the concentration of compound i at time t and EC50,i is the median effective 

concentration of compound i, i.e. the concentration necessary to kill 50 % of the 

population of a particular microorganism. The EC50,i values (for Daphnia Magna after 

24 h contact) were taken from reference sources [81]: EC50,i =  3 (2,4-DCP), 6 (4-CP), 

12 (2-CP and PhOH) and 820 (C6ONE) mg dm-3.

          The temporal decrease in the ecotoxicity of the bulk reaction liquid for the most 

and least dispersed Pd/Al2O3-A under controlled pH (pHbasic and pHacid) are shown in 

Figure 2.13.  For a given dispersion, reaction under basic conditions generated a less 

toxic reaction medium and, regardless of the operational pH, the final toxicity generated 

by smaller Pd particles was significantly lower than that obtained with the sintered 

catalyst.  HDC using the highest Pd dispersion under basic conditions resulted in an 81 

% reduction in liquid toxicity, a result that can serve as the basis for the development of 

an effective detoxification unit operation.
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Figure 2.13. Temporal variation of the ecotoxicity of the reaction medium (see eqn (1.5)) for 2,4-
DCP HDC over Pd/Al2O3-A activated to 573 K (,) and 1123 K (,) ( = 10 K min-1) under 
pHacid = 3 (solid symbols) and pHbasic = 13 (open symbols). 

2.4 Conclusions

          The data presented in this Chapter support the following conclusions:

(i) Thermal treatment of Pd/Al2O3 over the temperature range 573 - 1273 K results in a 

decrease in metal dispersion from 59 to 8 %; metal sintering has been confirmed by 

TEM, H2 chemisorption and XRD measurements. The Pd particles at the higher 

dispersion fall within the mitohedrical region (1 - 5 nm) and exhibit a faceted 

morphology while the sintered particles are characterised by a pseudo-spherical 

shape. Metal sintering resulted in a slight decrease in BET area and pore volume 

but the pHpzc remained unchanged.
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(ii) Liquid phase HDC of 2,4-DCP under kinetic control yielded 2-CP and PhOH via a  

predominantly stepwise reaction pathway. Structure sensitivity has been 

established where smaller Pd particles (≤ 5 nm) delivered a higher specific (per 

mPd
2) HDC rate. 

(iii) Solution pH values (relative to pK and pHpzc) determine reactant/catalyst 

interactions, ultimately impacting on HDC pathway. At a controlled pH (pHacid < 7 

< pK, pHpzc), reaction selectivity is dependent on Pd particle size whereas HDC 

selectivity at pHbasic is insensitive to Pd dispersion.

(iv) Bulk Pd was inactive under the same reaction conditions and lower Cl/Pd molar 

ratios were necessary to deliver measurable conversions, where the removal of both 

chlorines was favoured relative to the supported system.

(v) Pd/Al2O3 promoted aqueous phase HDC (under basic conditions and at high Pd 

dispersions) resulted in a decrease in solution ecotoxicity by up to 81%. 
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Chapter 3

Solvent Effects in the Hydrodechlorination of                                      

2,4-Dichlorophenol over Pd/Al2O3

          In this Chapter, the role of the solvent in determining hydrodechlorination 

performance is examined.  Single component water and organic solvents and solvent 

mixtures have been considered and the catalytic response determined under reaction 

conditions where hydrodechlorination operates under kinetic control.  While selectivity 

is found to be insensitive to the solvent, catalytic activity is governed by the solvent 

dielectric constant (with ca. 80 % contribution to the overall rate); the molar volume 

provides a secondary contribution.

3.1 Introduction

          Catalytic hydrodechlorination (HDC), the controlled removal of organic chlorine

with H2, is finding increasing acceptance as a low energy, alternative chlorinated waste 

abatement methodology [1]. Supported palladium is now established as the most 

effective HDC catalyst due to its inherent capacity to promote C–Cl bond 

hydrogenolytic scission and resistance to deactivation by HCl [2].  Among the factors 

that can influence HDC performance, which include metal dispersion [3,4], nature of 

the support [5] and use of additives [6,7], solvent usage is a critical variable [8,9] that 

has yet to be examined in any appreciable detail.  In liquid phase operations, water [10-

15], methanol [15-19] and ethanol [19-22] have been the most commonly used solvents 

due to environmental applicability and/or reactant solubility considerations. The ideal 

role of the solvent should be to facilitate heat transfer and/or serve as an inert reaction 

medium to bring the reactants in close contact [23]. Nevertheless, there is evidence in 

the literature demonstrating that HDC rate [10-22,24] and product distribution [15,21]

can be affected by the nature of the solvent. The reason for this response is still a matter 

of some debate as the HDC studies that have considered the role of solvent have also 

exhibited (i) secondary reactions, (ii) catalyst deactivation and (iii) mass-transfer 

limitations.
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          Indeed, there are many instances where the solvent has participated in the HDC 

process by (a) serving as a second reactant (via H2 donation, particularly when using 

iso-propanol) [25-28] or (b) reacting with the chloroaromatic leading to by-product 

formation [29]. In the absence of such effects, variations in HDC rate/mechanism have 

been linked to a solvent-dependent catalyst deactivation by the HCl by-product [16,17]

where differences in solubility [30] impact on HCl removal from the catalyst surface to 

varying degrees [9,21]. Water/alcohol [12,13] and binary alcohol [6,18] mixtures have 

been employed to circumvent deleterious HCl/catalyst interactions but these studies did 

not attempt to provide a quantitative relationship between the catalytic response and 

solvent physical/chemical properties.  It should be flagged the work of Xia et al. [31]

who, studying the HDC of 2,4,4’-trichloro-2’-hydroxyphenylether over Pd/C using a 

range of organic solvents, linked variations in turnover frequency to solvent-reactant 

steric and -resonance interactions that influenced reactant adsorption on the catalyst.  

The addition of a base (typically NaOH) [14,20,22] has been employed to neutralize the 

HCl generated but lower HDC rates have also been attained and associated with active 

site occlusion by the precipitated chlorinated salt [12,18]. Few HDC studies have taken 

into consideration possible contributions due to mass-transfer limitations [19,31] with 

the result that the available kinetic data may be masked by H2 and chloroaromatic 

transport [12,32] and/or solubility [10,15] constraints.

          In this work, the effect of the solvent is addressed in the absence of secondary 

reactions and under negligible catalyst deactivation or transport limitations. In order to 

achieve this goal, a range of solvents (water, methanol, ethanol, n-propanol, THF, 

benzene, cyclohexane and n-hexane) have been considered and solvent combinations 

with varying properties in terms of solvation power and solvent-solvent interactions, i.e.

dielectric constant, molar volume, viscosity and enthalpy of vaporization [23]. The 

HDC of 2,4-dichlorophenol (2,4-DCP) over Pd/Al2O3 has been chosen as a suitable 

model catalytic reaction [33] and provide the first comprehensive quantitative treatment 

of HDC performance that is correlated to solvent physical/chemical characteristics.
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3.2  Experimental

3.2.1 Materials

          The 2,4-DCP reactant (Aldrich, 98.0 %) and organic solvents (methanol: Riedel-

de Haën, 99.9 %; ethanol: Aldrich, 99.9 %; n-propanol: Aldrich, 99.7 %; THF: Aldrich, 

99.9 %; benzene: Aldrich, 99.9 %; cyclohexane: Fluka, 99.8 %; n-hexane: Aldrich, 99.9 

%) were used as received without further purification. Stock solutions with an initial 

2,4-DCP concentration (C2,4-DCP,0) = 0.025 mol2,4-DCP dm-3 were employed. The 

catalyst, 1.2 % w/w Pd/Al2O3, was purchased from Sigma-Aldrich and sieved (ATM 

fine test sieves) into batches of 38 m average particle diameter. A constant starting 

Cl/Pd molar ratio (= 900 molCl molPd
-1) was employed throughout this study.

3.2.2 Catalyst Characterization

          BET surface area and pore size distribution analyses were performed using a 

commercial Micromeritics Flowsorb II 2300 unit. Prior to analysis, the samples were 

outgassed at 423 K for 1 h in 20 cm3 min-1 dry N2. BET area was obtained in 30 % v/v 

N2/He (20 cm3 min-1) with at least three cycles of N2 adsorption/desorption using the 

standard single-point BET method. N2 adsorption/desorption isotherms were performed 

over the relative pressure range 0.05 ≤ P/P0 ≤ 0.98, where the total pore volume and 

size distribution were obtained according to the method of Dollimore and Heal [34].

The BET areas and N2 uptake/release values were reproducible to within ± 4 % and the 

values quoted in this paper are the mean. Pd particle size and morphology were 

determined by transmission electron microscopy (TEM): JEOL JEM 2011 TEM unit 

with a UTW energy-dispersive X-ray detector (Oxford Instruments) operated at an 

accelerating voltage of 200 kV and using Gatan DigitalMicrograph 3.4 for data 

acquisition/manipulation. The samples were dispersed in acetone and deposited on a 

holey-carbon/Cu grid (300 Mesh). At least 650 individual Pd particles were counted 

and the Pd particle size quoted in this paper represents the surface area-weighted mean 

value as explained in detail elsewhere [35].
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3.2.3 Catalytic Procedure

          The liquid phase HDC reactions were carried out in a modified, commercial glass 

reactor (Ken Kimble Reactors Ltd.), equipped with a H2 supply at a constant volumetric 

flow rate (Brooks mass flow-controlled at 150 cm3 min-1) and a glass impeller providing 

effective agitation at 1100 rpm.  It has been demonstrated elsewhere [36,37] that this 

choice of H2 flow and stirring speed served to minimize external H2 transport 

limitations. A water-recirculating bath (Julabo HD-4) was used to stabilize the reaction 

temperature at T = 303 ± 1 K, where loss of the reactor liquid contents in the H2 flow 

was negligible (< 0.5 % v/v) using water as coolant (ca. 293 K). At the beginning of 

each experiment, the catalyst and 100 cm3 of the stock solution were charged and 

agitated in a He flow (50 cm3 min-1) while the temperature was allowed to stabilize (15 

min) and hydrogen was then introduced (time t = 0 for reaction). As a blank test, 

experiments carried out under He, i.e. in the absence of H2, did not result in any 

detectable conversion. A non-invasive liquid sampling via a syringe with in-line filters 

allowed a controlled removal of aliquots (< 0.5 cm3) from the reactor. The composition 

of these samples was determined by gas chromatography using a Perkin-Elmer Auto 

System XL GC, equipped with an FID and a DB-1 capillary column (J&W Scientific: 

i.d. = 0.2 mm, length = 50 m, film thickness = 0.33 m). The concentration of organic 

(2,4-DCP, 2-chlorophenol (2-CP), phenol (PhOH)) and inorganic (HCl) species in the 

bulk liquid phase were obtained from the total molar balance in the reaction mixture, 

where the effect of uptake on the support was negligible [36,38]. The fractional 

conversion of 2,4-DCP (X2,4-DCP) is defined as

2,4-DCP,0 2,4-DCP
2,4-DCP

2,4-DCP,0

C C
X

C


                                        (3.1)

where C2,4-DCP represents the concentration of 2,4-DCP. The selectivity with respect to 

2-CP (S2-CP) is given in terms of the total moles of product formed

2-CP
2-CP

2,4-DCP,0 2,4-DCP

C
S

C C



                                         (3.2)

where C2-CP is the concentration of 2-CP. 
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          HDC activity is expressed in terms of initial rate of 2,4-DCP consumption ((-R2,4-

DCP)0, units: mmol2,4-DCP gPd
-1 min-1), as calculated from the temporal profiles for C2,4-

DCP and X2,4-DCP ≤ 0.25 [37]. Repeated reactions with different samples of 

catalyst/reactant stock solution delivered raw data reproducibility that was better than ± 

7 %.

3.3 Results and Discussion

3.3.1 Catalyst Characterization

          The N2 adsorption/desorption isotherms presented in Figure 3.1a present an 

hystersis loop at high relative pressures (P/P0 > 0.8), consistent with a type IV 

adsorption according to the IUPAC classification, which is typical for -Al2O3 [39,40]. 

The associated pore size distribution (see inset to Figure 3.1a), shows significant 

microporous structure (pore size < 20 Å) with an appreciable contribution (35 % of total 

volume) due to the presence of mesopores. The BET surface area (160 m2 g-1) and total 

pore volume (0.56 cm3 g-1) values are within the range reported [41] for -Al2O3-

supported catalysts, i.e. 150 - 250 m2 g-1 and 0.45 - 0.75 cm3 g-1, respectively. Catalyst 

porosity (catalyst) and tortuosity () were determined according to

( )catalyst Pore Volume                                             (3.3)

1

catalyst




                                                       (3.4)

where  is the bulk density (1154 kg m-3). The resultant values for catalyst (0.65) and   

(1.54) are indicative of low impedance with respect to reactant/product diffusion where 

at  values approaching unity, the actual (average) path traversed by the species in the 

interstitial fluid within the pores is similar to that for free diffusion in the bulk fluid 

[42]. Representative low (I) and high (II) magnification TEM images are given in 

Figure 3.1b. The Pd phase is present as well dispersed particles with a surface area-

weighted mean particle size of 2.4 nm, corresponding to a specific metal surface area of 

208 mPd
2 gPd

-1.
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Figure 3.1: a) N2 adsorption () and desorption () isotherms with associated pore volume 
distribution (inset) and b) representative (I) low and (II) high magnification TEM images of the 
Pd/Al2O3 catalyst.
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3.3.2 Estimation of Transport Limitations

          The catalytic HDC reaction requires the diffusion of both reactants to the catalyst 

surface and, if the rate of mass transfer is lower than that of the chemical step, a 

measurement of true kinetics is compromised.  In this three phase system, the critical 

mass transport steps that must be considered occur in the bulk solvent, the liquid film at 

the external catalyst surface and within the pores. These three contributions will be 

denoted as zones I, II and III, respectively, and the crucial quantitative parameters that 

must be considered for each zone are compiled in Table 3.1 [43,44], identifying the 

critical limiting values and our actual experimental results.  In zone I, transport 

constrains are conditioned by the solubility of both reactants in each solvent. There are 

no associated transport constraints for 2,4-DCP as it is soluble in each solvent (water, 

methanol, ethanol, n-propanol, THF, benzene, cyclohexane and n-hexane) at the 

concentration (0.025 mol2,4-DCP dm-3) used in this study but H2 transport must be 

addressed.  It has been demonstrated elsewhere [36] that, at the rate of gas supply 

employed, reaction in water is not hindered by H2 solubility. Therefore, reaction in 

organic solvents will not be limited provided H2 availability is at least equivalent to that 

in water. The molar fraction of H2 (
2Hx ) in each solvent was estimated according to the 

method of Prausnitz-Shair [45], using a solubility parameter for the particular solvent 

( ) that was calculated applying Lemcoff’s relationship [46]

H RT

v

 
                                                    (3.8)

 where H  is the enthalpy of vaporization (estimated by the method of Watson) [47]

and v  is the molar volume (based on the Redlich-Kwong equation of state). It should 

be noted that the concentration of 2,4-DCP is low enough to discount any interference 

in the H2 solubility calculations. The results demonstrate a wide range of H2 molar 

fractions in the bulk solvent with the highest value for cyclohexane (44 × 10-5) and 

lowest (8 × 10-5) for methanol. As the range of molar fractions are well above the 

limiting value in water (1 × 10-5), the available H2 is sufficiently high that any 

restrictions to transport through the bulk solution are not significant.
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Table 3.1: Summary of the estimation of mass transport resistances in the HDC of 2,4-DCP over Pd/Al2O3 in different solvents.

Zone
I 

(Bulk liquid)
II 

(Liquid film at the catalyst surface)
III

(Liquid in the catalyst pores)
Parameter H2 solubility Carberry number Effectivenes factor

Expression
 

2 22

2

2

22

0
ln ln

L
H HH

H
H

g vf
x

RTf

 
    

 

 
(3.5)

12

2
Pd

i 0
i i

m d
Ca ( R )

C D
  


(3.6)
 

1 1 1

tanh 3 3

 
    

 


  
(3.7)

Variables

2

L
Hf : fugacity of H2 (57 MPa).a,b

2

0
Hf : fugacity of H2 (0.1 MPa).

g : volume fraction of the solvent (≈ 1).

2Hv : molar volume of H2 (37 cm3 mol-1).a,c

2H : solubility parameter of H2 (248 kJ1/2 m-3/2).a,c

 : solubility parameter of the solvent (kJ1/2 m-3/2).

R : universal gas constant (8.314 J mol-1  K-1).

T : temperature (303 K).

: bulk catalyst density (1154 kg m-3).

d : catalyst particle diameter (38 m).

mPd : catalyst Pd loading (0.012 gPd g-1).

Ci : bulk liquid concentration (mol dm-3).

Di : diffusivity (m2 s-1).

(-Ri)0 : initial consumption rate (mol g-1 s-1).

 : Thiele modulus.

Limiting 
values 2Hx  < 1 × 10-5

Ca > 0.1  < 0.9

Results 2Hx  = 8 × 10-5 - 44 × 10-5
Ca = 9 × 10-2 - 5 × 10-7  = 0.96 - 1

avalue at T = 303 K.
bas estimated from Jáuregui-Haza et al.[43].
cfrom Yen and McKetta [44].
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          The possibility of mass transfer limitations in zone II was evaluated for both H2

and 2,4-DCP by applying the Carberry number (Ca) approach which, assuming (i) 

isothermal conditions, (ii) spherical catalyst particle morphology and (iii) the absence of 

concentration gradients, takes the form of the expression given in Table 3.1. The 

diffusivity of H2 was calculated using the Wilke-Chang method [48] while 2,4-DCP 

diffusivity calculations were dependent on the nature of the solvent and drew on the 

Hayduk and Laudie equation in the case of water [49], whereas the method of King et 

al. [50] was employed for the organic solvents. The Ca numbers, ranging from 9 × 10-2

(2,4-DCP in water) to 5 × 10-7 (2,4-DCP in benzene), are consistent with operation 

under conditions of negligible reactant transport constraints. Finally, the possibility of 

transfer limitations in zone III was evaluated using the effectiveness factor ( see 

Table 3.1), where the Thiele modulus () was calculated from

 2

i 0 Pd

i Eff,i

(-R ) m d /6

C D



                                            (3.9)

where and DEff,i (m
2 s-1) is the effective diffusivity ( 2( )Eff,i i catalystD D   [51]). For each 

reactant/solvent system, the value of  is close to unity, indicating that the rate of 

transport in the catalyst pores is such that the HDC step is rate-determining. The results 

presented in this section confirm that the HDC of 2,4-DCP over Pd/Al2O3, in each of the 

solvents used, is free from mass transport constraints and our catalytic data were 

obtained under conditions of kinetic control.

3.3.3 2,4-DCP HDC in Single Component (Water or Organic) Solvents

          The HDC of 2,4-DCP in all the solvents under consideration generated 2-CP and 

PhOH as the only products, resulting from partial and complete HDC, respectively. 

There was no evidence of 4-chlorophenol formation, hydrodeoxygenation or ring 

reduction. The formation of 2-CP and PhOH is possible either via a consecutive or 

parallel mechanism, as shown in Figure 3.2a.
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          In order to establish the preferred HDC pathway, a mass balance (in batch 

operation) was applied assuming pseudo-first order kinetics for each individual step,

 1 3

1 2,4-DCP
2,4-DCP

dx
k k x

W dt
                                         (3.10)

1 2

1 2-CP
2,4-DCP 2-CP

dx
k x k x

W dt
                                         (3.11)

2 3

1 PhOH
2-CP 2,4-DCP

dx
k x k x

W dt
                                       (3.12)

where xi represents the molar fraction of compound i, W is the catalyst mass and kj is the 

rate constant of step j. Taking water as a representative solvent, the applicability of this 

model is demonstrated in Figure 3.2b where the experimentally determined and 

predicted product compositions converge. The resultant rate constants values (in 

mmolReactant gPd
-1 min-1) are k1 = 385, k2 = 513 and k3 = 213. The k2/k1 ratio (1.3) is 

consistent with an electrophilic aromatic substitution mechanism where the 

dechlorination rate of 2,4-DCP is lower than that of 2-CP as a result of the deactivating 

electron withdrawing effect of the second Cl substituent. The k1/k3 ratio (1.8) is

indicative of a preferentially stepwise (as opposed to concerted) HDC route. 

          The selectivity response was largely insensitive to the nature of the solvent as 

shown in Figure 3.3a where, for a given fractional 2,4-DCP conversion (X2,4-DCP = 0.1), 

2-CP selectivity was essentially invariant (S2-CP = 0.77 ± 0.04). HDC selectivity has 

been reported to be both, dependent [15,21] and independent [18,20] on the sovent 

usage, but this response has not been discussed to any significant extent beyond 

reporting solvent choice to establish conditions for optimal chlorine removal. In the 

HDC of 4-chloroanisole over Pd/C, Ukisu and Miyadera [18] reported similar anisole 

selectivities, i.e. 99 % and 97 %, when using i-propanol and methanol, respectively, 

while Cellier et al. [20] recorded selectivities of 99 % and 96 % in THF and ethanol.  In 

contrast, Concibido et al. [15], studying the HDC of tetrachloroethylene over Pd/C, 

suggested a distinct reaction pathway when using methanol or water as solvent due to 

the appearance of trichloroethane (as intermediate) in the former case. 
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Figure 3.2: a) Simplified 2,4-DCP HDC reaction scheme (stepwise pathway is highlighted in bold) 
and b) bulk liquid composition as a function of reaction time, in terms of % mol 2,4-DCP (), 2-CP 
() and PhOH () for reaction in water as solvent; lines represent fit to eqns. (3.10 - 3.12). 
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Figure 3.3: 2,4-DCP HDC in different solvents: a) selectivity with respect to 2-CP (S2-CP) at X2,4-DCP

= 0.1; b) initial 2,4-DCP consumption rates ((-R2,4-DCP)0).
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          It is worth flagging the work of Bae et al. [21] who, studying the HDC of CCl4

over Pd/C, recorded a selectivity to CHCl3 of 97 % in ethanol that was significantly 

higher than that (74 %) obtained in acetonitrile and attributed this response to a proton-

donation effect in the case of ethanol.  The initial 2,4-DCP consumption rate ((-R2,4-

DCP)0) exhibited a strong dependence on the solvent with the following sequence of 

decreasing activity: water > methanol > ethanol  cyclohexane  n-hexane  n-propanol 

> THF > benzene (see Figure 3.3b).  The coupled catalytic response, i.e. selectivity 

invariance and significant activity dependence, suggests that each HDC step (partial vs.

complete HDC) is affected to the same extent in each of the solvents.  Having 

established a kinetic regime, the relationship between catalytic activity and solvent 

properties was examined in some detail where we considered dielectric constant (), 

molar volume ( v ), dynamic viscosity ( S ) and the boiling point enthalpy of 

vaporization (
bTH ) as critical solvent properties (see Figure 3.4).  The relevance of 

these properties is as follows:  provides a measure of the capacity of the solvent to 

stabilize ions in solution and is linked to polarity; v  represents the volume of one mole 

of solvent and its ability to form organized structures; S  and 
bTH  are the macroscopic 

expressions of the strength of solvent-solvent physical and chemical interactions, 

respectively.  Our results demonstrate a dependence of (-R2,4-DCP)0 on solvent polarity 

and structure (see Figure 3.4a and 3.4b, respectively) but no clear relationship with 

respect to differences in the degree of the solvent-solvent interactions (Figure 3.4c and 

3.4d) is apparent.  HDC of 2,4-DCP proceeds via an electrophilic mechanism with the 

formation of a cationic reactive intermediate that is stabilized when the positive charge 

is delocalized due to resonance effects [52,53].  A dependence of HDC rate on the 

nature of the solvent can then result from differences in the stabilization of the 

electropositive intermediate due to solute-solvent interactions.  The increase in (-R2,4-

DCP)0 with  can be linked to the increased strength in the ionic (coulomb) forces due to 

solvation.  Moreover, the increase in (-R2,4-DCP)0 with decreasing v  can be associated 

with the greater number of solvent molecules (per unit volume) available to interact 

with the charged reaction intermediate.  The highest (-R2,4-DCP)0 was observed for 

reaction in water, which is known to dissolve ions in solution and form well organized 

structures via H-bonding, i.e. highest/lowest values of  and v  in Figure 3.4.  Lower (-

R2,4-DCP)0 were recorded in those solvents (n-hexane, cyclohexane, benzene and THF) 

with a lesser ion solvation capability and H-bonding (if any) [23].
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Figure 3.4: Initial 2,4-DCP consumption rates ((-R2,4-DCP)0) as a function of a) solvent dielectric 
constant (), b) molar volume ( v ), c) dymanic viscosity ( S ) and d) molar enthalpy of vaporization 

at normal boiling point (Δ
bTH ) for reaction in water (), methanol (), ethanol (), n-propanol 

(), THF (), benzene (), cyclohexane () and n-hexane (). Note: lines represent fit to eqns. 
(3.13) (for a)) and (3.14) (for b)).

          Although there are instances in the literature where HDC rate has been linked to 

variations in [8,17,21], this response has not been quantified. Furthermore, this is the 

first reported study where HDC has also been shown to vary with v . As a general rule, 

a solvent with high  presents a low v  with the result that a decoupling of the 

contribution of each parameter to the observed variation in rate is not straightforward 

and the author could not identify any practical solvent(s) that exhibit similar  values 

but differing v  (or vice versa). 
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          As an alternative approach, a mathematical solution has been adopted here where 

(-R2,4-DCP)0 has been adjusted to the empirical relationships

   b

2,4-DCP 0
-R a 

                                            (3.13)

   b

2,4-DCP 0
-R a 

                                            (3.14)

where a and b are fitting parameters. Given the direct and inverse dependence of (-R2,4-

DCP)0 on  and v , respectively, it follows that

    Tb

2,4-DCP T0
-R a                                        (3.15)

and the relationship between the  and v  factors (bT) can be presented as 

 1Tb = b +b                                          (3.16)

where  serves to quantify the fractional contribution due to . The applicability of this 

approach is demonstrated in Figures 3.4a, 3.4b and Figure 3.5, while the relevant 

parameters are given in Table 3.2. The high R2 (0.998) illustrates the goodness of fit 

and the value of  (ca. 0.8) establishes that the major source of the rate variation is . 

This result suggests that the strength of the solute-solvent interactions is more important 

than the actual (average) number of solvent molecules participating in the solvation 

process.  In terms of practical application, in order to achieve elevated HDC rates, the 

choice of solvent must be prioritized, in the first instance, in terms of higher  values 

where a lower v  represents a secondary consideration.  These findings are significant 

not only in terms of establishing the important solvent characteristics in catalytic HDC 

but also as an effective quantitative approach to tackling solvent effects in catalytic 

systems.
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Figure 3.5: Initial 2,4-DCP consumption rate ((-R2,4-DCP)0) as a function of the ratio between the 
solvent dielectric constant () and associated molar volume ( v ) for reaction in water (), methanol 
(), ethanol (), n-propanol (), THF (), benzene (), cyclohexane () and n-hexane (). Note: 
line represents fit to eqn. (3.15).

Table 3.2: Fitting results for the relationship between initial 2,4-DCP consumption rate (-R2,4-

DCP)0 and dielectric constant (b), molar volume ( vb ) and the ratio of both parameters (bT) with 

relative uncertainties (R2) and the fractional dependence on the dielectric constant (Ψ ) for 
reaction over Pd/Al2O3 in different solvents.

Reaction media b R2
vb R2 bT R2 Ψ 

Single component solvent 2.631 0.998 -3.006 0.998 1.388 0.998 0.779

Water+organica 2.555 0.933 -3.365 0.906 1.443 0.926 0.812

Water+organicb 2.350 0.942 -2.908 0.956 1.298 0.951 0.800
aincluding water+THF
bexcluding water+THF
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3.3.4 2,4-DCP HDC in Water+Alcohol and Water+THF Mixtures

          The results have established that water is the most effective HDC solvent due to 

its high and low associated  and v  values, respectively. However, its applicability in a 

wide range of HDC reactions is limited by the low solubility of non-polar 

chloroaromatics. The use of water+organic mixtures represents a compromise solution 

to extend the range of chloroarene concentrations that can be considered and ensure 

higher dechlorination rates. Such is the premise on which this study of binary solvent 

mixtures in 2,4-DCP HDC is based. The variation of (-R2,4-DCP)0 in water+methanol (I), 

water+ethanol (II), water+n-propanol (III) and water+THF (IV) systems in terms of the 

dielectric constant of the solvent combinations (m) is shown in Figure 3.6a. The 

corresponding data for single component solvents (connected by dotted lines) are 

identified in the figure. The impact of switching to solvent mixtures on reaction 

selectivity is illustrated in Figure 3.6b. The values of m have been estimated according 

to:

    1m water water organic waterx x                                (3.17)

where xwater is the molar fraction of water in the mixture. Regardless of the organic 

solvent or water content, the use of aqueous+organic mixtures delivered lower (-R2,4-

DCP)0 than that predicted ((-R2,4-DCP)0
Predicted) on the basis of a linear correlation of the 

single constituents (moving along the dotted line), while all the selectivity/activity 

profiles were superimposable. The latter response supports our prior contention that the 

solvent does not influence the HDC pathway as it impacts on each individual 

dechlorination step to the same extent. Following our discussion in section 3.3.3, the 

decrease in (-R2,4-DCP)0 with dielectric constant can be linked to a lesser stabilization of 

the reaction intermediate. The deviation in the (-R2,4-DCP)0 vs. m profiles from the (-R2,4-

DCP)0
Predicted response is significant.
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Figure 3.6: Initial 2,4-DCP consumption rate ((-R2,4-DCP)0) as a function of dielectric constant (m) 
and b) selectivity with respect to 2-CP (S2-CP) as a function of 2,4-DCP conversion (X2,4-DCP) for
reaction in water+methanol (I,), water+ethanol (II,), water+n-propanol (III,) and water+THF 
(IV,). Note: dotted line connects the data for reaction in a single component solvent: water (); 
methanol (); ethanol (); n-propanol (); THF ().
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Figure 3.7: a) Variation of the excess dielectric constant (E,I) and excess molar volume ( Ev ,II) of the reaction media with water content (% mol H2O) for 
water+methanol (), water+ethanol (), water+n-propanol () and water+THF () mixtures. b) Relationship of the excess initial 2,4-DCP consumption rate ((-R2,4-

DCP)0
E, see eqn. (3.18)) with E (I) and Ev  (II) for the same solvent mixtures.
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          Indeed, there is evidence in the literature demonstrating that, when mixing water 

with alcohols [54-56] or THF [57], a reorganization of the overall solution structure 

occurs forming cooperative domains or clusters, where water accommodates the 

hydrophilic/hydrophobic organic components via H-bonding/physical interactions

[54,58]. The continuous formation/destruction of these domains (known as relaxation) 

ultimately results in an excess of the thermodynamic properties (including  and v ) in 

the mixture, i.e. the actual values of these properties differ from those predicted on the 

basis of an ideal mixing rule (as assumed when using eqn (3.17)) [59]. To assess the 

possible contribution of such an effect in our measurements, the excess dielectric 

constants (E) and molar volumes ( Ev ) were estimated by drawing on reference data

[60-63].  These values were then correlated to the (negative) excess in initial 2,4-DCP 

consumption rate ((-R2,4-DCP)0
E, see Figure 3.6aII), as defined by

     E Predicted

2,4-DCP 2,4-DCP 2,4-DCP0 0 0
-R -R -R                             (3.18)

The variation in E and Ev  with water content in the mixture is presented in Figure 

3.7aI and 3.7aII, while the impact on (-R2,4-DCP)0
E is shown in Figure 3.7bI and 3.7bII, 

respectively. The occurrence of a minimum for both E and Ev  is well documented in 

the literature [58,59,64,65] for water+organic mixtures that facilitate H-bonding and is 

related to the formation of cooperative domains. In aqueous solutions, water molecules 

are arranged in tetrahedral clusters maintaining high void volumes [59,64].  If an even 

number of organic molecules is introduced, water forms semiclathrate-like structures 

within which the organic rotates freely [58,65].  As a direct consequence, part of the 

void volume is lost (due to a contraction in the overall water network/structure) leading 

to negative values of Ev  and, at the same time, the number of effective dipoles 

decreases resulting in a negative E [64,66].  It follows that the position and extent of 

the minima (in terms of % mol water) are dependent on the nature of the organic 

component, where the lowest Ev  (Figure 3.7aII) occurs at higher water contents when 

increasing the alcohol chain length (methanol → n-propanol). Moreover, such a loss in 

the reaction medium structure and polarity seems to be directly related to the lower 

HDC activity, as can be inferred from Figure 3.7b, where the magnitude of (-R2,4-DCP)0
E

is larger for mixture composition displaying larger E and/or Ev  values. 
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Figure 3.8. Initial 2,4-DCP consumption rate ((-R2,4-DCP)0) as a function of (a) the corrected dielectric constant of the solvent (c), (b) the corrected molar volume of 
the solvent ( cv ) and (c) the ratio of both properties ( c cε v ) for single component (water (), methanol (), ethanol (), n-propanol (), THF (), benzene (), 

cyclohexane () and n-hexane ()) and binary water+organic mixtures (water+methanol (), water+ethanol (), water+n-propanol () and water+THF ()). 
Note: lines represent fits for all solvents including (dotted line) and excluding (solid line) water+THF mixtures according to eqns. (3.13 - 3.15).
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          These results suggest that, to achieve an optimum HDC rate in water+organic 

mixtures, the choice of water content must be made with a consideration that the 

composite  and v  values will be lower than those predicted from an ideal mixing rule. 

In order to assess the possible impact of the use of solvent mixtures on  (the fractional 

contribution of  to HDC rate), a corrected dielectric constant (c) was calculated 

according to

E
c m= +                                                        (3.19)

and plotted against the experimentally determined (-R2,4-DCP)0 in Figure 3.8a, which 

also includes data for the single component solvents with fitting to eqn (3.13). The 

same approach was also taken for an estimation of the corrected molar volume ( cv , 

Figure 3.8b, fitted to eqn (3.14)) and c/ cv  (Figure 3.8c, fitted to eqn (3.15)). A visual 

inspection of the three graphs serves to establish the validity of our approach, where all 

the experimental data for single component and solvent mixtures are consistent with 

increasing HDC rate with increasing/decreasing c/ cv ; the relevant fitting parameters 

are given in Table 3.2. It should be noted that water+THF mixtures deviate somewhat 

from the general trend, possibly a result of steric effects in the case of the bulky THF. 

Data fitting that included and excluded the water+THF dataset delivered high R2 values, 

demonstrating again goodness of fit for all the systems (including water+THF). This is 

significant, considering the possible secondary source of error associated with the E

and Ev  values taken from the literature. The extracted (applying eqn (3.16)) values of 

 yielded an (average) value of 0.806  0.006, which is essentially the same to that 

obtained for HDC in single component solvent media and establishes that the critical 

solution property controlling HDC rate is the extent of solvent-solute interaction. This 

study represents a novel systematic approach to examining solvent effects associated 

with liquid phase catalytic HDC, where higher rates were consistently obtained with 

reaction media characterised by higher , where v  plays a secondary role. This 

analysis is valid for both single component and binary solvent mixtures. In the latter 

case, the composition must be chosen considering that the actual values of  for the 

mixture will be lower due to relaxation effects. These findings warrant further study to 

establish the generic features of this approach when dealing with solvent effects in 

liquid phase heterogeneous catalysis.
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3.4 Conclusions

          The results in this Chapter have provided, for the first time, a comprehensive 

quantitative analysis of solvent effects in the liquid phase (P = 1 atm; T = 303 K) HDC 

of 2,4-DCP over Pd/Al2O3 using water, methanol, ethanol, n-propanol, THF, benzene, 

cyclohexane and n-hexane as reaction media. Reaction conditions have been 

established where catalytic HDC was conducted under chemical/kinetic control, free 

from mass transport and diffusion constraints. In the absence of secondary reactions 

and negligible catalyst deactivation, 2-CP and PhOH were generated as products of 

partial and complete HDC via a stepwise electrophilic mechanism. While reaction 

selectivity was insensitive to the nature of the solvent, the initial 2,4-DCP consumption 

rate increased in the order: benzene < THF < n-hexane < cyclohexane < alcohols < 

water. Higher HDC rates were obtained in solvents with higher dielectric constants ( = 

2 - 77) and/or lower molar volumes ( v  = 20 - 120 cm3 mol-1). The analysis of HDC 

kinetics has revealed that the major (ca. 80 %) contribution to the observed HDC rate 

variation is . This response is attributed to stronger ionic forces (at higher ) that serve 

to stabilize the electropositive arenium intermediate and this contribution is more 

important than the actual number of molecules available for solvation. This effect 

extends to reaction in water+alcohol and water+THF mixtures. The results establish 

(quantitatively) the solvent effects associated with the catalytic hydrotreatment of 2,4-

DCP and the presented treatment represents a new approach to studying the role of  

solvent in liquid phase hydrogenolysis reactions.
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Chapter 4

Solvent Effects in the Catalytic Hydrotreatment of Haloaromatics                      

over Pd/Al2O3 in Water+Organic Mixtures

          In the previous Chapter, solvent effects associated with the hydrodechlorination 

of 2,4-dichlorophenol were established and a novel, systematic approach served to 

quantify the contribution of dielectric constant and molar volume to variations in 

hydrodechlorination rate.  That work is extended in this Chapter with a demonstration 

of  generic solvent effects for the hydrodehalogenation of a range of brominated and 

chlorinated aromatics.

4.1 Introduction

          Catalytic hydrodehalogenation (HDH) has emerged as a viable approach to the 

treatment of toxic halogenated waste [1,2], where halogen removal in aromatic systems 

has been found to be dependent on the nature [3,4], number [5,6] and position [7,8] of 

the substituent(s). The scission of C–Cl [6,9-12] and C–Br [13-17] bonds has now been 

promoted using Fe [6,16], Ni [9,13], Pt [10,14] and Pd [11,12,15,17] catalysts, where 

the latter has been demonstrated to be the most efficient in terms of specific rate and 

resistance to deactivation [18,19].  It is established that catalytic HDH is influenced by 

the nature of the catalyst support [14,20], metal dispersion [15,21] and use of additives 

[13,22]. Nevertheless, the possible role of the solvent still remains unresolved and the 

author could not find any study in the open literature dealing with solvent effects in 

hydrodebromination applications.  With regard to hydrodechlorination, the reaction 

medium has been claimed to influence reaction rate [23-25] and product distribution 

[25,26], where water [24,26] and methanol [23,25] have been the most commonly used 

solvents. The apparent activity/selectivity solvent dependence may be masked by the 

occurrence of (i) secondary reactions [27,28], (ii) catalyst deactivation [23,29] and (iii) 

mass-transfer constraints [30-32]. In the previous Chapter, the liquid phase conversion 

of 2,4-dichlorophenol in various solvents over Pd/Al2O3 was studied, where reaction 

rate showed a dependence on solvent dielectric constant [33].
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          This Chapter represents an extension to that work where it is set out to establish 

generic features of solvent dependency in the catalytic dehalogenation of both

chlorinated and brominated aromatics. In liquid phase catalytic transformations, 

hydrodebromination has been generally found to proceed at higher rates than 

hydrodechlorination [34,35].  Indeed, Aramendia and co-workers [36] considered the 

aqueous phase HDH of 4-chlorobromobenzene over Pd/AlPO4-SiO2 and isolated 

chlorobenzene as the only product, i.e. C–Br bond cleavage was preferred.  Zinovyev et 

al. [11] recorded a higher HDH rate for bromobenzene when compared with 

chlorobenzene (7.2 × 10-3 vs. 8.8 × 10-3, mol dm-3 min-1) for reaction in methanol over 

Pd/C, which they attributed to differences in reactant/catalyst interaction.  It should be 

noted that the opposite trend, i.e. higher HDH rates for chlorinated aromatics, has also 

been reported [37,38] in gas phase operation and linked to the lower electron affinity of 

Br compared with Cl that results in less effective activation on the catalyst surface 

[39,40].  In this study, the catalytic action of Pd/Al2O3 is monitored to promote the 

HDH of a range of halogenated (benzene and PhOH) reactants in water+organic 

mixtures and account quantitatively for the observed dependence of rate on solvent 

composition.

4.2 Materials and Methods

4.2.1  Materials

          The reactants (2-chlorophenol (2-CP, +99%), 3-CP (98%), 4-CP (+99%), 2,3-

dichlorophenol (2,3-DCP, 98%), 2,4-DCP (99%), 2,5-DCP (+98%), 2,6-DCP (99%), 

3,4-DCP (99%), 3,5-DCP (97%), 2-bromophenol (2-BP, 98%), 3-BP (98%), 4-BP 

(99%), 2,4-DBP (95%), chlorobenzene (CB, 99.9%) and 1,3-DCB (+99%)) and the 

organic solvents (methanol (+99.9%) and THF (99.9%)) were obtained from Aldrich 

and used as received. All gases used in this study (H2 and He) were of ultra high purity 

(> 99.99 %, BOC). The catalyst as supplied (1.2 % w/w Pd/Al2O3, Aldrich) was sieved 

(ATM fine test sieves) into batches of 38 m average particle diameter. 

4.2.2 Catalyst Characterization

          BET surface area and pore volume measurements were performed using the 

commercial Micromeritics Flowsorb II 2300 unit.
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          Prior to analysis, the samples were outgassed at 423 K for 1 h in 20 cm3 min-1 dry 

N2. BET area was obtained in 30 % v/v N2/He (20 cm3 min-1) with at least three cycles 

of N2 adsorption/desorption using the standard single-point BET method; total pore 

volume was obtained at a relative pressure of P/P0 = 0.95. The BET areas and pore 

volume values were reproducible to within ± 4 % and the values quoted in this study are 

the mean. Catalyst reducibility was assessed by temperature programmed reduction 

(TPR) using the CHEM-BET 3000 (Quantachrome Instruments) unit. The samples 

were loaded into a U-shaped (100 × 3.76 mm) Pyrex cell, contacted with 5 % v/v H2/N2

(17 cm3 min-1, Brooks mass flow controlled) and subjected to TPR to 423 K (2 K min-

1). The effluent gas was directed through a liquid N2 trap and H2 consumption/release 

was monitored by a thermal conductivity detector with data acquisition and 

manipulation using the TPR WinTM software. Bulk catalyst structure was evaluated by 

X-ray diffraction (XRD) analysis, using a Bruker/Siemens D500 incident X-ray 

diffractometer with Cu K radiation.  The samples were scanned at 0.02º step-1 over the 

range 20º ≤ 2 ≤ 90º (scan time = 5 s step-1) and the diffractogram patterns were 

compared with the JCPDS-ICDD references for comparative purposes (Card No. 10-

0425 (-Al2O3) and 05-0681 (Pd)).  Metal particle size was determined by transmission 

electron microscopy (TEM) analysis: JEOL JEM 2011 TEM unit with a UTW energy-

dispersive X-ray detector (Oxford Instruments) operated at an accelerating voltage of 

200 kV and using Gatan DigitalMicrograph 3.4 for data acquisition/manipulation. The 

samples were dispersed in acetone and deposited on a holey-carbon/Cu grid (300 

Mesh). At least 650 individual Pd particles were counted where the Pd particle size 

(dTEM) quoted in this paper is the surface area-weighted mean




3
i ii

TEM 2
i ii

n d
d =

n d
                                                  (4.1)

where ni is the number of particles of diameter di. 

4.2.3  Catalytic Procedure

          The liquid phase HDH reactions were carried out in a modified, commercial glass 

reactor (Ken Kimble Reactors Ltd.), equipped with a constant H2 supply (150 cm3 min-

1, Brooks mass flow-controlled) and a glass impeller (1100 rpm).
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          A water-recirculating bath (Julabo HD-4) was used to stabilize the reaction 

temperature at T = 303 ± 1 K, where loss of the reactor liquid contents in the H2 flow 

was negligible (< 0.5 % v/v).  At the beginning of each experiment, the catalyst and 100 

cm3 of the reactant stock solution were charged and agitated in a He flow (50 cm3 min-1) 

while the temperature was allowed to stabilize (15 min); H2 flow was then introduced 

(time t = 0 for reaction). The catalyst and organic halogen concentrations were fixed to 

give a constant halogen/Pd ratio = 900 molX molPd
-1. As blank tests, experiments 

carried out in the absence of H2 or over the support alone did not result in any detectable 

conversion. A non-invasive liquid sampling via syringe and in-line filters allowed a 

controlled removal of aliquots (< 0.5 cm3) from the reactor.  The composition of the 

reactor liquor was analyzed by gas chromatography using a Perkin-Elmer Auto System 

XL GC, equipped with an FID and a DB-1 capillary column (J&W Scientific: i.d. = 0.2 

mm, length = 50 m, film thickness = 0.33 m).  The reactant and product(s) 

concentrations in the bulk liquid phase were determined from the total molar balance in 

the reaction mixture, where the effect of uptake on the support was negligible [41,42].  

Taking 2,4-DCP as a representative reactant, the fractional conversion (X2,4-DCP) is 

defined as

2,4-DCP,0 2,4-DCP
2,4-DCP

2,4-DCP,0

C C
X

C


                                       (4.2)

where C2,4-DCP,0 and C2,4-DCP represent the initial concentration of 2,4-DCP and the value 

at time t, respectively. The fractional selectivity with respect to, for example, 2-CP (S2-

CP) is given by

2-CP
2-CP

2,4-DCP,0 2,4-DCP

C
S

C C



                                        (4.3)

          The efficiency of halogen removal is quantified in this study by the fractional 

degree of dehalogenation (xX) as determined by

HX
X

X

C
x

C
                                                       (4.4)
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where CX and CHX are the halogen concentrations associated with the organic reactant 

and inorganic product, respectively. Repeated reactions with different samples of 

catalyst/reactant stock solution delivered raw data reproducibility that was better than ± 

7 %.

4.3 Results and Discussion

4.3.1 Catalyst Characterization

         The total surface area, pore volume, bulk density, porosity and tortuosity values 

that characterise the Pd/Al2O3 catalyst are given in Table 4.1.

Table 4.1: Characteristics of the Pd/Al2O3 catalyst.

Pd loading (% wt.) 1.2

dTEM (nm) 2.4

Catalyst particle size (m) 38

  (kg m-3) 1154

BET Area (m2 g-1) 160

Pore Volume (cm3 g-1) 0.56

Porosity 0.65

Tortuosity 1.54

          The BET area (160 m2 g-1) is within the range (150 - 250 m2 g-1) of values 

reported for -Al2O3 [43]. The porosity characteristics suggest that the HDH reactions 

should not be accompanied by any significant restrictions in terms of reactant/product 

diffusion in the interstitial fluid. Indeed, for tortuosity values close to unity, the average 

path traversed by species within the pores approaches that for diffusion in the bulk fluid 

[44]. Catalyst reducibility was assessed by TPR and the resultant profile is presented in 

Figure 4.1a. The profile is characterized by a single negative peak (H2 release) at 355 

K that is associated with the decomposition of -phase Pd hydride formed by the 

absorption of H2 in the Pd crystal lattice [5,45].  The absence of a positive peak (H2

consumption) prior to hydride decomposition suggests the formation of zero-valent Pd 

at room temperature [46,47]. Reduction of the catalyst under reaction conditions (see 

dotted line in Figure 4.1a) results in Pd hydride formation which can contribute to 

HDH, as demonstrated elsewhere [45].
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Figure 4.1: a) TPR profile for Pd/Al2O3 (dotted vertical line illustrates HDH reaction temperature); 
b) XRD diffractograms of (I) activated Pd/Al2O3 and JCPDS-ICDD reference for (II) -Al2O3 (Card 
No. 10-0425) and (III) Pd (Card No. 05-0681); c) Representative high magnification TEM images 
(individual Pd particles identified by arrows) and d) Pd particle size distribution associated with 
the activated Pd/Al2O3 catalyst.

          The hydride stoichiometry (Hab/Pd = 0.15 molH molPd
-1) and associated 

decomposition temperature (355 K) differ significantly from that recorded [48,49] for 

bulk Pd, i.e. Hab/Pd = 0.69 molH molPd
-1 and 384 K.  This response is consistent with the 

presence of a well dispersed nano-scale Pd phase as it has been established that Pd 

hydride formation and decomposition are dependent on the metal particle size [50,51].  
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          XRD analysis of the activated catalyst generated the diffractogram shown in 

Figure 4.1b (Profile I), characterised by two broad peaks at 2 = 45.8º and 66.8º 

corresponding, respectively, to the (400) and (440) main planes associated with cubic -

Al2O3 (JCPDS-ICDD Card No. 10-0425, Profile II).  There were no detectable 

reflections due to Pd (JCPDS-ICDD Card No. 05-0681, Profile III), suggesting the 

presence of Pd as small ensembles with mean particle size below the XRD detection 

limit, i.e. < 3 - 5 nm [52,53].  Indeed, the representative high magnification TEM 

micrographs shown in Figure 4.1c demonstrate that Pd is present as small particles. 

The particle size distribution histogram is given in Figure 4.1d where it can be seen that 

all the particles were below 6 nm, with a significant component (65 %) ≤ 2 nm and a 

surface area-weighted mean particle size of 2.4 nm (Table 4.1).

4.3.2  Liquid Phase Catalytic HDH: Consideration of Transport Constraints

The liquid phase catalytic hydrotreatment of all reactants considered in this 

study was 100 % selective in terms of HDH with no evidence of aromatic ring reduction 

or hydrogenolytic cleavage of the –OH substituent. Consequently, our catalytic data are 

not compromised by secondary reactions and facilitate an explicit analysis of solvent 

effects. With regard to possible transport limitations associated with this three-phase 

slurry reactor, a full evaluation of transport effects has been given elsewhere [33,41] but 

details that are pertinent to this study are noted below: 

(i) In the bulk fluid, transport constraints associated with the haloarene(s) can 

be discounted as each reactant is soluble at the concentrations used in this 

study (= 500 mmolCl dm-3, ≤ 10 mmolBr dm-3). Regarding H2 supply, it has

been demonstrated previously the absence of H2 transport limitations for 

reaction in water at the gas flow rate employed in here, i.e. 150 cm3 min-1

[41]. This response extends to reaction in single component organic and 

water+organic solvent mixtures where the H2 molar fractions (8 × 10-5 - 22 ×

10-5) exceed that in water (1 × 10-5) [33]. 

(ii) Mass-transfer at the liquid/catalyst interface has been evaluated in terms of 

the Carberry (Ca) number which, assuming isothermal conditions, spherical 

catalyst particle morphology and the absence of concentration gradients, 

takes the form [54]:
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                                  (4.5)

where  and d are the bulk catalyst density and particle size, mPd represents 

the catalyst Pd loading (0.012 gPd g-1), Ci and Di are the bulk liquid 

concentration (mmoli dm-3) and diffusivity (m2 s-1) of compound i, and 

(RHDH)0 the initial HDH rate (mmolX gPd
-1 min-1).  The diffusivity of H2 was 

calculated using the Wilke-Chang method [55] and haloarene diffusivity 

estimations were dependent on the nature of the solvent and drew on the 

equations of Hayduk and Laudie [56] (for water) and King et al. [57] (for 

methanol and THF).  The associated Ca values, varying from 4 × 10-5 (for H2

in methanol) to 14 × 10-2 (for 2,3-DCP in water), were below the critical 

limiting value (0.15) [58] and indicate that the chemical/catalytic step is rate-

determining.

(iii) Limitations in terms of internal diffusion were estimated by applying the 

Weisz-Prater number () criteria:

 2

i 0 Pd

i Eff,i

(-R ) m d /6

C D



                                    (4.6)

where DEff,i is the effective diffusivity, i.e. within the catalyst pores: 

2(0.65)Eff,i iD D  [59]. The calculated dimensionless values (≤ 1) confirm 

that the experimental reaction data were obtained under conditions of kinetic 

control.

          In order to rule out any significant contribution due to deactivation, HDH activity 

is expressed in terms of initial rates where xX ≤ 0.25, an approach that has been 

successfully applied previously [20,49].  It can be concluded that the catalytic data in 

this study are free from transport limitations, catalyst deactivation or contributions due 

to secondary reactions.
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4.3.3  Reaction in Methanol: Halophenol Reactivity

The temporal variation of fractional dehalogenation (xX) is shown in Figure 4.2

for the three chlorophenol isomers, where C–Cl bond cleavage generated phenol 

(PhOH) as product. Chlorophenol reactivity can be quantified by the application of 

pseudo-first order kinetics

 exp 1X Xx k t                                                  (4.7)

which allows the estimation of kX (dehalogenation rate constant) as fitting parameter 

(see lines in Figure 4.2).

Figure 4.2: Temporal variation of the degree of dehalogenation (xX) of 2-CP (), 3-CP () and 4-
CP () in methanol. Inset: corresponding data for 2-BP (), 3-BP () and 4-BP (). Note: lines 
represent fit to eqn. (4.7) (R2 ≥ 0.998).
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          The initial HDH rate ((RHDH)0, units: mmolX gPd
-1 min-1) can be then estimated 

from

X,0
HDH 0 X

Pd

C
(R ) k

W
                                                  (4.8)

where CX,0 is the initial organic halogen concentration (mmolX dm-3) and WPd the Pd 

concentration (gPd dm-3). The results are presented in Table 4.2, where the following 

order of increasing (RHDH)0 is established: 4-CP < 2-CP < 3-CP.

Table 4.2: Initial HDH rate ((RHDH)0, units: mmolX gPd
-1 min-1) and fitting parameters (R2 ≥ 

0.954) for solvent dependency (dielectric constant (b), molar volume ( νb ) and both 

properties (bT)) and fractional contribution of c () in the conversion of chloro- and 
bromo-phenols over Pd/Al2O3 in methanol and methanol+water.

Reactant (RHDH)0

a (RHDH)0
b b νb bT 

Chlorophenols

     2-CP 37 129 1.66 -1.89 0.89 0.781

     3-CP 68 135 1.03 -1.17 0.55 0.781

     4-CP 23 124 2.19 -2.48 1.16 0.780

     2,3-DCP 16 116 2.38 -2.70 1.27 0.780

    2,4-DCP 10 83 2.48 -2.80 1.31 0.780

     2,5-DCP 20 89 1.79 -2.06 0.96 0.784

     2,6-DCP 21 86 1.90 -2.20 1.02 0.785

     3,4-DCP 15 49 1.49 -1.70 0.79 0.781

     3,5-DCP 2 16 3.24 -3.74 1.74 0.785

Bromophenols

     2-BP 152 241 0.61 -0.71 0.33 0.785

     3-BP 372 647 0.76 -0.88 0.41 0.784

     4-BP 248 335 0.39 -0.44 0.21 0.784

     2,4-DBP 95 183 0.78 -0.90 0.42 0.785
areaction in pure methanol.
breaction in a 85 % mol water+methanol mixture.

          There is now some consensus in the literature that HDH proceeds via the 

electrophilic hydrogen scission of the C–X bond with the formation of a cationic 

intermediate [60], which is dissociatively adsorbed forming a -complex through the 

carbon atom bearing the highest electron density [4,37].
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          Serguchev and Belokopytov [61], taking selected chlorobenzenes, calculated the 

electron densities at each carbon and demonstrated that the values were greater in the 

presence of ring substituents that were located meta- with respect to each other.  This 

observation can account for the higher (RHDH)0 recorded here for 3-CP.  Moreover, this 

is also consistent with studies where aromatic chlorines with neighbouring 

electronegative substituents in the meta- position were preferentially removed [62,63].  

The higher (RHDH)0 for 2-CP when compared with 4-CP suggests that steric effects do 

not influence HDH activity, which must be governed by the inductive effect of the –OH 

substituent (by donation of the lone electron pair associated with oxygen to the aromatic 

ring). Therefore, the ortho- C–Cl bond, which is in closer proximity to the hydroxyl 

substituent, results more susceptible to attack than the para- counterpart. A direct 

comparison of our results with the literature is difficult, given the differences in reaction 

conditions, catalytic metal and support, where lower chlorine removals have been 

reported for 2-CP and attributed to steric hindrance [64-68].  It should, however, be 

noted that in the published studies HDH rate is quoted in terms of (a) halogen removal 

after a certain time [64,65] or (b) the time needed to achieve total conversion [66-68]. 

As reaction rate is a function of conversion and, moreover, catalyst deactivation is a 

feature of prolonged reaction times due to HCl poisoning, the reactivity trends reported 

in the literature may be compromised by a significant contribution due to deactivation.

In contrast, we have chosen the initial (xX ≤ 0.25, see section 4.3.2) HDH rate (RHDH)0 as 

the index to evaluate intrinsic catalyst activity/selectivity and haloarene reactivity. 

The HDH of dichlorophenols generated lower (RHDH)0 relative to the mono-

chlorinated reactants (see Table 4.2), a result that is consistent with an electrophilic 

mechanism where the presence of a second electron-withdrawing (chlorine) substituent 

has a deactivating effect [8,69].  Moreover, the sequence of decreasing HDH rate (2,6-

DCP ≈ 2,5-DCP > 2,3-DCP ≈ 3,4-DCP > 2,4-DCP >> 3,5-DCP) suggests that reactivity 

is governed by the relative position of both chlorines on the ring. The –OH substituent 

acts as an electron donor rendering the aromatic ring more reactive to an electrophilic 

attack at the ortho- and para- position [70].  Halogens act inductively as electron-

attractors but also show an ortho- and para- directing effect as a consequence of the 

three lone pair of electrons, which can participate in resonance [70,71].  It follows then 

that the electron density associated with the ring carbons in dichlorophenols depends on 

the relative position of the three substituents (–OH and two –Cl) so that electron 

delocalization effects govern dichlorophenol reactivity.



80

          Hence, 3,5-DCP exhibits the lowest (RHDH)0 because of fewer possible resonance 

structures (4) when compared to the other isomeric forms (between 6 and 11).  The 

possible HDH reaction pathways are illustrated by the simplified scheme shown in 

Figure 4.3a where Cl removal from each DCP isomer can proceed via stepwise (k1, k2) 

and/or concerted (k3) routes.  

Figure 4.3: a) Simplified dihalophenol HDH mechanism and b) phenol selectivity (Sphenol) as a 
function of reactant conversion (Xi) for the HDH of 2,3-DCP (), 2,4-DCP (), 2,5-DCP (), 2,6-
DCP (), 3,4-DCP (), 3,5-DCP () and 2,4-DBP () in methanol.
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          At the same degree of conversion, the simultaneous cleavage of both C–Cl bonds 

leads to higher PhOH content in the product stream and higher dehalogenation 

efficiency. In the case of the DCP reactants, reaction selectivity was governed by steric 

effects where (i) 2-CP was systematically isolated from DCP reactants that bore an 

ortho- substituted Cl and (ii) 3-CP was generated from 3,4-DCP.  Reaction pathway can 

be assessed from Figure 4.3b, where PhOH selectivity is shown as a function of 

conversion. In this plot, a data point trend line with a slope approaching unity is 

indicative of a preferentially stepwise mechanism, as is the case for all the isomers with 

the exception of 3,4-DCP, which consistently generated higher PhOH selectivity at each

conversion.  The relative contribution of stepwise (as opposed to concerted) HDH 

routes for each DCP isomer is best quantified by applying the following relationship 

[72]:

 
1

M

monohalophenol dihalophenol dihalophenol
L
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                      (4.9)
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                                      (4.10)

and the ratio of stepwise to concerted routes (k1/k3) can be calculated by

1

3

1

1 1

k

k L



                                                   (4.11)

The results of data fitting to eqn. (4.9) are presented in Figure 4.4 (taking 2,4-DCP as 

representative reactant) and the k1/k3 ratios are given in Table 4.3. It can be seen that 

the relative contribution of both routes is dependent on the nature of the reactant isomer 

where a stepwise mechanism is prevalent for all the isomers with the exception of 3,4-

DCP. There is little in the way of published studies of liquid phase dichlorophenol(s) 

HDC kinetics that have taken into consideration the reaction pathway. It is worth 

flagging the work of Wei et al. [73], who quoted a stepwise to concerted ratio of ca. 1.5 

for the aqueous phase HDC of 2,4-DCP over (unsupported) Pd-Fe nanoparticles.            
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          Moreover, Shin and Keane have established, for gas phase hydroprocessing of 

polychlorinated phenols, that the HDC mechanism was dependent on the number and 

position of the Cl substituents [74-76].

Figure 4.4: Monohalophenol molar fraction (xmonohalophenol) as a function of dihalophenol molar 
fraction (xdihalophenol) in the HDH of 2,4-DCP () and 2,4-DBP (). Note: solid lines represent fit to 
eqn. (4.9).

Table 4.3: Ratio of stepwise-to-concerted routes 
(k1/k3) in the HDH of dihalophenols over 
Pd/Al2O3 in methanol (see eqns. (4.9 – 4.11)).

Reactant k1/k3

     2,3-DCP 13.3

     2,4-DCP 2.2

     2,5-DCP 5.3

     2,6-DCP 4.6

     3,4-DCP 0.7

     3,5-DCP 8.1

     2,4-DBP 3.3
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          The temporal variation of fractional HDH (xX) for the bromophenol isomers is 

shown as an inset to Figure 4.2 and the extracted rates are given in Table 4.2. The 

(RHDH)0 values were appreciably higher (by up to an order of magnitude) when 

compared with those obtained for chlorophenols.  This response can be accounted for 

on the basis of the bond dissociation energies [77] for C–Cl  (400 kJ mol-1) and C–Br 

(336 kJ mol-1), where the cleavage of the latter is more facile [78,79].  The sequence of 

increasing HDH rate (2-BP < 4-BP < 3-BP) is again consistent with a higher reactivity 

in the case of the meta- isomer, as established for the chlorinated counterpart.  However, 

a contribution due to steric hindrance is in evidence where 2-BP delivered appreciably 

lower (RHDH)0. Indeed, steric effects are to be expected in the case of bromophenols due 

to the greater covalent atomic radius of Br (0.121 nm) when compared with Cl (0.099 

nm) [71].  It should be noted that Adimurthy et al. [80] isolated 2,6-DBP as the only 

product resulting from the HDH of 2,4,6-tribromophenol over H-zeolite (in methanol) 

where steric hindrance impeded cleavage of the ortho- positioned Br substituents. The 

HDH of 2,4-DBP (chosen as a representative dibromophenol isomer) delivered an 

(RHDH)0 that was significantly lower than that obtained for each BP reactant but higher 

than the equivalent 2,4-DCP. The former response can again be accounted for in terms 

of a deactivating effect due to the second electron withdrawing Br while the latter 

follows from the more facile hydrogenolytic C–Br bond cleavage. Moreover, PhOH

selectivity variation with 2,4-DBP conversion (see Figure 4.3b) mirrored that observed 

for 2,4-DCP while the associated k1/k3 ratio (in Table 4.3) obtained from data fitting to 

eqn. (4.9) (see Figure 4.4) was also close to that recorded for the chlorinated reactant.  

The latter result suggests that the relative contribution of stepwise/concerted HDH 

pathways is governed by isomer structure rather than the nature of the halogen 

substituent, a response which has not been previously reported in the literature. 

4.3.4  Solvent Effects in the HDH of Halophenols

          Solvent effects were first established by studying the HDH of mono- substituted 

chlorophenols in methanol+water mixtures. The HDH rates in a representative mixture 

(85 % mol water) are given in Table 4.2, where higher (RHDH)0 values (by a factor of up 

to 5) were obtained in the solvent mixture relative to reaction in methanol. These 

results are in line with studies in the literature where enhanced HDH rates in 

methanol+water mixtures with increasing water content have been noted [81-83].
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          This response has been attributed to a lesser catalyst deactivation as a result of 

increased solubility of HCl [81] and/or NaCl (formed during HCl neutralization with 

NaOH) [82,83], which facilitated their removal from the active surface. Nevertheless, 

Concibido et al. [26] recorded a decrease in the HDH rate of tetrachloroethylene over 

Pd/C at higher water contents (> 50 % mol) due to an irreversible adsorption of the 

reactant on the carbon support.  The same rationale was given by Pozan and Boz [84]

who observed a decrease in activity for the conversion of 2,3,5-trichlorophenol over 

Pd/C with increasing (0 % → 50 % v/v) water content. It should be noted that 

haloarene uptake on the -Al2O3 support was negligible in this study and the carbon 

balance was complete to within ± 5 %.

          As HDH proceeds via an electrophilic mechanism, a dependence of (RHDH)0 on 

the nature of the solvent can result from differences in the stabilization of the 

electropositive intermediate due to solute-solvent interactions.  Indeed, the author has 

demonstrated previously ([33] and previous Chapter) that, in the HDH of 2,4-DCP, the 

critical solvent parameters governing rate are the solvent dielectric constant (c) and 

molar volume ( cv ). These properties were estimated as follows:

    1 E
c methanol water water waterx x                                   (4.12)

    1 E
c methanol water water waterv v x v x v                                (4.13)

where xwater is the molar fraction of water, methanol = 32,water = 77, methanolv  = 46 cm3

mol-1 and waterv  = 21 cm3 mol-1. The E and Ev  parameters represent the excess 

properties, which serve to correct deviations associated with the methanol+water 

mixture from ideal behaviour and numerical values are available in the literature 

[85,86]. Indeed, when mixing water with alcohols, a reorganization of the overall 

solution structure occurs with the formation of clusters wherein water accommodates 

the hydrophilic/hydrophobic organic components via H-bonding/physical interactions 

[87-89]. The continuous formation/destruction of these clusters results in an excess of 

the thermodynamic properties (including c and cv ) in the mixture, i.e. actual values 

differ from those predicted on the basis of an ideal mixing rule [90,91].
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          The c and cv  values that we have calculated can be taken as representative of the 

(thermodynamically) real methanol+water mixtures. The variation of (RHDH)0 with c

and cv  is shown in Figure 4.5a and 4.5b, respectively. The increase in (RHDH)0 at 

higher c can be linked to the increased strength in the ionic (coulomb) solvation forces, 

while the increase at lower cv  can be attributed to the greater number of solvent 

molecules (per unit volume) available to interact with the (charged) intermediate.  

Although there are instances in the literature [62,82,92] where HDH rate has been 

linked to higher c, a quantification of this response is provided here for the first time. 

Moreover, the possible role of changes in cv  has not been considered in published HDH 

studies where the solvent has been varied. In order to provide an estimation of the 

relative contribution of both factors to (RHDH)0, we have applied empirical relationships:

ln[ ] ln[ ] ln[ ]HDH 0 ε ε c(R ) a b ε                                      (4.14)

ln[ ] ln[ ] ln[ ]HDH 0 ν ν c(R ) a b v                                       (4.15)

where a and b are fitting parameters. Considering the direct and inverse relation of 

(RHDH)0 with c and cv , respectively, it follows that:

ln[ ] ln[ ] ln[ ]HDH 0 T T c c(R ) a b ε / v                                     (4.16)

In this expression, bT is a measure of the overall rate dependence on the reaction 

medium where, at bT = 0, HDH would be free from solvent contributions and would 

proceed at (RHDH)0 = aT. It follows that:

 = + 1-T ε νb b Ψ b Ψ                                               (4.17)

where  represents the fractional contribution of c to variations in (RHDH)0. The 

applicability of eqn (4.14 - 4.16) to the HDH of chlorophenols is shown by the solid 

lines in Figure 4.5 and the resultant fitting parameters are compiled in Table 4.2.
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Figure 4.5: Linear dependence of the initial HDH rate ((RHDH)0) of 2-CP (), 3-CP () and 4-CP () on the corrected (a) dielectric constant (c), (b) molar volume ( cν ) 

and (c) ratio of both (c / cν ) in water+methanol mixtures. Note: lines represent fit to eqns. (4.14 - 4.16) and dotted lines illustrate abcissa position for pure methanol.
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          The order of increasing bT values (3-CP < 2-CP < 4-CP) matches that of 

decreasing (RHDH)0, a result which suggests a greater HDH rate dependence on solvent 

composition for the less reactive isomer.  A striking finding of this study is that  is 

essentially equivalent (= 0.781 ± 0.001) for the three chlorophenols. The (common) 

value for  demonstrates that the strength of solute-solvent interactions (measured by 

c) is more important than the actual number of solvent molecules participating in the 

solvation process (given by cv ) and this is independent of the chlorophenol isomer.

          Solvent effects were further investigated in the HDH of dichlorophenols and the 

results are presented in Table 4.2 and Figure 4.6, where it can be seen that (RHDH)0 was 

consistently higher with increasing water content in the solvent.  It should be noted that 

although 2,5-, 2,6- and 3,5-DCP were not soluble in water alone, the model still applies 

to water+methanol solutions where rate was again enhanced at a higher water content 

(Figure 4.6b).  The extracted  values are very close (within ± 0.005) to that 

established for the monochlorophenol(s), a result which further demonstrates a common 

HDH rate dependency on solvent c that is independent of the number or position of the 

Cl substituent(s).  Moreover, the same dependence of HDH rate with water content 

extends to the conversion of bromophenols (see Table 4.2 and Figure 4.7) where the 

model again applies to a range of water+methanol combinations.  It is worth noting that 

the bT values (0.21 - 0.42) for the bromo-reactants were lower than those exhibited by 

chlorophenols, a response which suggests a lesser dependence of debromination on 

solvent dielectric constant.  Nevertheless, the value of  for the bromophenol(s) (0.784 

± 0.001) coincides with that generated for chlorophenol(s), further illustrating that the 

contribution of c to HDH rate is independent of the halophenol reactant. 

          The variation of HDH selectivity with solvent composition was assessed by 

monitoring product distribution as a function of dichlorophenol conversion in 

methanol+water mixtures.  Representative data are presented in Figure 4.8, where 

selectivity with respect to 2-CP is shown for the HDH of 2,3- (I), 2,4- (II), 2,5- (III) and 

2,6-DCP (IV) for reaction in mixtures of widely varying water/methanol content. 

Selectivity/conversion data overlapped for each isomer and was essentially insensitive 

to solvent composition. This response extends to the HDH of 2,4-DBP, where 2-BP 

production was again largely independent of the solvent, as illustrated in the inset to 

Figure 4.8II.
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Figure 4.6: Linear dependence of the initial HDH rate ((RHDH)0) on the ratio of the (corrected) 
dielectric constant and molar volume (c / cν ) in water+methanol mixtures for the conversion of a) 

2,3-DCP (), 2,4-DCP () and 3,4-DCP () and b) 2,5-DCP (), 2,6-DCP () and 3,5-DCP (). 
Note: solid lines represent fit to eqn. (4.16) while dotted lines illustrate abcissa position for pure 
solvents.
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Figure 4.7: Linear dependence of the initial HDH rate ((RHDH)0) on the ratio of the (corrected) 
dielectric constant and molar volume (c / cν ) in water+methanol mixtures for the conversion of 2-

BP (), 3-BP (), 4-BP () and 2,4-DBP (). Note: solid lines represent fit to eqn. (4.16) while 
dotted lines illustrate abcissa position for pure solvents.

         

          These results suggest that, for all reactants, each HDH step (see Figure 4.3a) is 
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results demonstrate, for the first time, that in the absence of secondary reactions HDH 

selectivity is independent of the solvent. 
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Figure 4.8: 2-CP selectivity (S2-CP) as a function of reactant conversion (Xi) for the HDH of 2,3-DCP 
(I,), 2,4-DCP (II,), 2,5-DCP (III, ) and 2,6-DCP (IV, ) in water+methanol mixtures. Inset to 
(II) represents 2-BP selectivity (S2-BP) variation with 2,4-DBP conversion ().

4.3.5  HDH of Chlorobenzenes

          The assessment of solvent effects was extended to a consideration of 

chlorobenzene(s) HDH, taking CB and 1,3-DCB as model reactants. In this case, 

water+THF combinations were employed, where any solvent-solute interactions via H-

bonding can be discounted.  The results (presented in Figure 4.9 and Table 4.4) 

demonstrate that (RHDH)0 obtained for chlorobenzenes also increased with increasing 

water content. As was the case with halophenols, (RHDH)0 was consistently higher for 

the mono- compared with the di-substituted benzene. The dependence of HDH rate on 

solvent can be again represented in terms of eqn. (4.16), withTHF = 7, THFv  = 75 cm3

mol-1 and drawing on reference data [93,94] for the excess properties (see eqns. (4.12 -

4.13) in section 4.3.4).
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Figure 4.9: Linear dependence of the initial HDH rate ((RHDH)0) on the ratio of the (corrected) 
dielectric constant and molar volume (c / cν ) for the conversion of CB () and 1,3-DCB () in 

water+THF mixtures. Note: solid lines represent fit to eqn. (4.16) while dotted lines illustrate 
abcissa position for pure solvents.
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          These results confirm the wide applicability of this analysis of solvent effects in 

catalytic HDH where solvent c consistently plays a governing role in determining rate 

and cv  variations represent a secondary consideration.

Table 4.4: Initial HDH rates ((RHDH)0, units: mmolCl gPd
-1 min-1) and fitting 

parameters (R2 ≥ 0.976) for solvent dependency (dielectric constant (b), molar 
volume ( νb ) and both properties (bT)) and fractional contribution of c ( ) in 

the HDH of chlorobenzenes over Pd/Al2O3 in THF and water+THF.

Reactant CB 1,3-DCBa

(RHDH)0
b 28 5

(RHDH)0
c 93 51

b 0.62 1.17

νb -1.21 -2.27

bT 0.41 0.78

 0.885 0.884
aat X = 0.1, SCB = 0.46 ± 0.03; Sbenzene = 0.54 ± 0.03.
breaction in pure THF.
creaction in a 85 % mol water in THF mixture.

4.4 Conclusions

          In this study, the effect of solvent variations on the liquid phase HDH of a range 

of haloaromatics has been considered over a Pd/Al2O3 catalyst characterised by a well 

dispersed (Pd mean size = 2.4 nm) metal phase. In the absence of transport limitations, 

secondary reactions and catalyst deactivation, the initial HDH rates increased in the 

order: dichlorophenol(s) < monochlorophenol(s) < dibromophenol(s) < 

monobromophenol(s). This sequence is consistent with an electrophilic aromatic 

substitution mechanism where (i) higher rates of hydrogenolysis of C–Br relative to C–

Cl are the result of the lower C–Br bond dissociation energy and (ii) a second (electron-

withdrawing) halogen substituent has a deactivating effect. A dependence of HDH rate 

on solvent is established with a predominant contribution (ca. 80%) due to the dielectric 

constant of the medium where variation in molar volume is a secondary factor.  This 

effect is attributed to stronger ionic forces at a higher solvent dielectric constant that 

serve to stabilize the arenium intermediate. This response applies regardless of the 

nature, number or position of the halogen substituent(s) and also extends to the HDH of 

chlorobenzene(s) where –OH substituent/solvent interaction(s) do not feature.
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          In contrast to the observed rate dependence, reaction selectivity was essentially 

insensitive to changes in solvent composition, suggesting that the possible HDH 

stepwise/concerted routes are affected to the same extent. The data treatment 

undertaken herein has provided essential quantification of solvent effects in HDH 

reactions and this approach is applicable to a range of heterogeneous catalytic systems.
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Chapter 5

Liquid Phase Catalytic Hydrotreatment of 2,4-Dichlorophenol over                      

Pd/Al2O3: Discontinuous vs. Continuous Operation

          The work presented in Chapters 2 - 4 has established the efficacy of Pd/Al2O3 in 

the batch, liquid phase hydrotreatment of haloarenes.  In order to extend the 

applicability of this approach as a waste abatement methodology, it is necessary to 

consider hydrodechlorination in continuous flow operation.  In this Chapter, the 

feasibility of continuous 2,4-dichlorophenol hydrodechlorination is addressed.  The 

benefits of switching from batch to continuous operation (in terms of hydrogen 

transport efficiency, hydrodechlorination performance and catalyst lifetime) are 

demonstrated.

5.1 Introduction

          2,4-Dichlorophenol (2,4-DCP) is a common feedstock used in the manufacture of 

herbicides, pharmaceuticals and dyes [1] with an estimated release into the environment 

of up to 2 × 104 lb year-1 [2].  The low biodegradability of 2,4-DCP (recent biotreatment 

studies achieving maximum rates of 140 mg2,4-DCP gbiomass
-1 day-1 [3]) and high 

associated toxicity [2,4] has placed this chemical on a list of high priority pollutants in 

terms of treatment [5]. A diversity of detoxification methodologies (e.g. photo-

oxidation [6] and electrochemical degradation [7]) have been employed where catalytic 

hydrodechlorination (HDC), the H2 scission of C–Cl bonds [8,9], has emerged as a 

progressive and viable approach that facilitates recovery and reuse of raw material [10].  

2,4-DCP HDC has been mainly studied in the liquid phase over carbon [11-18] and 

alumina [15-20] supported Pd catalysts, given the comparatively greater resistance of 

this metal to deactivation [21,22]. Structure sensitivity is a feature of HDC over Pd 

where catalytic performance has been demonstrated to be influenced by the size [23,24]

and electronic structure [25,26] of the metal particles. The work to date has focused on 

discontinuous operation to study reaction kinetics and provide a comparison of catalyst 

performance where cost and experimental effort has mitigated against the use of 

continuous reactors [27,28].
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          Nevertheless, the latter is preferable from a practical point of view and represents 

a significant step towards industrial implementation, i.e. in waste abatement [29].  

Continuous operation in chlorophenol(s) HDC has focused on gas phase treatments, a 

trend which extends to the HDC of chlorobenzenes [30,31] and chloro-methanes 

[32,33].  Extensive gas phase chlorophenol(s) HDC research has been carried out by 

Marshall et al. [34,35], Halász and co-workers [36] and Keane et al. [37-43], who have 

demonstrated the feasibility of complete chlorine removal over unsupported Ag-Fe [34]

and Mg-Pd [35], Pt and Co supported on ZSM-52 [36], Ni/SiO2 [37-41] and Au-Ni/SiO2

[42,43]. However, it should be noted that these studies are limited by the requirements 

of elevated temperatures (T  473 K), pressures (up to 250 atm) and/or excess H2 (400 -

1200 times), which represent a significant energy consumption, a key factor in 

sustainable process design [44,45]. With regard to liquid phase chlorophenol(s) HDC, it 

is worth to flag the findings of Calvo and co-workers [46,47] and Diaz et al. [48], who 

have achieved near complete HDC of aqueous 4-chlorophenol over Pd/C in continuous 

(plug-flow [46,47] and CSTR [48]) reactors under relatively mild reaction conditions (T

≤ 373 K, 1 - 6 bar) with an excess of H2 (317 - 1333 times) relative to stoichiometric 

quantities. Patel and Suresh [49] have recently quoted high efficiencies (ca. 80 %) for 

(continuous) aqueous pentachlorophenol HDC over palladized cellulose discs at room 

temperature and atmospheric pressure. 

          In this study, the operational characteristics for aqueous HDC of 2,4-DCP over 

Pd/Al2O3 in a batch reactor are established and then the feasibility/advantages of 

process scale up to continuous operation is/are considered.  To the best of the author’s

knowledge, this is the first development of a continuous, liquid phase catalytic system 

for treating toxic 2,4-DCP.  Moreover, this work provides (for the first time) a direct 

comparison of both operational regimes in a catalytic HDC process.

5.2 Experimental

5.2.1 Materials

The catalyst (1.2 % w/w Pd/Al2O3) was purchased from Sigma-Aldrich, sieved 

(ATM fine test sieves) into batches of 38 m average particle diameter (d) and used as 

supplied.  A full catalyst characterization can be found in earlier reports [18,50] where 

the presence of metallic Pd was established after room temperature contact with H2.
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          The pertinent catalyst structural characteristics are: pH associated with the point 

of zero charge (pHpzc) = 7.7; bulk density () = 1154 kg m-3; BET surface area = 160 m2

g-1; total pore volume = 0.56 cm3 g-1 (porosity = 0.65, tortuosity = 1.54); Pd metal 

surface area = 208 mPd
2 gPd

-1; surface area-weighted mean Pd particle size = 2.4 nm.  

The 2,4-DCP reactant (Aldrich) and NaOH (Riedel-de Haën), both ≥ 99.0 %, were used 

as received. An aqueous stock solution was prepared with distilled water with fixed 

concentrations of C2,4-DCP = 30 mmol2,4-DCP dm-3 and CNaOH = 100 mmolNaOH dm-3 (pH = 

12.1 at 303 K). The H2 and He gases used in this study were of ultra high purity (> 

99.99 %, BOC).

5.2.2 Discontinuous Reactor

          Batch 2,4-DCP HDC reactions were carried out in a modified commercial glass 

reactor (Ken Kimble Reactors Ltd.); a schematic diagram is provided in Figure 5.1a.  

The system is equipped with a constant H2 supply (50 - 250 cm3 min-1, Brooks mass 

flow controlled) and a glass impeller provided effective agitation (300 - 1300 min-1). A 

recirculator (Julabo HD-4) was used to stabilize the reaction temperature at T = 303 ± 1 

K with water as coolant (293 K); loss of the reactor liquid contents in the H2 flow was 

negligible (< 0.5 % v/v).  At the beginning of each experiment, the catalyst (0.04 g) and 

80 cm3 of stock solution were charged and agitated in a He flow (50 cm3 min-1). The 

temperature was allowed to stabilize (15 min) and H2 was then introduced (t = 0 for 

reaction). The pH of the reaction mixture was monitored continuously using a Dow-

Corning pencil electrode coupled to a data logging and collection system (Pico 

Technology Ltd.). Blank tests conducted in He or over the support alone (i.e. in the 

absence of H2 and/or Pd) did not result in any measurable conversion.  A non-invasive 

liquid sampling system via syringe/in-line filters allowed a controlled removal of 

aliquots (≤ 0.3 cm3) of reactant/product(s). Upon completion of the reaction, the H2

flow was replaced by a He purge. The reactant/product liquor was separated from the 

catalyst, which was retained in the reactor.  The catalyst was then washed repeatedly 

with distilled water until the wash water was near neutral pH. 

5.2.3 Continuous Reactor

          Continuous HDC reactions were performed in a commercial COFLORE ACR®

unit (AMTechuk, see Figure 5.1b).
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Figure 5.1: Schematic diagram of the three phase slurry a) discontinuous and b) continuous (COFLORE ACR®) reactors.
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          The reactor contains nine stages where the catalyst (0.04 g) was loaded, each 

connected in series by channels fitted with 30 m PTFE filters. The stock 2,4-DCP 

solution was fed using a Model 100 (kd Scientific) microprocessor-controlled infusion 

pump (0.4 - 7.6 cm3 min-1) and a constant volumetric H2 flow (0 - 60 cm3 min-1) was 

provided using a (Brooks) mass flow controller. At steady state operation of constant 

gas+liquid flow, the available reaction volume (i.e. total liquid/solid slurry) was 80 cm3.  

The unit was equipped with a mechanical system providing an effective lateral shaking 

speed (29 - 53 min-1) that helped to maintain the catalyst in suspension. A water bath 

(Clifton) and a peristaltic pump (Watson-Marlow 502S) were used to stabilize the 

reaction temperature (303 K) to within ± 2 K, which was measured by an optical sensor 

(CALEX Electronics Ltd.) fitted to the stage(s) window(s).  At the beginning of each 

run, distilled water was fed to the reactor with a co-current H2 flow, a lateral shaking 

speed was fixed and the temperature was allowed to stabilize. The 2,4-DCP stock 

solution was then introduced and the catalyst/reactant contact time (t) was determined 

by the volumetric liquid flow rate.  The effluent stream was collected for analysis and 

the pH was also monitored using a Dow-Corning pencil electrode as in the batch 

operation. 

5.2.4 Product Analysis and Evaluation of HDC Activity

          Prior to analysis, the samples were neutralized with dilute acetic acid (200 mmol 

dm-3).  The composition of the reaction/product mixture was analyzed by gas 

chromatography (Perkin-Elmer Auto System XL), employing an FID and a DB-1 (J&W 

Scientific) capillary column (i.d. = 0.2 mm, length = 50 m, film thickness = 0.33 μm) 

[14]. The concentration of organic species (2,4-DCP, 2-chlorophenol (2-CP), phenol

(PhOH) and cyclohexanone) were determined from the total molar balance in the 

reaction mixture, where the effect of uptake on the support was negligible [51].  The 

efficiency of halogen removal is quantified in this study in terms of the fractional degree 

of HDC (xCl) as given by

HCl
Cl

Cl

n
x

n
                                                       (5.1)
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where nCl and nHCl are the mmoles of Cl associated with the organic reactant and 

inorganic product, respectively. Repeated reactions with different samples of catalyst 

delivered raw data reproducibility that was better than ± 7 %.

5.3 Results and Discussion

5.3.1 Product Distribution: Operation under Catalytic Control

          The HDC of aqueous 2,4-DCP over Pd/Al2O3 under basic conditions (pH = 12.1) 

in both, batch and continuous operation, generated 2-CP, as the only partially 

chlorinated intermediate, and PhOH as the principal product of complete HDC (see 

Figure 5.2). Further ring hydrogenation to yield cyclohexanone was detected at low 

selectivity levels (≤ 4 %, i.e. (k3 + k5 + k6) <<< (k1 + k2 + k4)).  This response is in 

accordance with reports in the literature [12,52] where dechlorination of ortho-

substituted Cl was impeded due to steric hindrance effects. Liquid phase aromatic ring 

reduction over Pd catalysts is reported to be energetically demanding, requiring higher 

temperatures (≥ 490 K [53]) and/or pressures (≥ 10 atm [54]) than those used in this 

study.

Figure 5.2: Reaction network in the hydrotreatment of 2,4-DCP (bold arrows indicate stepwise 
mechanism).

          In order to evaluate the true catalyst activity, reaction conditions must be first 

established wherein mass-transfer limitations are negligible and the reactors are 

operated under kinetic/catalytic control. In a three-phase (gas/liquid/solid) system, the 

observed rate can be limited by H2 diffusion through (i) the gas film and/or (ii) the 

liquid film at the gas/liquid interface.
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          As pure H2 gas has been used in this instance, the gas film resistance can be 

neglected. Diffusion through the liquid film must be enhanced so that the bulk fluid is 

saturated in H2 and its concentration ( bulkHC )(
2

) approaches the limiting solubility in 

water (at 1 atm and 303 K, 
2

( )H saturationC  0.8 mmol dm-3 [50,51]).  The H2 mass 

transfer rate (
2HN , mmol min-1 dm-3) is then proportional to the concentration gradient, 

as

 
2 2 2

( ) ( )H L g H saturation H bulkN k a C C                                    (5.2)

where kL (m min-1) is the liquid film mass transfer coefficient and ag (m2 m-3) the 

gas/liquid interfacial area per unit volume of liquid; (kLag) represents the volumetric H2

mass transfer coefficient. When operating at constant temperature and pressure, 

2
( )H saturationC  is constant and 

2HN  reaches a maximum value at an optimal (kLag). This 

can be obtained by adjusting the H2 feed rate and/or the stirring/shaking speed, ensuring 

a gas/liquid interface equilibrium and facilitating a steady-state H2 consumption in the 

bulk liquid [55,56].  The effect of an increase in the H2 feed rate (I) and stirring/shaking 

speed (II) on fractional dechlorination (xCl) is represented in Figure 5.3 for 

discontinuous (a) and continuous (b) operation where a constant catalyst loading 

(relative to the inlet chlorine content) was used (see Experimental section); optimal 

values are given in Table 5.1. In both systems, xCl was enhanced at higher gas flows 

and/or agitation speed(s) where the (bulk) pH response was maintained at 12.0 and was 

equivalent (within ± 0.1) for both systems. The minimum H2 flow to achieve a constant 

xCl (= 0.13) under continuous operation (30 cm3 min-1, see Figure 5.3Ib) was five times 

lower than that (150 cm3 min-1, see Figure 5.3Ia) needed in the batch system to achieve 

a lower xCl (= 0.06).  Moreover, in the absence of any agitation there was no detectable 

HDC activity in the batch reactor while an xCl = 0.05 was recorded in the continuous 

flow system (see Figure 5.3IIa and 5.3IIb, respectively). These results suggest a more 

efficient H2 diffusion in the continuous reactor and, since kL is independent of the gas 

flow rate [55,57], this can be mainly attributed to a greater value of ag, i.e. an extended 

gas/liquid interface for mass transfer. These results find support in the work of Takić 

and co-workers [58] who, calculating (kLag) for O3 transfer in aqueous solutions, 

obtained a higher value in continuous (0.266 min-1) relative to semi-batch (0.198 min-1) 

operation.
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Figure 5.3: Fractional dechlorination (xCl:,) and associated pH response (,) in establishing 
optimal conditions of (I) H2 flow and (II) stirring/lateral shaking frequency for 2,4-DCP HDC in a) 
discontinuous (,) and b) continuous (,) operation; t = 16 min.

Table 5.1: Operational and reaction parameters in the HDC of 2,4-DCP over 
Pd/Al2O3 in discontinuous (batch) and continuous reactors.

Regime Discontinuous Continuous

Operational Parametersa

     H2 flow (cm3 min-1) 150 30

     Stirring/Shaking speed (min-1) 1100 29

Reaction Parameters

     (RHDC)0 (mmolCl gPd
-1 min-1) 35 65

     Ca 0.02 0.03

      0.03 0.04

      0.99 0.99

     Lb 0.99 0.66

     Mb 1.00 1.44
arefers to optimum values in Figure 5.3
bfrom data fit to eqn. (5.13), see Figure 5.6
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          Moreover, Machado et al. [59], studying liquid phase nitrobenzene hydrogenation 

in slurry (batch) and monolith (continuous) reactors, recorded a greater first order rate 

constant in the latter (0.2 vs. 1.4, s-1) and ascribed this to a higher H2 mass transfer rate 

when in continuous operation. The results presented in this section establish conditions 

where both reactors are operated in the absence of external transport limitations (see 

Table 5.1) and H2 transfer is more effective in the continuous system.

5.3.2 2,4-DCP HDC Rate and Selectivity

HDC activity was evaluated by monitoring xCl as a function of contact time (t) 

and the results are presented in Figure 5.4. An increase in contact time served to 

enhance chlorine removal where the (bulk) pH response was invariant (12.1 ± 0.1) and 

superimposable for both systems. Dehalogenation followed pseudo-first order kinetics 

according to

 exp 1Cl Clx k t                                                   (5.3)

where kCl, the dehalogenation rate constant, is a fitting parameter (see lines in Figure 

5.4).  The initial HDC rate ((RHDC)0, units: mmolCl gPd
-1 min-1) was then calculated from:

Cl
HDC 0 Cl

Pd

n
(R ) k

W m



                                           (5.4)

where nCl represents the inlet chlorine moles (mmolCl), W the mass of catalyst in the 

reactor (g) and mPd is the Pd catalyst loading (0.012 gPd g
-1).  The (RHDC)0 values are 

given in Table 5.1 where a higher value was obtained for the continuous reactor.  In 

order to probe the possible contribution of mass transfer (in terms of internal diffusion) 

to these results, the Carberry number (Ca) approach was taken to estimate transport 

resistances in the liquid film at the liquid/catalyst interface which, for spheroidal 

catalyst particles, at isothermal conditions and constant C2,4-DCP (i.e. absence of 

heat/mass gradients) takes the form [60]:

12

2
Pd

HDC 0
2,4-DCP 2,4-DCP

m d
Ca ( R )

C D
 


                                    (5.5)
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Figure 5.4: Fractional dechlorination (xCl:,) and pH evolution (inset:,) as a function of 
Pd/Al2O3/2,4-DCP contact time (t) in discontinuous (,) and continuous (,) operation. Note: 
lines represent fit to eqn. (5.3).

where  and d are the bulk catalyst density and particle size (see Experimental section), 

D2,4-DCP is the bulk liquid diffusivity (m2 s-1), as estimated from Hayduk and Laudie 

[61]:

   
14

1.14 0.589
2,4

8.621 10
2,4-DCP

water DCP

D
v









                                    (5.6)

with water as the water viscosity (7.97 × 10-4 Pa s at T = 303 K [62]) and 2,4 DCPv   as the 

2,4-DCP molar volume (0.118 m3 kmol-1, calculated following [61]); D2,4-DCP = 1.03 ×

10-9 m2 s-1.
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          Mass transfer limitations within the catalyst pores were estimated by the standard 

Thiele modulus () and effectiveness factor () criteria, as given by:

 2

HDC 0 Pd

2,4-DCP Eff,2,4-DCP

(R ) m d /6

C D



                                            (5.7)

 
1 1 1

tanh 3 3

 
   

 


  
                                             (5.8)

where DEff,2,4-DCP is the effective 2,4-DCP diffusivity, i.e. within the catalyst pores: 

2(0.65)Eff,2,4-DCP 2,4-DCPD D  [27]. The results of these calculations for both reactors 

(included in Table 5.1) are indicative of negligible resistance at the liquid/solid 

interface (Ca limiting value range = 0.1 - 0.15 [28]) with minimal diffusional 

constraints in the pores ( < 0.5,  ≈ 1 [55]).

          Product composition is presented in Figure 5.5 for batch (a) and continuous (b) 

operation, where a decrease in 2,4-DCP concentration with increasing contact time is in 

evidence but there is a different response in terms of the 2-CP and PhOH concentration 

profiles for both reactors. As shown in Figure 5.2, HDC can proceed via stepwise (k1, 

k4) and/or concerted (k2) routes so that, at a given fractional 2,4-DCP conversion, the 

simultaneous cleavage of both C–Cl bonds will lead to a higher PhOH content in the 

product stream and a consequent higher (RHDC)0 [50]. Reaction selectivity can be 

quantified on the basis of the mass balances that define the HDC steps (i.e. k1, k2 and k4

in Figure 5.2) which, applying pseudo-first order kinetics, take the form:

 1 2

1 2,4-DCP
2,4-DCP

dx
k k x

W dt
                                          (5.9)

1 4

1 2-CP
2,4-DCP 2-CP

dx
k x k x

W dt
                                         (5.10)

2 4

1 PhOH
2,4-DCP 2-CP

dx
k x k x

W dt
                                        (5.11)
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Figure 5.5: Liquid phase composition (in terms of molar concentration of 2,4-DCP (,), 2-CP 

(,), PhOH (,) and cyclohexanone (,)) as a function of Pd/Al2O3/2,4-DCP contact time (t) 
in a) discontinuous (open symbols) and b) continuous (solid symbols) operation.
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where xi represent the molar fraction of compound i and kj is the pseudo first order rate 

constant for step j. From a combination of eqns. (5.9) and (5.10):

 
1 4

1 2

2,4-DCP 2-CP2-CP

2,4-DCP 2,4-DCP

k x k xdx

dx k k x



 

                                      (5.12)

which, when integrated gives

 
1

M
2-CP 2,4-DCP 2,4-DCP

L
x x x

M
     

                              (5.13)

where

1 4

1 2 1 2

k k
L M

k k k k
  

 
                                    (5.14)

The significance of the L and M parameters, in terms of HDC mechanism, is 

summarized in Table 5.2. The results of data fitting to eqn. (5.13) are presented in 

Figure 5.6 where a higher 2-CP content (at the same fractional 2,4-DCP conversion) 

characterizes discontinuous operation. The extracted values of L and M are given in 

Table 5.1.

Table 5.2: Mechanistic significance of the parameters L and M (see Figure 5.2 and eqn. (5.14)).

Case L M Mechanistic Considerations

1 L = 0 k1 = 0: no contribution due to stepwise HDC.

2 L ≠ 0 k1 ≠ 0: involvement of stepwise HDC. 

2a 0 < L < 1
k2 > 0: both stepwise and concerted HDC routes possible, 
the concerted pathway is prevalent when L → 0. 

2b L = 1

-

k2 = 0: no contribution due to concerted HDC. 

3 M = 0
k4 = 0: no contribution due to sequential HDC, i.e. 2-CP 
HDC to PhOH does not occur.

4

-

M ≠ 0
k4 ≠ 0: involvement of sequential HDC, i.e. 2-CP HDC to 
PhOH.
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Figure 5.6: Relationship between 2-CP (x2-CP) and 2,4-DCP molar fractions (x2,4-DCP) in 
discontinuous () and continuous () operation. Note: lines represent fit to eqn. (5.13).

          A strictly consecutive reaction network should yield a value of L close to unity, 

i.e. k2 = 0, and the (significantly) lower L value generated for the continuous reactor is 

consistent with an enhanced concerted HDC to PhOH.  The M value, i.e.  1 for both 

systems, suggests an equivalent or higher 2-CP HDC relative to 2,4-DCP and this is 

consistent with an electrophilic reaction mechanism [9,30,63].  The experimental data 

establish that the hydrogen scission of both C–Cl bonds is promoted to a greater extent 

in the continuous reactor operated under catalytic control, which leads to higher 

(RHDC)0.  In order to account for this response, the reaction pH must be considered as 

this has been established [19,64] as the critical factor that controls aqueous phase 

chlorophenol(s) HDC by influencing the nature of the species in solution and the 

catalyst surface charge.
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          Under basic conditions (pH = 12), the 2,4-DCP reactant and 2-CP intermediate 

are dissociated in solution as chlorophenolate species (pK = 7.9 and 8.5, respectively 

[65]). The catalyst is characterised by pHpzc = 7.7, i.e. the pH at which the accessible 

wetted catalyst surface is electrically neutral. When pH > pHpzc the catalyst surface 

bears a negative charge which does not favour interaction with (chlorophenolate) anions 

in solution [66].  A significant HCl component is released during HDC [67,68], with the 

result that the “local” pH, i.e. that associated with the liquid/solid interfacial layer 

(pHl/s), can be quite different from that in the bulk liquid (pH) and at the support surface 

(pHpzc) [69]. When pHpzc < pHl/s ≤ pH (i.e. low surface HCl concentration), catalyst 

interaction with chlorophenolate species is limited but at pHl/s < pHpzc < pH, the catalyst 

surface develops a positive charge where chlorophenolate interaction(s) are facilitated.

Since the bulk pH response is equivalent for both reactors (see inset to Figure 5.4), the 

difference in selectivity response must be linked to a distinct pHl/s.  It has been

demonstrated previously ([69] and Chapter 2) that, when pHpzc < pHl/s (= 13), the 

concerted 2,4-DCP HDC route (i.e. k2 in Figure 5.2) is inhibited leading to the 

selectivity response observed (in Figure 5.6) for the batch reactor.  It follows that the 

involvement of the concerted route in the continuous system must be linked to a lower 

“local” pH value so that pHl/s < pHpzc < pH. This response can be tentatively attributed 

to a reduced liquid/solid interfacial layer resulting from the continuous flow of liquid 

over the catalyst particles.

          It is known that the thickness of a fluid film on a solid surface is inversely 

proportional to the relative velocity between them [70,71].  In the batch reactor (see 

Figure 5.1a) the mechanical stirring keeps the slurry in suspension where, considering 

the fine (38 m) catalyst size, the solution/particle relative velocity approaches unity 

[14,70]. On the contrary, in the continuous reactor (Figure 5.1b) the catalyst is mainly 

fluidized by the upstream flow where the lateral shaking represents a secondary source 

of particle suspension. Therefore, the relative velocity between the liquid and the 

catalyst must be greater (to overcome deposition/sedimentation) and this results in a 

“thinner” liquid/solid interfacial layer [72,73]. With a decrease in the volume of this 

layer, the local HCl concentration is higher and pHl/s < pHpzc < pH. A direct comparison 

of these results with the available literature on aqueous phase chlorophenol(s) HDC is 

not feasible as the role of pH in determining reactant/catalyst interactions has not 

received any explicit treatment.
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          Nevertheless, it is worth to flag the work of David and Vannice [74] who, 

studying the semi-batch liquid phase hydrotreatment of 4-chloro-N,N-dibenzylaniline 

over Pd/C, quoted a shift in reaction selectivity (from exclusive debenzylation to full 

HDC) when varying bulk solution pH (0.1 → 12) and attributed this to the impact of pH 

on the catalyst/reactant surface interactions.  These results demonstrate that a shift from 

batch to continuous operation serves to enhance HDC efficiency, which are linked to pH 

effects at the solid/liquid interface that are sensitive to the mode of operation.

5.3.3 Catalyst Life in Discontinuous vs. Continuous Operation

          Batch HDC operation is compromised somewhat in terms of catalyst reuse. A 

temporal decline in activity is a general feature of HDC reactions and has been 

attributed to the action of the HCl by-product, which induces metal leaching [75,76], 

poisoning (via electronic modifications) [77-80], sintering [77] and/or coke formation 

[75,76]. This has been observed regardless of the support (oxide [75-78], carbon 

[79,80]) or metal (Ni [77,78], Pd [75,79,80], Ru [76]) used. In the case of Pd/Al2O3, a 

decline in HDC activity with reuse in batch liquid operation has been ascribed [15,18]

principally to HCl poisoning of small Pd clusters.

          HDC performance (in terms of xCl) in both reactors can be assessed in Figure 5.7

in terms of the total number of chlorine moles in the feed that had been processed. 

These results refer to repeated catalyst use in processing successive (up to 10) batches in 

discontinuous mode and extending continuous operation to arrive at a common total 

feed processed.  It can be seen that the continuous reactor exhibited a continual 

enhancement in the level of dechlorination (relative to that in discontinuous operation) 

to deliver a five-fold higher xCl; bulk solution pH was again invariant.  Continuous flow 

operation serves to extend catalyst life and this can be linked to a more effective 

transport of the HCl away from the catalyst surface. Urbano and Marinas [81] have also 

attributed a greater degree of (Pd) catalyst deactivation during HDC in batch (relative to 

continuous) systems to a prolonged HCl contact with the catalyst surface.  The benefits 

of moving from batch to continuous operation then not only include a more efficient H2

transport (section 5.3.1) and an enhanced HDC efficiency (section 5.3.2) but also 

extended productive catalyst life.
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Figure 5.7: Ratio of fractional dechlorination obtained in continuous (xCl,continuous) to  discontinuous 
(xCl,discontinuous) operation as a function of moles of chlorine processed. Note: the associated pH for 
discontinuous () and continuous () operation is also given; t = 24 min.

5.4 Conclusions

          The liquid phase catalytic HDC of 2,4-DCP (pH = 12.1 ± 0.1, 303 K, 1 atm) over 

Pd/Al2O3 has been studied in batch and continuous flow reactors.  Operation of both 

reactors generated 2-CP as the only partially dechlorinated product, PhOH was the main 

product of complete HDC and cyclohexanone was isolated in trace quantities 

(selectivity ≤ 4 %).  Reaction conditions have been established for operation in the 

absence of limitations due to H2 diffusion, where the continuous reactor delivered a 

five-fold higher efficiency with respect to H2 transfer as a result of an enhanced 

gas/liquid interface.  A switch from batch to continuous mode resulted in an increase in 

HDC rate (and lower 2-CP selectivity) as a result of a decrease in pH at the liquid/solid 

interface due to the greater relative solution/catalyst velocity. Furthermore, a prolonged 

productive catalyst life is a feature of continuous operation due to a more effective 

removal of HCl by-product.
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          This study establishes the feasibility of operating chloroarene HDC in a 

continuous flow reactor and can serve as the basis for future process scale-up and/or 

industrial implementation.
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Chapter 6

Gas Phase Hydrotreatment of Chlorophenols as an                                   

Alternative Route to Cyclohexanone

          In order to probe the wider implications of catalytic hydroprocessing using 

Pd/Al2O3, the gas phase continuous flow hydrotreatment of chlorophenols has been 

considered.  This work has focused on the viability of generating cyclohexanone, as a 

valuable commercial product, from the conversion of mono- and di-chlorophenols.  The 

results of a systematic analysis of cyclohexanone production are presented, focusing on 

the role of Pd particle size and hydrogen spillover.  This alternative route to 

cyclohexanone is demonstrated to be superior when compared with the traditional  

phenol hydrogenation approach.

6.1 Introduction

          Cyclohexanone (C6ONE) is an important commercial chemical, serving as the 

raw material in the preparation of Nylon 6 and Nylon 6,6 [1,2], C6ONE-formaldehyde 

copolymers [3,4] and is used as solvent in the manufacture of herbicides and synthetic 

resins [5,6]. C6ONE production typically involves (a) oxidation of cyclohexane [7-9], 

(b) dehydrogenation of cyclohexanol (C6OH) [10-13] or (c) hydrogenation of phenol 

(PhOH) [14-16] but each of these syntheses presents decided drawbacks. Cyclohexane 

oxidation generates low C6ONE yields (YC6ONE = 3 - 4 %) [8,9] and the reactant + O2

mixture is highly flammable under reaction conditions [7]. C6OH dehydrogenation is 

endothermic (63 kJ mol-1) and requires high operation temperatures (523 - 573 K) to 

raise the C6ONE content where PhOH [10,11] and cyclohexene [12,13] are significant 

by-products (up to 80 % selectivity). PhOH hydrogenation also presents limitations in 

that, under thermodynamic control, the equilibrium fractional conversion falls below 0.8 

at T ≥ 530 K [10,16] while a higher catalytic conversion is hampered by a temperature-

induced desorption of PhOH where T ≥ 433 K [14,15]. Nevertheless, this is the 

preferred route where YC6ONE up to 80 % (with C6OH as by-product) have been 

recorded over supported Pd catalysts.
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          A higher selectivity to the ketone over Pd has been linked to the d-character of 

this metal [15], where the complete d shell ([Kr] 4d10) promotes a shielding effect of the 

valence 5s electrons [17] that enhances hydrogenation of PhOH to C6ONE (via

tautomerization of the 1-cyclohexenol intermediate, see Figure 6.1) [18,19].  

Nevertheless, the associated C6OH content is still high for industrial applications and at 

least three distillation columns operating below atmospheric pressure are required to 

effectively separate C6ONE from the C6OH by-product [20,21].  Recently, C6ONE has 

been identified as a product from the catalytic hydrodechlorination and further 

hydrogenation of chlorophenols [22-24].  This transformation involves the 

consecutive/parallel steps that are shown in Figure 6.1. Baumgarten et al. [25], 

studying the gas phase (T = 413 K) hydroprocessing of 2-chlorophenol (2-CP) over 

polymer supported Pt, correlated a high C6ONE content in the product stream (YC6ONE = 

80 %) with a reduction in Pt electron density due to support effects, which lead to 

reactant/catalyst interactions that inhibited C6OH formation. Roy and co-workers [26]

recorded YC6ONE values up to 73 % in the batch liquid phase (T = 298 K) reaction of 2,6-

dichlorophenol (2,6-DCP) over Pd/Al2O3 using H2 (4 atm) as reductant, while C6OH 

(16 % yield) was exclusively formed in the presence of NaBH4 as hydrogen donor.

C6ONE production from chlorophenols can be regarded as a relatively unexplored 

synthesis route where metal-support interactions and/or the hydrogen source appear to 

impact on product distribution/yield. Moreover, chlorophenols are widely available in 

the industry “pool” as intermediates in agricultural chemicals, pharmaceuticals and dyes 

[27], which means that they represent a readily available starting material.

          The published studies of chlorophenol hydrotreatment have focused on 

environmental remediation applications in terms of a controlled chlorine removal 

[28,29].  This report is the first feasibility study directed at (continuous, gas phase) 

C6ONE production using aqueous solutions as feedstock to achieve a cleaner synthesis

[30].  The role of metal particle size has been investigated, considering the catalytic 

action of bulk Pd as a starting point, before examining alumina and silica supported Pd 

systems to address the possible contribution of spillover hydrogen. A comprehensive 

search through the open literature did not unearth any report dealing with the gas phase 

hydrotreatment of PhOH or chlorophenols over bulk Pd.  The benefits of the 

chlorophenol → C6ONE process are assessed with regard to the conventional synthesis 

from PhOH.  This study is a novel contribution in terms of developing a new efficient 

route to C6ONE.
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Figure 6.1: Reaction pathway for the production of C6ONE and C6OH via PhOH hydrogenation (dotted box) and/or chlorophenols hydrodechlorination+hydrogenation 
(solid box). Note: stepwise mechanism is identified by bold arrows.
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6.2 Experimental

6.2.1  Catalyst Preparation and Activation

          PdO (99.998 %) was purchased from Sigma-Aldrich and served as the 

unsupported Pd precursor. Three supported Pd catalysts have been considered in this 

study: a commercial (Sigma-Aldrich) 1.2 % w/w Pd/Al2O3 (Pd/Al2O3-A) and two 

laboratory synthesised (by impregnation as described elsewhere [31,32]) samples, i.e.

6.9 % w/w Pd/Al2O3 (Pd/Al2O3-B) and 5.2 % w/w Pd/SiO2. The Pd content (accurate to 

within ± 2 %) was measured by inductively coupled plasma-optical emission 

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

Pd/Al2O3-A sample was subjected to a thermal treatment to 1273 K (denoted Pd/Al2O3-

A1) and 573 K (denoted Pd/Al2O3-A2) in order to vary Pd particle size as discussed 

elsewhere ([33] and Chapter 2).  Prior to reaction, all the catalysts were sieved (ATM 

fine test sieves) into a batch of 45 m average particle diameter and activated in a H2

flow (60 cm3 min-1) at 1 - 10 K min-1 to a final temperature in the range 423 - 523 K (± 

1 K), maintaining this temperature for 1.5 h before cooling (if necessary) to 423 K (the 

reaction temperature).

6.2.2 Catalyst Characterization

          Temperature programmed reduction (TPR), H2 chemisorption and temperature-

programmed desorption (H2-TPD) were performed using the commercial CHEM-BET 

3000 (Quantachrome Instruments) unit. The samples were loaded into a U-shaped (i.d. 

= 3.76 mm, l = 100 mm) quartz cell, contacted (at room temperature) with 5 % v/v 

H2/N2 (17 cm3 min-1) and activated by TPR as described in section 6.2.1. The effluent 

gas passed through a liquid N2 trap and changes in H2 consumption/release were 

monitored by a thermal conductivity detector (TCD) with data acquisition/manipulation 

using the TPR WinTM software. After TPR, the reduced samples were swept with a 65 

cm3 min-1 flow of N2 for 1.5 h, cooled to room temperature and subjected to H2

chemisorption using a pulse (50 l) titration procedure, under conditions where Pd 

hydride formation does not occur (H2 partial pressure < 9 Torr [31]).  The H2 pulses 

were repeated until the signal area was constant and Pd particle size was estimated from 

H2 uptake on the basis of dissociative chemisorption (H2/Pd = 1/2) on (pseudo-

)spherical metal particles [34,35].
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          The samples were then thoroughly flushed (under the same flow of N2) and H2-

TPD was subsequently conducted by heating the samples to 873 K at 50 K min-1. 

Hydrogen chemisorption/desorption values were reproducible to within ± 5 % and the 

values quoted here are the mean.  XRD analyses were conducted using a 

Bruker/Siemens D500 incident X-ray diffractometer with Cu K radiation.  The 

samples were scanned at 0.02º step-1 over the range 20º ≤ 2 ≤ 90º (scan time = 5 s 

step-1) and the diffractogram patterns were compared with the JCPDS-ICDD references 

(Card No. 05-0681 (Pd) and 10-0425 (-Al2O3)). Selected catalysts were also subjected 

to transmission electron microscopy (TEM) analysis: JEOL JEM 2011 TEM unit with a 

UTW energy-dispersive X-ray detector (Oxford Instruments) operated at an accelerating 

voltage of 200 kV and using Gatan DigitalMicrograph 3.4 for data 

acquisition/manipulation. The samples were dispersed in acetone and deposited on a 

holey-carbon/Cu grid (300 Mesh). At least 650 individual Pd particles were counted to 

generate a surface area-weighted mean value as described previously [36,37].

6.2.3 Catalysis Procedure

The reactants, PhOH (+99.0 %), 2-CP (+99.0 %), 3-CP (98.0 %), 4-CP (+99 %), 

2,3-DCP (98.0 %), 2,4-DCP (98.0 %) and 3,4-DCP (99.0 %) were supplied by Sigma-

Aldrich and used without further purification.  Reactions were carried out under 

atmospheric pressure in situ, immediately after TPR activation, in a fixed bed vertical 

plug-flow glass reactor (i.d. = 15 mm, l = 600 mm). The catalytic reactor, and operating 

conditions to ensure negligible heat/mass transport limitations, have been fully 

described elsewhere [38], but details of relevance to this study are given below. The 

reactants were delivered (as aqueous solutions) to the reactor via a glass/teflon air-tight 

syringe and a teflon line using a microprocessor controlled infusion pump (Model 100 kd 

Scientific) where the ratio of catalyst to phenolic flow rate (nPd/FOH) spanned the range 1

× 10-3 - 1.33 molPd h molOH
-1. The use of FOH facilitates a direct comparison of process 

efficiency in terms of YC6ONE with respect to the “parent” phenolic ring with/without Cl 

substituent(s). A co-current flow of ultra pure H2 (60 cm3 min-1) was monitored using a 

Humonics (Model 520) digital flowmeter and maintained at a GHSV = 2 × 104 h-1. A 

layer of glass beads above the catalytic bed served as a preheating zone, ensuring that 

the reactants were vaporized and reached reaction temperature before contacting the 

catalyst.
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          The reaction temperature was set at 423 K as it has been established for catalytic 

operations that PhOH undergoes a temperature-induced desorption where T ≥ 433 K 

[14,15]. Moreover, a low operating temperature is critical in the development of a less 

energy intensive process [39]. Isothermal conditions were maintained by diluting the 

catalytic bed with (unless otherwise specified) Al2O3 (45 m), where the reaction 

temperature was continuously monitored by a thermocouple inserted in a thermowell 

within the catalyst bed. In a series of blank tests, passage of each reactant in a stream of 

H2 through the empty reactor or over the support alone, i.e. in the absence of Pd, did not 

result in any detectable conversion. The reactor effluent was frozen in a liquid nitrogen 

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

employing a DB-1 (J&W Scientific) capillary column (i.d. = 0.20 mm, l = 50 m, film 

thickness = 0.33 m) as described previously [40]. A chlorine mass balance was 

performed by passing the effluent gas through an aqueous NaOH trap (9  10-4 mol dm-3, 

kept under constant agitation at 400 rpm) with independent pH (Hanna HI Programmable 

Printing pH Bench-Meter) analysis; HCl was the only inorganic product, as noted 

elsewhere [41]. Repeated reactions with different samples from the same batch of 

catalyst delivered raw data reproducibility that was better than ± 8 %. Taking 2,4-DCP 

as representative reactant, the overall level of hydrodechlorination (and hydrogenation) is 

quoted as a fractional conversion (X2,4-DCP): 

2,4-DCP,0 2,4-DCP
2,4-DCP

2,4-DCP,0

C C
X

C


                                           (6.1)

where C2,4-DCP,0 and C2,4-DCP represent the concentration of the reactant in the inlet and 

outlet stream, respectively. The fractional selectivity to, for example, C6ONE (SC6ONE) is 

given by 

         C6ONE
C6ONE

2,4-DCP,0 2,4-DCP

C
S

C C



                                         (6.2)

where CC6ONE is the outlet C6ONE concentration and the fractional yield (YC6ONE) is 

calculated from:

C6ONE 2,4-DCP C6ONEY X S                                            (6.3)
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6.3 Results and discussion

6.3.1 Thermodynamic Considerations

          It is well established that gas phase PhOH hydrogenation is thermodynamically 

restricted [10,16]. However, the author could not find any reported thermodynamic data 

for coupled hydrodechlorination+hydrogenation of chlorophenols. Accordingly, the 

possibility of thermodynamic limitations in this coupled system has been evaluated

considering consecutive reaction steps (taking the mechanism shown in Figure 6.1) and 

drawing on reference equilibrium reaction data [16,42]: 
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where Kj represent the equilibrium constant of step j, Pi is the partial pressure of i (total 

pressure = 1 atm) and T the reaction temperature (K).  Eqns. (6.4) and (6.5) apply to the 

hydrodechlorination of di- and mono-chlorophenols, respectively, while eqns. (6.6) and 

(6.7) apply to the series of partial hydrogenation steps PhOH → C6ONE → C6OH. 

The values of Kj and the equilibrium conversions (Xi) at reaction temperature (423 K) 

are given in Table 6.1, where it is immediately evident that all steps can be taken as 

irreversible.  Taking into consideration the steps leading to ketone formation (phenolic 

reactant → C6ONE, Xi  1) and consumption (C6ONE → C6OH, Xi  0.87), the 

maximum YC6ONE under conditions of thermodynamic control is 0.13. It must be noted 

that this value is the same when using chlorophenol(s) or PhOH as feedstock, i.e. the 

preceding dechlorination step does not affect the equilibrium YC6ONE.
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Table 6.1: Calculated equilibrium constants (Kj) and conversions (Xi) 
associated with the consecutive steps in the hydrotreatment of chlorophenols 
and PhOH at T  = 423 K (see Figure 6.1 and eqns. (6.4 - 6.7)). 

Reaction step Kj Xi

 dichlorophenol → monochlorophenol 2 × 1020 1.000

 monochlorophenol → PhOH 4 × 104 0.995

 PhOH → C6ONE 1 × 106a 1.000

 C6ONE → C6OH 47b 0.865
aunits: atm-2

bunits: atm-1

          C6ONE production from chlorophenols is then a thermodynamically feasible 

route where, in order to elevate YC6ONE, operation under kinetic (rather than 

thermodynamic) control is critical.  Once this is achieved, the next step is to establish 

reaction conditions where YC6ONE is higher from the coupled chlorophenol 

hydrodechlorination+hydrogenation relative to the direct hydrogenation of PhOH. 

6.3.2 Reaction over Pd+Al2O3

          Bulk Pd (physically mixed with Al2O3) was chosen as a starting point to consider 

C6ONE production from chlorophenols and PhOH.  This approach has been taken in 

order to facilitate an explicit examination of the catalytic response exhibited by Pd, 

avoiding any possible contribution due to metal/support interaction(s) and/or variations 

in metal particle size, which are known to influence hydrogenation [43-45] and 

hydrodechlorination [46-48] reactions.

6.3.2.1 Catalyst Characterization

          The characteristics of the model (bulk) Pd+Al2O3 catalytic system are shown in

Figure 6.2 and Table 6.2.  The TPR response shown in Figure 6.2a (Profile I)

generated a single negative peak (H2 release) at 386 K. This signal can be associated 

with the decomposition of -Pd hydride.  Room temperature formation of -Pd hydride 

is a well established bulk phenomenon where H2 migrates into the octahedral voids of 

the Pd crystal lattice where the partial pressure exceeds 0.013 atm [49,50].
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Figure 6.2: a) TPR response and b) XRD patterns for passivated/reduced Pd+Al2O3 (I), Pd/Al2O3-
A1 (II) and Pd/Al2O3-A2 (III). Note: XRD includes JCPDS-ICDD reference data for metallic Pd 
(Card. No. 05-0681, IV) and -Al2O3 (Card. No. 10-0425, V).
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Table 6.2: -Pd hydride decomposition temperature (TPR Tmax (K)) and stoichiometry 
(Hab/Pd), H2 chemisorption and associated Pd particle size (dChem) and specific initial 
C6ONE production rate ((RC6ONE)0) for Pd+Al2O3 and  Pd/Al2O3.

Catalyst Pd+Al2O3 Pd/Al2O3-A1a Pd/Al2O3-A2b

TPR Tmax (K) 386 371 356

Hab/Pd (molH molPd
-1) 0.69 0.33 0.15

H2 chemisorption 
(×10-2

2Hmol molPd
-1) 0.32 8 58

dChem (nm) 250c 13d 2e

SPd (mPd
2 gPd

-1)f 2 38 250

(RC6ONE)0

(×10-4 molC6ONE h-1 mPd
-2)

94 68 49

athermal treatment to 1273 K (10 K min-1)
bthermal treatment to 573 K (10 K min-1) 
cXRD derived Pd particle size = 238 nm
dTEM derived Pd particle size = 10 nm
eTEM derived Pd particle size = 3 nm
fSPd = 6 / (Pd × dchem) where Pd = 12.02 gPd cmPd

-3

          The -Pd hydride composition can be represented by the ratio Hab/Pd where Hab is 

the number of absorbed H atoms and the value (= 0.69 molH molPd
-1, see Table 6.2) 

recorded in this study is in good agreement with those reported previously, i.e. 0.66 -

0.73 molH molPd
-1 [46,51]. There was no detectable H2 uptake or release by/from the 

Al2O3 support over the same temperature range, which was expected and is consistent 

with the literature [52,53]. The absence of a positive peak during TPR in advance of H2

release presupposes the existence of metallic Pd prior to the commencement of the 

temperature ramp.  Indeed, there is evidence in the literature that the reduction of 

supported [54,55] and unsupported PdO [56] occurs at room temperature.  It should be 

noted that -Pd hydride decomposition temperature (i.e. 386 K) is lower than the 

activation/reaction temperature (i.e. 423 K) and, therefore, the contribution of absorbed 

H2 as reactive species during catalysis can be ruled out. Hydrogen chemisorption 

measurement post-activation delivered an uptake of 0.32 × 10-2
2Hmol molPd

-1 (see 

Table 6.2) with an associated Pd particle size (dChem) of 250 nm. XRD analysis of the 

activated sample generated the diffractogram pattern shown in Figure 6.2b (Profile I). 

The profile is characterised by reflections at 2 = 40.1º, 46.7º and 68.1º corresponding, 

respectively, to the (111), (200) and (220) planes of cubic Pd (JCPDS-ICDD Card No. 

05-0681, Profile IV), demonstrating the presence of zero-valent Pd post-activation at 

423 K.
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          The XRD-derived (based on line broadening using the Scherrer formula) Pd 

particle size (= 238 nm, see footnote to Table 6.2) confirms the value obtained from H2

chemisorption.

6.3.2.2 Catalytic Hydrotreatment of (Chloro)Phenol(s)

          The time-on-stream profiles for the hydrotreatment of chlorophenols are 

presented in Figure 6.3, where C6ONE was the main product (up to 80 % mol).  C6OH 

and PhOH were generated as secondary products with trace quantities (selectivity ≤ 

0.02) of chlorophenols isolated in the product stream, i.e. conditions of essentially 

complete hydrodechlorination. A variation in product composition with time on-stream 

is observed in all cases and can be linked to catalyst poisoning by HCl (as by-product) 

and/or coke deposition [57,58]. The initial product distribution was evaluated from 

[59,60]:

 ,0 expi ix x t                                                (6.8)

where xi represents molar fraction of i, t the integral timeand  is a fitting parameter. 

Non-linear fitting of the experimental data (OriginLab 7.5, see Figure 6.3) allows an 

estimation of the initial molar fractions (xi,0) and the corresponding values of initial 

C6ONE yield (YC6ONE,0)  from eqns. (6.1 - 6.3); the results are given in Table 6.3. The 

YC6ONE,0 values recorded for the hydroprocessing of chlorophenols were higher (up to 6 

times) than that which would result from thermodynamic control.  Moreover, the 

chlorophenolic feed delivered higher YC6ONE,0 than that obtained from PhOH under the 

same reaction conditions (see Figure 6.4 and Table 6.3). As shown in Figure 6.1, 

C6ONE production from PhOH occurs via the formation and tautomerization of 1-

cyclohexenol as intermediate [61,62], where the equilibrium is thermodynamically 

shifted to the ketone by 75 kJ mol-1 [63,64].  In the case of chlorophenols, C6ONE 

production can proceed through stepwise and/or concerted routes where the latter must 

be responsible for the greater YC6ONE,0 observed here.  If the hydrotreatment of 

chlorophenols proceeded in a strictly stepwise manner (consecutive 

hydrodechlorination, hydrogenation and tautomerization steps), YC6ONE should not 

exceed that obtained from PhOH.
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Figure 6.3: Time-on-stream profiles for C6OH (), C6ONE () and PhOH () production via hydrodechlorination+hydrogenation of 2-CP (I,), 3-CP (II,), 4-CP (III,
), 2,3-DCP (IV,), 2,4-DCP (V,) and 3,4-DCP (VI,) over Pd+Al2O3: (nPd/FOH) = 1.33 molPd h molOH

-1. Note: lines represent fit to eqn. (6.8).
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Table 6.3: Initial selectivities (Si,0) and C6ONE yields (YC6ONE,0) resulting from the 
hydrotreatment of PhOH and representative chlorophenols over Pd+Al2O3; (nPd/FOH) = 
1.33 molPd h molOH

-1.

Reactant SPhOH,0 SC6ONE,0 SC6OH,0 YC6ONE,0

   PhOH - 0.83 0.17 0.62

   2-CP 0 0.77 0.23 0.77

   3-CP 0 0.76 0.24 0.76

   4-CP 0 0.75 0.25 0.75

   2,3-DCP 0.07 0.80 0.13 0.80

   2,4-DCPa 0.10 0.82 0.06 0.82

   3,4-DCPb 0.19 0.69 0.11 0.69
a2-CP present in trace amounts (S2-CP,0 ≤ 0.02)
b3-CP present in trace amounts (S3-CP,0 ≤ 0.01)

Figure 6.4: Time-on-stream product composition in terms of C6OH () and C6ONE () generated 
via the hydrogenation of PhOH () over Pd+Al2O3: (nPd/FOH) = 1.33 molPd h molOH

-1. Note: lines 
represent fit to eqn. (6.8).
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          An alternative route to C6ONE from chlorophenols can involve (electrophilic) 

attack to the chlorophenol by hydrogen to generate a cationic reaction intermediate that 

is stabilized by electron delocalization within the aromatic ring [65,66].  The latter 

includes a contribution due to the lone pair of electrons in the –OH group that stabilises 

an intermediate bearing the C=O group [67-69], leading to a preferential C6ONE 

formation. These results support our contention that, operating under catalytic/kinetic 

control, chlorophenols serve as an effective alternative feed for C6ONE production 

where YC6ONE,0 increased with increasing Cl substitution following the order PhOH < 2-

CP, 3-CP, 4-CP < 2,3-DCP, 2,4-DCP.  A lower YC6ONE,0 obtained from the 3,4-DCP 

isomer suggests that the relative position of the Cl substituents on the ring can influence 

reaction pathway (concerted vs. stepwise mechanism in Figure 6.1), impacting on the 

ultimate C6ONE content. An explicit assessment of YC6ONE dependence on the nature of 

the chlorophenol isomer requires reaction conditions where hydrodechlorination is not 

complete.  This was achieved by lowering the contact time (by a factor of 8) and the 

resultant YC6ONE,0 values are presented in Figure 6.5.  The hydrotreatment of 

dichlorophenol(s) generated consistently higher YC6ONE,0 relative to the 

monochlorophenol reactants. This can be attributed to the greater number of favourable 

resonance forms (bearing the C=O group) in the dichlorophenol(s) that determines 

reactivity [42,69]. Taking the monochlorophenols, 2-CP delivered the lowest YC6ONE,0, a 

response that can be ascribed to steric hindrance effects [28,70]. 

6.3.3 Structure Sensitivity in the Hydrotreatment of 2,4-DCP: Reaction over 

Pd+Al2O3 and Pd/Al2O3

          The effect of Pd particle size was considered by comparing the catalytic action of 

bulk Pd with Pd/Al2O3 of varying metal dispersion, taking the hydrotreatment of 2,4-

DCP as a representative case.

6.3.3.1 Catalyst Characterization

          Metal dispersion was modified by means of a controlled thermal sintering (from 

573 K to 1273 K of Pd/Al2O3-A; see Experimental section and Table 6.2.  The TPR 

activation (prior to reaction) responses are shown in Figure 6.2a for Pd/Al2O3-A1 

(Profile II) and Pd/Al2O3-A2 (Profile III). A single negative peak is again observed and, 

in common with Profile I (Pd+Al2O3), can be associated with the decomposition of -Pd 

hydride.
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Figure 6.5: Initial C6ONE yield (YC6ONE,0) resulting from the hydrodechlorination+hydrogenation of 
mono- and di-chlorophenols over Pd+Al2O3: (nPd/FOH) = 0.17 molPd h molOH

-1.

          Relative to bulk Pd, a lower hydride decomposition temperature (371 K 

(Pd/Al2O3-A1) and 356 K (Pd/Al2O3-A2)) was accompanied by a concomitant lower

hydrogen content (Hab/Pd = 0.33 molH molPd
-1 (Pd/Al2O3-A1) and 0.15 molH

molPd
-1 (Pd/Al2O3-A2)). This suggests smaller Pd particle size for the supported 

systems where a decrease in Hab/Pd with decreasing Pd size has been established in the 

literature [71,72]. As hydride formation is a bulk phenomenon, lower particle size is 

accompanied by an increase in the ratio of surface-to-bulk atoms and the void space 

available for H2 diffusion in the Pd cluster is consequently lower. Hydrogen 

chemisorption for Pd/Al2O3-A1 (see Table 6.2) was significantly lower (seven-fold) 

than that recorded for Pd/Al2O3-A2 but appreciably (by a factor of 25) greater than that 

for Pd+Al2O3. The associated Pd particle size (dChem) decreased in the order Pd+Al2O3

(250 nm) > Pd/Al2O3-A1 (13 nm) > Pd/Al2O3-A2 (2 nm).
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          XRD profiles given in Figure 6.2b reveal, in each case, reflections at 2 = 45.8º 

and 66.8º corresponding to the (400) and (440) planes associated with cubic -Al2O3

(JCPDS-ICDD Card No. 10-0425, Profile V). A weak signal due to metallic Pd is in 

evidence for Pd/Al2O3-A1 (Profile II) but there is no detectable response for Pd/Al2O3-

A2 (Profile III), suggesting the presence of Pd as small ensembles in the latter, with a 

mean size below the XRD detection limit (< 3 - 5 nm [73,74]). Indeed, representative 

TEM images of Pd/Al2O3-A2 are shown in Figure 6.6 where nano-scale Pd particles (in 

the range < 1 to 6 nm) can be seen and exhibit a pseudo-spherical morphology (see 

image a).  There was also evidence of Pd faceting (see high magnification image b) that 

is diagnostic of some degree of metal/support interactions [75,76]. The surface area-

weighted TEM-derived metal particle size (10 nm (Pd/Al2O3-A1) and 3 nm (Pd/Al2O3-

A1)) are in good agreement with the values obtained from H2 chemisorption (see Table 

6.2) and serve to confirm the accuracy of the measurements.

6.3.3.2 Catalytic Performance in the Hydrotreatment of 2,4-DCP

          YC6ONE,0 as a function of contact time over bulk and supported Pd is presented in 

Figure 6.7a where the values obtained under thermodynamic control (≤ 0.13) are 

represented by the shaded area. A common trend is evident for the three catalytic 

systems, i.e. a decrease in YC6ONE,0 with decreasing contact time. However, a direct 

comparison in terms of YC6ONE,0 at a fixed (nPd/FOH) is not possible as the profiles do not 

overlap.  In order to facilitate an explicit assessment of structure sensitivity, it is 

necessary to compare specific rates (per mPd
2) for the three systems.  The initial C6ONE 

production rate (RC6ONE)0 was calculated from the mass balance according to

 
 

C6ONE,0C6ONE
C6ONE 0

Pd Pd OH

d YdF
(R )

dn d n F
                                    (6.9)

and specific rate (RC6ONE)0 was estimated from

C6ONE 0
C6ONE 0

Pd

(R )
(R' )

S
                                           (6.10)

where SPd is the metal surface area (see Table 6.2).
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Figure 6.6: Representative a) low and b) high magnification TEM images associated with Pd/Al2O3-
A2. Note: arrows identify Pd particles.
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Figure 6.7: a) Initial C6ONE yield (YC6ONE,0) as a function of contact time ((nPd/FOH), molPd h molOH
-

1) and b) initial C6ONE selectivity (SC6ONE,0) as a function of initial 2,4-DCP conversion (X2,4-DCP,0) 
for hydrodechlorination+hydrogenation over Pd+Al2O3 (dChem = 250 nm, ), Pd/Al2O3-A1 (dChem = 
13 nm, ) and Pd/Al2O3-A2 (dChem = 2 nm, ). Note: shaded area in (a) identifies yields obtained 
under thermodynamic control (YC6ONE ≤ 0.13).
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          The resultant (RC6ONE)0 values increase in the following order: Pd+Al2O3 (94 ×

10-4 molC6ONE h-1 mPd
-2) > Pd/Al2O3-A1 (68 × 10-4 molC6ONE h-1 mPd

-2) > Pd/Al2O3-A2 

(49 × 10-4 molC6ONE h-1 mPd
-2). This response is consistent with a higher specific (per 

mPd
2) or intrinsic rate for larger mean Pd particle sizes. A direct comparison of these 

results with the literature is difficult as the observed structure sensitivity applies to 

coupled hydrodechlorination+hydrogenation and, to the best of the author’s knowledge, 

only the individual processes in isolation have been considered to date. Nevertheless, 

the results find indirect agreement in those studies [77,78] where larger metal particles 

have been demonstrated to be more active in the gas phase hydrodechlorination of 

chlorophenols.  In the case of PhOH hydrogenation, structure insensitivity has been 

reported for supported Pd [18,44,79] but it is worth highlighting the work of Chary et 

al. [80] who recorded a higher turnover frequency (from < 0.01 s-1 to 0.52 s-1 at T = 453 

K) over larger Pd particles (2 - 8 nm) supported on carbon.  It is significant that the 

highest specific rate was obtained for bulk Pd and, in this respect, it is worth to flag the 

work of Rioux et al. [81] and Morato et al. [82], who reported higher (gas phase) 

hydrodechlorination activity over bulk Pd and Ni when compared with the respective 

carbon-supported systems. The impact of variations in Pd size on the reaction network 

was assessed from a consideration of the dependence of initial C6ONE selectivity 

(SC6ONE,0) on initial 2,4-DCP conversion (X2,4-DCP,0), as shown in Figure 6.7b. It can be 

seen that the SC6ONE,0 vs. X2,4-DCP,0 profiles for the three catalytic systems coincide. This 

result suggests that Pd particle size (or metal support interactions) do not impact 

significantly on the reaction pathway in terms of a consecutive vs. concerted 

mechanism. 

6.3.4 The Role of Spillover Hydrogen in the Hydrotreatment of 2,4-DCP

          It has been proposed that the hydrogen mediated conversion of chloroarenes 

[83,84] and PhOH [85] can be enhanced by contributions due to spillover hydrogen. 

Spillover hydrogen is generated on supported metals via the dissociative chemisorption 

of H2 on metal sites and subsequent migration of atomic hydrogen to the support 

[86,87]. The occurrence of hydrogen spillover has been proposed to be influenced by 

several factors, including the nature of the support [88,89] and the addition of support as 

a physical mixture [90,91].  In order to assess the possible contribution of spillover H2

in this coupled process, Pd/Al2O3-B and Pd/SiO2 were selected because, with the 

inclusion of additional support, should exhibit different amounts of spillover hydrogen.
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Figure 8: H2-TPD profiles associated with Pd/Al2O3-B (I), Pd/Al2O3-B+Al2O3 (II), Pd/SiO2 (III) and Pd/SiO2+SiO2 (IV).
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Table 6.4: H2 chemisorption, Pd particle size (dChem), H2-TPD Tmax and associated hydrogen released, and specific initial 
C6ONE production rate ((RC6ONE)0, ×10-4 molC6ONE h-1 mPd

-2) for Pd/Al2O3-B and Pd/SiO2 (with/without support addition) 
activated at 523 K (10 K min-1).

Catalytic System
H2 chemisorption

(×10-2

2Hμmol molPd
-1)

dChem

(nm)
TPD Tmax

a

(K)

H2 desorbed
(×10-2

2Hμmol molPd
-1) (RC6ONE)0

Pd/Al2O3-B 0.8 782 118 72

Pd/Al2O3-B+Al2O3 0.9
66

788 128 83

Pd/SiO2 0.8 790 23 25

Pd/SiO2+SiO2 1.0
62

803 30 45
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          The hydrogen chemisorption values post-TPR are given in Table 6.4 where the 

following should be noted: (i) equivalent uptakes obtained with or without addition of 

support, i.e. H2 chemisorption was only associated with the metal component; (ii) 

similar Pd particle sizes exhibited by both catalysts (dChem = 62 - 66 nm). The H2-TPD 

profiles that followed chemisorption are given in Figure 6.8. In all cases, the profiles 

presented a positive peak (H2 release) at T ≥ 780 K where associated volume of H2

released exceeded (by up to two orders of magnitude) that taken up in the chemisorption 

step (see Table 6.4). This response certainly suggests release of spillover hydrogen 

where desorption has been shown to occur at T ≥ 503 K over Pd catalysts regardless of 

the oxide support (Al2O3 [92,93] or SiO2 [92,94]). The H2-TPD profile for Pd/Al2O3-B 

(Profile I) showed a more intense signal and a significantly greater volume of hydrogen 

desorbed (see Table 6.4) when compared with Pd/SiO2 (Profile III), which is 

characterised by a comparable Pd loading and size.  This can be explained on the basis 

of the greater capacity of the more acidic Al2O3 for spillover hydrogen [88].  Hydrogen 

spillover species have been viewed as electron donors where an acidic support surface 

(as electron acceptor) enhances electron transfer to effectively accommodate spillover 

[95-97].  The profiles generated for the catalyst+support mixtures (Figure 6.8, Profiles 

II and IV) are similar to those corresponding to the catalyst alone but with a significant 

increase in the volume of hydrogen desorbed (Table 6.4). A similar effect has been 

reported in the literature [52,98] and is consistent with an increase in spillover 

hydrogen.  The possible influence of varying amounts of spillover hydrogen on the 

catalytic response was assessed by extracting the specific (per mPd
2) C6ONE production 

rates for each system and these are given in Table 6.4. It can be seen that an enhanced 

production of C6ONE resulted from an increase in the available surface hydrogen. As 

all catalytic systems present similar Pd particle sizes and (specific) H2 uptakes, these 

results must be explicitly linked to the participation of spillover hydrogen and 

demonstrate its beneficial role in the conversion of 2,4-DCP to C6ONE over supported 

Pd catalysts. 

6.4 Conclusions

          In this contribution, the gas phase (atmospheric pressure, T = 423 K) continuous 

coupled hydrodechlorination+hydrogenation of chlorophenols over Pd catalysts has 

been established as a viable route to commercially important C6ONE.
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          Thermochemical calculations have revealed that hydrodechlorination is not a 

limiting step for C6ONE production. In the catalytic hydrotreatment of a (chloro-

)phenolic feedstock, YC6ONE,0 increased in the order: PhOH < monochlorophenol(s) < 

dichlorophenol(s).  This response is attributed to a facilitated conversion of 

chlorophenols to C6ONE by resonance stabilization of the electropositive intermediate 

formed via electrophilic hydrogen attack.  Taking 2,4-DCP as a representative feed, 

C6ONE formation is shown to be structure sensitive where, under kinetic control, larger 

Pd particles (3 → 250 nm) deliver higher specific reaction rates.  The reaction pathway 

was insensitive to Pd size resulting in a common selectivity/conversion profile. 

Moreover, a correlation between surface hydrogen content and C6ONE production has 

also been established, demonstrating the beneficial role of spillover hydrogen in the 

reaction.  These results establish the viability of chlorophenol hydroprocessing as a new 

(gas phase) continuous route to C6ONE, outperforming the conventional PhOH 

hydrogenation methodology.
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Chapter 7

Selective Hydrodechlorination of 2,4-Dichlorophenol                                   

over Iron Oxide-Supported Au

          In the previous Chapters, catalytic hydrodechlorination has been established as an 

effective means of detoxifying chlorophenols (in both liquid and gas phase).  A 

common feature of these studies has been the governing role of steric hindrance in 

determining hydrodechlorination selectivity.  Hydrogen scission of the Cl substituent 

positioned ortho- to the –OH group is consistently hampered by steric effects, a feature 

that is well documented in the published literature.  In this Chapter, the action of Au/-

Fe2O3 to selectively activate ortho- positioned Cl substituent(s) for hydrogen attack is 

demonstrated, resulting in unique hydrodechlorination selectivities.  Catalyst 

preparation and characterisation is correlated to hydrodechlorination performance. 

7.1 Introduction

          The presence of chlorophenols in industrial waste streams has been associated 

with deleterious effects on human health while contributing to ozone depletion and 

global warming [1,2].  In the past two decades, environmental legislation has become 

increasingly stringent regarding chlorophenols [2,3].  Several abatement methods have 

been considered, including photo-oxidation [4,5] (requiring expensive reagents), sono-

[6,7] and electro-chemical [8,9] degradation (requiring complex equipment), 

bioremediation [10,11] (only applicable at low chlorine concentrations, < 6 × 10-3 molCl

dm-3) and thermal treatments [12,13] (producing toxic by-products). Catalytic 

hydrodechlorination (HDC), hydrogenolytic C–Cl bond scission, has emerged as a 

cleaner alternative that facilitates recovery of raw material and operates under mild 

conditions (even with concentrated feedstock) [14,15].  The HDC of chlorophenols has 

been studied in both gas (notably over Ni/SiO2 [16-18]) and liquid (notably over Pd/C 

[19-21]) phases where the critical role of metal dispersion [18,22] and the nature of the 

support [14,21] in determining HDC efficiency has been established.  As a general 

observation, steric hindrance effects have been shown to limit HDC, particularly in 

terms of the cleavage of C–Cl bond(s) positioned ortho- with respect to –OH [23-27].
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          In gas phase operation, Pina et al. [24] found that 2-chlorophenol (2-CP) was the 

only chlorinated intermediate resulting from the HDC of 2,4-dichlorophenol (2,4-DCP) 

while Shin and Keane [25] isolated 2-CP and 2,6-DCP as products from the HDC of 

2,4,6-trichlorophenol (2,4,6-TCP). Regarding liquid phase operation, Calvo and co-

workers [26] reported 2-CP as the only chlorinated product from 2,4-DCP HDC 

whereas Pozan and Boz [27] identified 2-CP, 2,3-DCP and 2,5-DCP as 2,3,5-TCP HDC 

products. In order to establish HDC as an effective means of chlorophenol(s) 

detoxification, there is still a need for a catalyst formulation capable of promoting the 

hydrogenolysis of sterically constrained C–Cl bonds.  This has been the ultimate goal of 

the work that is presented here. 

          Supported Au catalysts have been recently the focus of a diversity of studies 

where Au has shown a distinct activity/selectivity response when compared with Pd 

and/or Pt in alcohol oxidation, alkane isomerization and the hydrogenation of ,-

unsaturated carbonyl groups [28]. Gold particle size has been recognised as a critical 

variable, where Au clusters ≤ 10 nm have been deemed necessary to obtain appreciable 

activity [29,30]. In this respect, supported Au catalyst synthesis by precipitation 

methods [30,31] avoids supersaturation of the precursor solution as nucleation occurs 

on the support surface [32,33], facilitating a more uniform dispersion of smaller Au 

particles than is obtained from conventional impregnation [34,35].  The choice of 

support is crucial where higher activities have been achieved using reducible (e.g. TiO2, 

CeO2) as opposed to non-reducible (Al2O3, SiO2) metal oxides in hydrogen mediated 

reactions [34,36]. This response has been linked to enhanced metal/support interactions 

in the former, which result from (a) the semiconductor (as opposed to insulator) nature 

of the Au/oxide interface [37] and/or (b) smaller Au particle size with a lower 

coordination number (i.e. increased number of defects) [38].  Hematite (-Fe2O3) has 

been recently demonstrated to be a superior (reducible) support in the synthesis of 

active Au catalysts for the hydrogenation of nitroarenes [38], propyne [39] and 

benzalacetone [40].  In this Chapter, the potential of Au/-Fe2O3 (prepared by 

deposition-precipitation) to promote the selective hydrogen cleavage of the ortho- Cl 

substituent from 2,4-DCP (as a model reactant) is demonstrated in continuous, gas 

phase operation. A comprehensive search through the literature did not unearth any 

study of chlorophenol(s) HDC over -Fe2O3 supported metal catalysts. Moreover, the 

only reported use of Au (supported on SiO2 and TiO2) to promote HDC generated 

negligible activity [41]. 
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          This study represents a novel contribution in that it is the first time that a Au 

catalyst has been shown to exhibit (i) significant HDC activity and (ii) high selectivity 

in terms of the HDC of a sterically-hindered Cl substituent. 

7.2 Experimental

7.2.1 Support/Catalyst Preparation

          The -Fe2O3 support was prepared by precipitation in basic media [42] according 

to: 

3 3 2 2 3 3 3 2 22[Fe(NO ) ·9H O]+3Na CO 2Fe(OH) + 6NaNO +3CO +15H O   (7.1)

100 cm3 of aqueous Na2CO3 (1 M) were placed in 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 

cm3, 1 M) was then added dropwise via a glass/Teflon air-tight syringe and Teflon line 

(300 cm3 h-1) by means of a microprocessor-controlled infusion pump (100 kd 

Scientific).  Basic conditions (pH > 7.3) were maintained during precipitation by adding 

Na2CO3 (five additions of 10 g). The pH was measured with a pH meter (Hanna 

Instruments) equipped with a crystal-body electrode, coupled to a data logging and 

collection system (Pico Technology Ltd.); calibration was performed with standard 

buffer solutions (pH 4.0 and 10.0). The solid hydroxide was subsequently aged for 2 h, 

washed with warm, distilled water (until the pH of wash water reached neutrality) and 

dehydrated over 3 days at 353 K (2 K min-1) in ultra pure He (60 cm3 min-1) to form the 

oxide according to:

3 2 3 22Fe(OH) Fe O +3H O                                        (7.2)

The red solid was then cooled under the same flow of He, sieved to 75 m average 

particle diameter (ATM fine test sieves) and stored under air at room temperature. A 

0.81 % w/w Au/-Fe2O3 catalyst was prepared by deposition-precipitation using urea as 

basification agent. A combination of aqueous urea (ca. 100-fold urea excess) and 

HAuCl4 (300 cm3, 5  10-4 M) was added to the -Fe2O3 support (ca. 5 g).
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          The suspension was stirred and heated (2 K min-1) to 353 K. The pH 

progressively increased to reach 7.2 after 8 h as a result of the thermally-induced urea 

decomposition [43]:

+ -
2 2 2 4 2NH - CO - NH + 3H O 2NH + 2OH + CO                      (7.3)

The catalyst was then filtered, washed until the washing water was Cl-free (based on the 

AgNO3 test) and dried in ultra pure He (60 cm3 min-1) at 383 K for 3 h. After 

preparation, the catalyst was sieved to 75 m average particle diameter (ATM fine test 

sieves) and stored at 277 K in the dark. The Au loading was determined (to within ± 2 

%) by inductively coupled plasma-optical emission spectrometry (ICP-OES, Vista-

PRO, Varian Inc.) from the diluted extract of aqua regia.

7.2.2 Support/Catalyst Characterization

          The pH associated with the point of zero charge (pHpzc) of the support was 

determined using the potentiometric mass titration (PMT) technique [44].  Three 

different masses (0.025, 0.050 and 0.075 g) were immersed in 50 cm3 0.1 M NaCl to 

which a known amount of NaOH (0.1 M) was added to adjust the initial pH to ca. 11. 

Titration of the samples was performed under continuous agitation in a He atmosphere 

with HCl (0.1 M) as titrant. Temperature-programmed reduction (TPR) and H2

chemisorption/tempetarure-programmed desorption (H2-TPD) measurements were 

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

The samples were loaded into a U-shaped (100 × 3.76 mm) quartz cell, contacted with 5 

% v/v H2/N2 (17 cm3 min-1, Brooks mass flow controlled) and subjected to TPR 

treatment (2 K min-1) to a final temperature in the range 423 K - 1273 K. The effluent 

gas was directed through a liquid N2 trap and H2 consumption/release was monitored by 

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

TPR WinTM software. After TPR, the reduced samples were swept with dry N2 (65 cm3

min-1) at the final temperature for 90 min, cooled to room temperature and subjected to 

H2 chemisorption analysis (10 L H2 pulses) under the same N2 flow.  The H2 pulses 

were repeated until the signal area was constant, indicating surface saturation and H2-

TPD was subsequently performed by heating (50 K min-1) the sample to 873 K.
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         BET area and pore size distribution measurements were performed using the 

commercial Micromeritics Flowsorb II 2300 unit.  Prior to analysis, the samples were 

outgassed at 423 K for 1 h in 20 cm3 min-1 dry N2. BET area was obtained in 30 % v/v 

N2/He (20 cm3 min-1) with at least three cycles of N2 adsorption-desorption using the 

standard single-point BET method. N2 adsorption/desorption isotherms were recorded 

over the relative pressure range 0.05 ≤ P/P0 ≤ 0.98, where the total pore volume and 

size distribution were obtained using the method of Dollimore and Heal [45].  Hydrogen 

chemisorption, BET area and pore volumes were reproducible to within ± 5 % and the 

values quoted in this study are the mean. 

          The support/catalyst structural features were assessed by X-ray diffraction (XRD) 

using a Bruker/Siemens D500 incident X-ray diffractometer with Cu K radiation. The 

samples were scanned at 0.02º step-1 over the range 20º ≤ 2 ≤ 90º (scan time = 5 s 

step-1). The diffractograms were compared with the JCPDS-ICDD references for 

comparative purposes (Card No. 33-0664 (-Fe2O3); 19-0629 (Fe3O4); 06-0696 (Fe); 

04-0784 (Au)). Gold particle size/morphology was determined by transmission electron 

microscopy (TEM) analysis: JEOL JEM 2011 TEM unit with a UTW energy-dispersive 

X-ray detector (Oxford Instruments) operated at an accelerating voltage of 200 kV and 

using Gatan DigitalMicrograph 3.4 for data acquisition/manipulation.  The samples 

were dispersed in acetone and deposited on a holey-carbon/Cu grid (300 Mesh). The 

mean Au particle size is given as a surface area-weighted mean (dTEM) according to:

3
i i

i
TEM 2

i i
i

n d
d

n d




                                                    (7.4)

where ni is the number of particles of diameter di and  ni = 100.

7.2.3 Catalytic Procedure

          The reactants (2-CP, 3-CP, 4-CP, 2,3-DCP, 2,4-DCP, 2,5-DCP, 2,6-DCP, 3,4-

DCP, 3,5-DCP and 2,4,6-TCP; ≥ 97 %) and the organic solvents (methanol, ethanol, n-

propanol, n-butanol, n-hexane, tetrahydrofuran (THF), cyclohexane; ≥ 99 %) were 

obtained from Sigma-Aldrich and used as received.
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          Reactions were carried out under atmospheric pressure, immediately after in situ

activation, in a continuous flow fixed bed vertical glass reactor (i.d. = 15 mm, l = 600 

mm). The catalytic reactor, and operating conditions to ensure negligible heat/mass 

transport limitations, have been fully described elsewhere [46], but details of direct 

relevance to this study are given below. The chlorophenol reactants were delivered to 

the reactor as (unless otherwise specified) aqueous solutions via a glass/teflon air-tight 

syringe and a teflon line using a microprocessor controlled infusion pump (Model 100 kd 

Scientific) where the molar ratio of Au (nAu) to Cl flow rate (FCl) spanned the range 2 ×

10-3 - 83 × 10-3 molAu h molCl
-1. A co-current flow of ultra pure H2 (60 cm3 min-1) was 

monitored using a Humonics (Model 520) digital flowmeter and maintained at a GHSV = 

2 × 104 h-1. A layer of glass beads above the catalyst bed served as a preheating zone, 

ensuring that the reactants were vaporized, reaching reaction temperature (423 K) 

before contacting the catalyst. Isothermal conditions were maintained by diluting the 

catalytic bed with ground glass (75 m), where the reaction temperature was 

continuously monitored by a thermocouple inserted in a thermowell within the catalytic 

bed. Passage of each reactant over the support alone, i.e. in the absence of Au, did not 

result in any measurable conversion. The reactor effluent was frozen in a liquid nitrogen 

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

employing a DB-1 (J&W Scientific) capillary column (i.d. = 0.20 mm, l = 50 m, film 

thickness = 0.33 m) as described in detailed elsewhere [47]. A chlorine mass balance 

was performed by passing the effluent gas through an aqueous NaOH trap (9  10-4 mol 

dm-3, kept under constant agitation at 400 rpm) with independent pH (Hanna HI 

Programmable Printing pH Bench-Meter) analysis; HCl was the only inorganic product 

as established elsewhere [48]. Repeated reactions with different samples from the same 

batch of catalyst delivered raw data that were reproducible to within ± 7 %. The 

fractional selectivity to, for example, 4-CP (S4-CP) is given by 

     4-CP
4-CP

2,4-DCP,0 2,4-DCP

C
S

C C



                                        (7.5)

where C2,4-DCP,0 and C2,4-DCP represent the inlet and outlet concentrations of 2,4-DCP, 

respectively, and C4-CP is the outlet concentration of 4-CP.
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7.3 Results and Discussion

7.3.1 Support Characterization

          The hematite (-Fe2O3) support was first subjected to a comprehensive 

programme of characterization in terms of surface area, porosity, reducibility and H2

chemisorption prior to the addition of gold by deposition-precipitation. Representative 

SEM images of the (as prepared) support are presented in Figure 7.1a where a platelet 

morphology is in evidence, decorated with small, amorphous ferrihydrite 

(Fe5HO8·4H2O) aggregates.

Figure 7.1: a) Representative SEM micrographs and b) N2 adsorption ()/desorption () isotherms 
of the hematite (-Fe2O3) support, as prepared. Inset: pore volume distribution from the desorption 
data.
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          This morphology is typical in iron (III) oxide(s) synthesised from concentrated (> 

0.1 M) Fe+3 solutions at T ≥ 363 K [49], where a metastable Fe5HO8·4H2O phase is first 

formed which, by dehydration [50], produces -Fe2O3 as the thermodynamically stable 

allotrope [51]. Nitrogen adsorption/desorption isotherms are shown in Figure 7.1b and

the corresponding total pore volume is given in Table 7.1. The isotherms exhibit an 

hysteresis loop at high relative pressures (P/P0 > 0.45) which, according to type IV 

IUPAC classification, is indicative of the presence of mesopores. The measurable (≥ 18 

cm3 g-1) N2 uptake at low relative pressures (P/P0 < 0.2) is characteristic of a micropore 

component (type I classification) [52]. A contribution of both micro- and meso-pores to 

the total pore volume gives rise to the bimodal distribution shown as an inset to Figure 

7.1b. Total porosity is predominantly (ca. 78 %) at the micro-scale. The BET surface 

area (129 m2 g-1, see Table 7.1) falls within the range of values (48 - 252 m2 g-1) quoted 

in the literature [53,54]. The pH associated with the point of zero charge (pHpzc) was 

also measured as a critical property that determines the solution pH requirements to 

ensure effective precursor-support interactions during catalyst preparation by 

deposition-precipitation [55]. When pH < pHpzc, the support surface bears a positive 

charge (due to protonation), favouring interaction with anionic species in solution and a 

pH in excess of pHpzc results in a surface affinity for cationic species [22,56].  Our 

experimentally determined pHpzc (= 8.1) is within the range (7.9 - 9.0) reported 

previously for -Fe2O3 [57,58] and suggests a preferential interaction with anionic Au 

precursor species at pH < 8.1.

          Support reducibility was assessed by a combination of temperature programmed 

reduction (TPR) and XRD analyses, which are shown in Figure 7.2a and 7.2b, 

respectively.  At room temperature, contact of the support with 5 % v/v H2/N2 did not 

result in any detectable TPR signal (see I in Figure 7.2a) and the associated XRD 

diffractogram (Profile I in Figure 7.2b) was consistent with the sole presence of a 

rhombohedral -Fe2O3 phase (JCPDS-ICCD Card No. 33-0664, Profile V).  Reflections 

at 2 = 24.1°, 33.2°, 35.6°, 40.9°, 49.5°, 54.1°, 57.6°, 62.4° and 64.0° correspond, 

respectively, to the  (012), (104), (110), (113), (024), (116), (018), (214) and (300) 

planes.  TPR to 1273 K generated a positive (H2 consumption) TCD response with 

characteristic Tmax values at 562 K, 666 K, 965 K and 1183 K (see Figure 7.2a). 
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Table 7.1: Support composition, BET surface area, pore volume and H2 chemisorption associated with -Fe2O3

(support) and Au/-Fe2O3 (Au/support) at different TPR temperatures.

TPRa

System
Point

Temperature
(K)

Support 
compositionb

BET
(m2 g-1)

Pore volume
(cm3 g-1)

H2 chemisorption
(×106 

2Hmol molFe
-1)

I 298c 129 0.26 -

II 423
-Fe2O3

103 0.23 10

III 673 Fe3O4 13 0.03 14
Support

IV 1273 Fe 3 < 0.01 7

I 298c -Fe2O3 120 0.23 -

II 423 -Fe2O3
d 57 0.16 14

III 673 Fe3O4 13 0.04 21
Au/Support

IV 1273 Fe 3 < 0.01 9
asee Figure 7.2a (-Fe2O3) and Figure 7.4a (Au/-Fe2O3)
bbased on XRD analysis, see Figure 7.2b (-Fe2O3) and Figure 4b (Au/-Fe2O3)
cas prepared
dpartial reduction to Fe3O4
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Figure 7.2: a) TPR profile and b) XRD patterns for the hematite (-Fe2O3) support, as prepared (I) 
and reduced at 423 K (II), 673 K (III) and 1273 K (IV). Note: reference (JCPDS-ICDD) 
diffractograms for -Fe2O3 (Card No. 33-0664 (V)), Fe3O4 (Card No. 19-0629 (VI)) and Fe (Card 
No. 06-0696 (VII)) are also included.
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          The first two signals can be associated with the reduction of -Fe2O3 to magnetite 

(Fe3O4) according to:

2 3 2 3 4 23Fe O + H 2Fe O + H O                                       (7.6)

as there is good agreement (within 1 %) between the experimentally determined and 

theoretical (0.17 
2Hmol molFe

-1) H2 consumption for this step. Moreover, XRD profiles 

post TPR to 423 K (point II in Figure 7.2a) and 673 K (point III in Figure 7.2a) 

coincide, respectively, with the patterns for the -Fe2O3 and Fe3O4 JCPDS-ICDD 

standards (Profiles V and VI in Figure 7.2b, respectively). The presence of a shoulder 

(at 562 K) to the main H2 consumption peak (at 666 K) can be attributed to a lower 

temperature reduction of (a) Fe5HO8·4H2O particles decorating the -Fe2O3 surface (see 

SEM images in Figure 7.1a) and/or (b) surface hydroxyl groups. Indeed, the 

occurrence of a two stage reduction of -Fe2O3 to Fe3O4 has been reported in the 

literature [51,59] (in the range 633 K - 700 K) and linked to support dehydroxylation 

with concomitant formation of surface oxygen vacancies. The broader H2 consumption 

peaks at 965 K and 1183 K (see Figure 7.2a) can be ascribed to a further reduction of 

Fe3O4 to metallic iron according to:

3 4 2 2Fe O + 4H 3Fe + 4H O                                          (7.7)

          Once again, the experimental/theoretical H2 consumptions were in good 

agreement (to within 6 %) and the XRD diffractogram of the sample taken to 1273 K 

(point IV in Figure 7.2a) matched that of the JCPDS-ICDD fcc Fe reference (Card No. 

06-0696, Profile VII in Figure 7.2b). The two TPR signals (at 965 K and 1183 K) can 

be tentatively associated with different reduction requirements associated with 

surface/structural defects and bulk Fe3O4 transformations. Indeed, Pineau et al. [60], 

studying the kinetics of Fe3O4 reduction in H2, demonstrated that the continuous 

agglomeration of the oxide caused variations in reduction rate and the consequent 

temperature response during TPR. It should be noted that the support TPR 

transformations were accompanied by a decrease in BET area and pore volume (see 

Table 7.1). This response can be linked to sample sintering and loss of water, which 

ultimately generates a low surface area bulk Fe structure [61].
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          Hydrogen chemisorption measurements for the support at points I - IV (see Table 

7.1) delivered low uptakes that approached instrumental detection limits.

7.3.2 Catalyst Synthesis and Characterization

Au/-Fe2O3 was prepared by deposition-precipitation and subjected to the same 

programme of characterization as the support. Temporal variations of solution pH and 

temperature during the preparation process are shown in Figure 7.3, where the pHpzc of 

-Fe2O3 is indicated by the dashed line. At ambient temperature, the addition of urea 

and HAuCl4 to -Fe2O3 generated an initial pH of 4.5. A subsequent elevation of 

temperature was accompanied by an increase in pH (to ca. 7.2) due to thermally-

induced urea decomposition (see eqn. (7.3)).  It is known 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
- predominates [55,62]. Accordingly, we can identify our 

deposited gold precursor as principally AuCl(OH)3
- species. We avoided the use of a 

higher solution pH as this has been demonstrated to generate lower Au dispersions 

[55,63].

Figure 7.3: Temporal variation of pH (solid line) and temperature (dotted-line) in the synthesis of 
Au/-Fe2O3. Note: dashed line illustrates pHpzc of the support.
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          It should be noted that the final pH was less than the pHpzc (= 8.1), favouring 

anionic Au precursor interaction with the positively charged -Fe2O3 surface.  The 

subsequent period of “aging” (ca. 250 min) is known to enhance Au deposition [64].  

Catalyst reducibility as assessed by TPR/XRD analyses (see Figure 7.4a and 7.4b, 

respectively) can be compared directly with the support (see section 7.3.1 and Figure 

7.2). As in the case of -Fe2O3, there was no detectable room temperature hydrogen 

consumption by Au/-Fe2O3 (point I in Figure 7.4a) and the XRD pattern (Profile I in 

Figure 7.4b) was coincident with the -Fe2O3 JCPDS-ICDD standard (Profile IV). The 

TPR profile generated for Au/-Fe2O3 (Figure 7.4a) differed significantly from that 

recorded for -Fe2O3 (Figure 7.2a) in that all the peaks were shifted to lower 

temperatures (by up to 200 K). This response suggests a more facile -Fe2O3 reduction 

due to the presence of Au and is consistent with reports in the literature [65,66]. The 

occurrence of two TPR peaks for Au/-Fe2O3 at T ≤ 673 K has been previously reported 

where the lower temperature signal has been ascribed to the reduction of (a) the Au 

precursor [66,67] and/or (b) the support [67,68].  In our case, H2 consumption 

associated with the first signal (at 363 K) was far greater than that required for Au 

precursor reduction (19.6 vs. 1.5 
2Hmol molAu

-1). This excess in terms of H2

consumption must be associated with the -Fe2O3 support and can arise from the 

generation of spillover hydrogen during TPR.  Spillover results from a dissociative 

chemisorption of H2 to generate atomic hydrogen that migrates to another (accepting) 

surface, typically from a metal site to an oxide support [69]. Indeed, recent studies have 

demonstrated (by FTIR) hydrogen spillover at ambient temperature in the case of Au 

supported on TiO2 [70] and CeO2-ZrO2 [71]. Moreover, Bocuzzi and coworkers [72]

have suggested that room temperature spillover hydrogen generated on Au/-Fe2O3 can 

participate in the superficial reduction of the support. A possible contribution from the 

lower temperature TPR signal to a partial reduction of -Fe2O3 by spillover hydrogen 

was probed by XRD (see Figure 7.4b). A comparison of the XRD pattern of the as-

prepared catalyst (Profile I) with that obtained after TPR to 423 K (Profile II) can be 

made, focusing on the 2range outlined in boxes “c” and “d”. It should be noted that 

the relative intensities of the two main peaks at 2 = 33.2 º and 35.6º ((104)/(110) 

planes) in Profile II differ from that which characterises Profile I and the reference -

Fe2O3 (see dashed square “c” in Figure 7.4b): -Fe2O3 = Profile I = 4/3; Profile II = 

3/4.
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Figure 7.4: a) TPR profile and b) XRD patterns for the Au/-Fe2O3 catalyst, as prepared (I) and 
reduced at 423 K (II), 673 K (III) and 1273 K (IV). Note: Sections “c” and “d” in b) identify areas 
for comparison. Reference (JCPDS-ICDD) diffractograms for -Fe2O3 (Card No. 33-0664 (V)), 
Fe3O4 (Card No. 19-0629 (VI)), Fe (Card No. 06-0696 (VII)) and Au (Card No. 04-0784 (VIII)) are 
also included.
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          As the XRD peak for the (110) plane for -Fe2O3 coincides with the main 

characteristic peak for Fe3O4 (2 = 35.4º, (311) plane, Profile VI), this variation in 

relative intensities suggests a partial reduction of the support.  Indeed, a consideration of 

the XRD signals at 2 = 62.4 º and 64.0º (planes (214) and (300)) for -Fe2O3 and the 

(440) plane (at 2 = 62.5º) for Fe3O4 (see dashed square “d” in Figure 7.4b) reveals 

differences in the relative intensities of the characteristic signals for -Fe2O3 with the 

simultaneous appearance of one of the main peaks for Fe3O4.  These results demonstrate 

that, when Au/-Fe2O3 was activated at 423 K, the support was partially reduced to 

Fe3O4. A complete transformation of Au/-Fe2O3 to Au/Fe3O4 at 623 K is confirmed 

by comparing Profile III with the reference Fe3O4 in Profile VI. Further reduction to 

1273 K resulted in the formation of bulk Fe (see Profile VI in Figure 7.4b). The 

absence in these XRD patterns of any reflections due to Au (JCPDS-ICDD Card No. 

04-0784, Profile VIII) can be taken as indicative of the presence of Au as small clusters 

(XRD detection limit ≤ 3-5 nm [73,74]). A measurably higher level of H2

chemisorption was observed for Au/-Fe2O3 when compared with -Fe2O3 (see Table 

7.1), albeit the increase in uptake is slight. While it is known that H2 does not 

chemisorb on bulk Au (at room temperature) [75], uptake on supported Au particles (< 

10 nm) has been reported, notably at step, edge and corner sites [34,76]. 

          The catalyst activation temperature was then fixed at 423 K, where support -

Fe2O3 character was largely maintained. The N2 adsorption/desorption isotherms for 

the activated/passivated Au/-Fe2O3 (see Figure 7.5) deviated somewhat from those 

recorded for the support (see Figure 7.1b). Lower volumes adsorbed/desorbed 

(particularly where P/P0 < 0.4) and a shift in the hysteresis loop shifted to greater 

relative pressures (P/P0 > 0.65) characterized Au/-Fe2O3.  The associated micropore 

content of Au/-Fe2O3 was lower, accounting for 65 % of the total pore volume. TEM 

analysis was performed in order to assess Au size and morphology in the activated 

catalyst.  Representative high magnification micrographs are shown in Figure 7.6, 

where the metal particles exhibited a quasi-spherical shape with diameters ≤ 10 nm (see 

TEM image a). The diffractogram pattern for isolated metal particles (bI and bII) 

yielded an average d-spacing of 0.23 nm, consistent with the (111) main plane of 

metallic Au (JCPDS-ICDD Card No.: 04-0784). 
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Figure 7.5: Nitrogen adsorption ()/desorption () isotherms of activated (at 423 K) and passivated 
Au/-Fe2O3. Inset: pore volume distribution from desorption data.

          The d-spacing obtained for the support (Figure 7.6bIII, 0.25 nm) matches the 

(110) plane of -Fe2O3 (JCPDS-ICDD Card No. 33-0664). The surface area-weighted 

mean Au particle size was 2.6 nm, which is consistent with the absence of XRD signals 

due to Au in Figure 7.4b (Profile II).  Hydrogen content associated with Au/-Fe2O3

was probed further by H2-TPD analysis and the results are presented in Figure 7.7, 

where the corresponding profile for the support is included for comparative purposes.

In both cases, two stages of hydrogen desorption are in evidence (i.e. Tmax = 579 ± 4 K 

and 700 ± 4 K). A third signal (at 762 K) is present in the profile for -Fe2O3 which, in 

the case of Au/-Fe2O3, is possibly contained within the broader and more intense 

higher temperature TPD peak. The total amount of hydrogen desorbed (-Fe2O3: 1 ×

10-3
2Hmol molFe

-1; Au/-Fe2O3: 4 × 10-3
2Hmol molFe

-1) was appreciably greater (by two 

orders of magnitude) than that taken up in the chemisorption step (see Table 7.1), a 

response that supports the generation of spillover hydrogen during TPR. The desorption 

of spillover species has been shown to occur at T > 503 K, regardless of the 

metal/support [77]. 
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Figure 7.6: Representative high resolution TEM images of activated (at 423 K) and passivated 
Au/-Fe2O3. Note: diffractogram patterns for isolated Au particles (bI and bII) and -Fe2O3

support (bIII) are included as insets.

  bIII)  bII)   bI)

b)

a)
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Figure 7.7: Specific (per mol Fe) H2-TPD profile for -Fe2O3 (solid line) and Au/-Fe2O3 (dotted 
line) post TPR to 423 K.

          The incorporation of Au on -Fe2O3 resulted in a four-fold greater amount of 

hydrogen released during TPD.  The more facile -Fe2O3 reduction in the presence of 

Au during TPR may be a consequence of this additional surface hydrogen. The catalyst 

characterization results establish the presence of nanoscale Au (mean size = 2.6 nm) 

that facilitates a partial reduction of -Fe2O3 to Fe3O4 post TPR to 423 K with a 

significant increase in surface hydrogen content. 

7.3.3 Catalytic Activity/Selectivity

The catalytic performance of Au/-Fe2O3 was tested in the HDC of 2,4-DCP: 

the reaction pathway is shown in Figure 7.8. 
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Figure 7.8: Schematic reaction pathway for the HDC of 2,4-DCP.

          Chlorine removal can proceed by two stepwise routes, i.e. with 2-CP (k1, k3) or 4-

CP (k2, k4) as reaction intermediates, or by the simultaneous removal of both Cl 

substituents (k5) leading, in each case, to PhOH as the ultimate product. This is an ideal 

model system to assess selectivity in terms of ortho- as opposed to para- Cl attack. 2,4-

DCP HDC over Au/-Fe2O3 did not generate any products resulting from aromatic ring 

hydrogenation and/or dehydroxylation, i.e. the catalyst was 100 % selective in terms of 

chlorine removal. A representative temporal response in terms of outlet stream molar 

composition is shown in Figure 7.9, where it can be seen that 2,4-DCP conversion 

yielded 4-CP as the principal product.
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Figure 7.9: Mole fractions (xi) of a) 2,4-DCP () and b) PhOH (), 2-CP () and 4-CP () as a 
function of time-on-stream for reaction over Au/-Fe2O3: (nAu/FCl) = 83 × 10-3 molAu h molCl

-1. Note: 
lines represent fit to eqn. (7.8).
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          From the very outset, it must be stressed that this response is unique in terms of 

HDC selectivity.  The published studies on 2,4-DCP hydrotreatment have uniformly 

identified steric hindrance effects in the activation/scission of the ortho- Cl substituent 

as governing HDC, leading to the generation of 2-CP as the predominant intermediate, 

regardless of the phase (gas [17,24] or liquid [26,78]), metal (Ni [17,24], Pd [26,78]) or 

support (carbon [26], Al2O3 [78], SiO2 [17,24]) used. There was a temporal decline in 

4-CP (and PhOH) production that coincided with a decrease in 2,4-DCP conversion 

with time-on-stream. A time dependent loss of activity is a common feature of catalytic 

HDC and has been linked to the action of the HCl by-product that can induce metal 

leaching [79,80], poisoning (via electronic modifications) [81-83], sintering [81] and/or 

coke formation [79,80]. The initial product distribution was calculated from [16,84]: 

 = expi i,0x x t                                                 (7.8)

where xi,0 and xi represent the initial and temporal molar fractions of compound i, t is 

the integral time and  is a fitting parameter; the quality of the data fit (R2 ≥ 0.992) can 

be seen in Figure 7.9. In order to relate the catalytic response of Au/-Fe2O3 in terms 

of HDC pathway (see Figure 7.8), the mass balance for each compound was applied 

assuming pseudo-first order kinetics (H2 was far in excess of the stoichiometric 

quantity) for each reaction step which, after integration, gives the following series of 

equations:

   1 2 5= exp /2,4-DCP,0 Au Clx k k k n F                                   (7.9)

    1
3

3 1 2 5

= exp /2-CP,0 2,4-DCP,0 Au Cl
k

x x k n F
k k k k

 
          

           (7.10)

    2
4

4 1 2 5

= exp /4-CP,0 2,4-DCP,0 Au Cl
k

x x k n F
k k k k

 
          

            (7.11)

 = 1PhOH,0 2,4-DCP,0 2-CP,0 4-CP,0x x + x + x                            (7.12)
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where kj is the pseudo-first order rate constant for step j and nAu/FCl has the physical 

meaning of contact time.  The results of a non-linear regression of the experimental data 

to the kinetic model are shown in Figure 7.10 and the resulting kj values (molCl h-1

molAu
-1) are given in Table 7.2. The HDC of 2,4-DCP proceeded via a preferentially 

stepwise mechanism (i.e. (k1 + k2 + k3 + k4) >> k5) where the dechlorination of the 

ortho- positioned Cl proceeded at a higher rate than para- Cl removal (k2/k1 and k3/k4 >> 

1).  In contrast, Shin and Keane [17] (over Ni/SiO2 at 573 K) and Wei and co-workers 

[85] (over unsupported Pd-Fe at 303 K) observed the opposite trend (i.e. k2/k1 and k3/k4

<< 1) and ascribed this to rate inhibition due to steric hindrance in the case of ortho- Cl. 

The HDC of the monochlorophenol intermediates proceeded at a higher rate than that of 

2,4-DCP: (k3 + k4) >> (k1 + k2 + k5). This response is consistent with an electrophilic 

aromatic substitution where the second (electron-withdrawing) Cl substituent has a 

deactivating effect [14,86].

Figure 7.10: Initial mole fractions (xi,0) of 2,4-DCP (,), 2-CP (,), 4-CP (,) and PhOH 
(,) as a function of contact time for reaction over Au/-Fe2O3 in water (solid symbols) and THF 
(open symbols) as solvent. Note: lines represent fit to eqns. (7.9 - 7.12).
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Table 7.2: Pseudo-first order rate constants (kj, molCl h
-1 molAu

-1) for 2,4-DCP HDC 
over Au/-Fe2O3 (see Figure 7.8 and eqns. (7.9 - 7.12)).

Solvent
Rate constant Step

Water THF
k1 2,4-DCP → 2-CP 1.0 2.6

k2 2,4-DCP → 4-CP 23.4 5.3

k3 2-CP → PhOH 95.0 22.8

k4 4-CP → PhOH 20.0 12.5

k5 2,4-DCP → PhOH 1.8 0.4

          In this mechanism, hydrogen attacks the Cl bonded to the aromatic carbon 

bearing the highest electron density [87], forming a (cationic) reaction intermediate that 

is stabilized by charge delocalization in the ring [88].  It has been suggested previously 

[25] that aromatic resonance governs chlorophenol(s) HDC product distribution. 

However, from this consideration alone, one would expect k1 to equal k2 as the number 

of resonance forms resulting from ortho- or para- attack of 2,4-DCP is the same (= 4). 

An alternative or additional factor must then influence product distribution.  Indeed, the 

preferential removal of the ortho- Cl suggests that this bond is preferentially activated 

on Au/-Fe2O3.  The unique selectivity response also suggests that the use of a 

reducible (-Fe2O3) support plays a critical role.  Reducible metal oxides (such as TiO2

and -Fe2O3) are semiconductors as they exhibit a narrower band gap (typically 2 - 3 

eV [89]) when compared with non-reducible oxides (e.g. Al2O3, 9 eV [90]). TPR of -

Fe2O3 can then result in the removal of surface oxygen atoms (generating water as by-

product) to form vacancies [51,59], which is consistent with the characterization results 

(see section 7.3.1). Moreover, there is (XPS/EXAFS) evidence in the literature 

suggesting that, during TPR of Au/-Fe2O3, the formation of surface oxygen vacancies

generates electron-deficient Au+ species [91].  Therefore, the author envisions a 

reaction mechanism involving 2,4-DCP adsorption on (positively) charged Au clusters 

via the lone pair of electrons associated with –OH, facilitating polarization (and 

activation) of the ortho- C–Cl bond as a result of inductive effects. This will render the 

ortho- Cl substituent more susceptible to electrophilic attack than the para- counterpart. 

Such a mechanism requires the involvement of H+ species and the occurrence of 

(positively) charged spillover hydrogen has been reported [92].
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          In section 7.3.2 is has been shown that spillover hydrogen is a feature of Au/-

Fe2O3 under the stated activation conditions and there is persuasive evidence in the 

literature that spillover hydrogen contributes to HDC, notably in the gas phase HDC of 

3-CP [86] and chlorobenzenes [80].  A direct comparison of these results with the 

literature is, however, difficult since this is the first reported study of chlorophenol(s) 

HDC over a -Fe2O3 based catalyst.  Nevertheless, it is worth to flag the work of Shin 

et al. [17,86] who, studying 2,4-DCP HDC over Ni/SiO2 (i.e. a non-reducible support), 

also suggested this mode of 2,4-DCP/catalyst interaction but, in that case, 4-CP was not 

generated as product.

          The overall specific rate of 2,4-DCP (aqueous solution) conversion (k1 + k2 + k5) 

delivered by Au/-Fe2O3 (11 × 10-4 molCl h-1 mAu
-2, see Table 7.3) is close to that 

reported elsewhere [17] for reaction over Ni/SiO2 bearing Ni particles with a mean 

diameter = 1.4 nm size (14 × 10-4 molCl h
-1 mAu

-2), where the reaction in the latter case 

was carried out at a higher temperature (573 K).  Such a level of activity for Au/-

Fe2O3 can be associated to small Au particle size (2.6 nm) as highly dispersed Au/-

Fe2O3 catalysts have been shown to deliver equivalent (and even superior) activity when 

compared with conventional catalytic systems in the water-gas shift reaction (Cu-

Zn/Al2O3 [53]) and CO oxidation (Pt/TiO2 [58]). It must be stressed that this is the first 

reported study demonstrating significant HDC activity for supported Au. Catalyst 

performance may also be influenced by the nature of the solvent carrier and it has been 

demonstrated for the water-gas shift reaction that Au/-Fe2O3 can dissociate water to 

produce reactive hydrogen species [65,72].

Table 7.3: Specific pseudo-first order 2,4-DCP consumption rate constant ((k1 + k2 + k5), 
units: molCl h

-1 mAu
-2) and fractional selectivities with respect to PhOH (SPhOH), 2-CP (S2-CP) 

and 4-CP (S4-CP) at 20 % 2,4-DCP conversion for HDC over Au/-Fe2O3 in different solvents.

Solvent (k1 + k2 + k5) × 104 SPhOH S2-CP S4-CP

  Water 10.8 0.05 0.03 0.92

  Methanol 4.3 0.07 0.04 0.89

  Ethanol 5.1 0.05 0.02 0.93

  n-Propanol 5.6 0.03 0.04 0.93

  n-Butanol 6.7 0.06 0.01 0.93

  n-Hexane 2.5 0.05 0.04 0.91

  THF 3.8 0.19 0.20 0.61

  Cyclohexane 2.4 0.08 0.04 0.88
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          The possible role of the solvent was also addressed in this study, considering the 

action of protonated (linear alcohols) and non-protonated (n-hexane, THF and 

cyclohexane) organics as solvent carriers; the results are presented in Table 7.3. The 

catalytic activity associated with all the organic solvents was lower than that recorded in 

water. This result suggests some level of solvent/2,4-DCP competitive adsorption in the 

case of the organic carriers.  Rate inhibition due to an occlusion of active sites by 

solvent (alcohols, n-heptane) has been reported for the gas phase hydrogenation of 

PhOH [93] and tetralin [94]. It is worth noting that the HDC rate was higher in the case 

of the alcohols and, moreover, increased in moving from methanol to n-butanol. 

Alcohol chemisorption on reducible (TiO2) and non-reducible (Al2O3) metal oxides 

proceeds through interaction between the lone pair of electrons in the alcohol oxygen 

and a Lewis acid site on the oxide [95,96] with concomitant H+ abstraction and alcoxide 

formation, where the ease of oxygen electron donation increases with increasing chain 

length [23]. The latter is in line with a more facile activation/dissociation of n-butanol 

relative to methanol, generating H+ species that can promote 2,4-DCP HDC. This 

response is also consistent with the lower activity registered for n-hexane, THF and 

cyclohexane where H+ abstraction is not possible. Solvent H+ donation is a well known 

phenomenon in liquid phase HDC [97,98] but has not been considered to any significant 

extent in gas phase reactions.  Nevertheless, the work of López et al. [99] should be 

noted, who have recently observed a positive effect with n-butanol addition on 

tetrachloroethylene HDC over Pd/Al2O3.  In the present case, the use of different 

solvents had little effect in terms of reaction pathway where, at the same level of 2,4-

DCP conversion, product selectivity was essentially the same with the exception of 

THF, as shown in Table 7.3. Application of eqns. (7.9 - 7.12) (see Figure 7.10 and 

Table 7.2) has revealed that the use of THF limits production of 4-CP; k2/k1 = 2 for 

THF compared with k2/k1 = 23 for water. Distinct reaction selectivities when using 

THF as solvent have also been reported for the hydrogenation of paracetamol [100] and 

the decomposition of 2-(chloroethyl)ethyl sulphide [101].

          These results demonstrate, for the first time, high selectivity in the hydrogenolytic 

cleavage of a sterically constrained Cl substituent from an aromatic host due to the 

catalytic action of Au/-Fe2O3.  The study was consequently extended to assess this 

selectivity response for the HDC of a range of mono-, di- and tri-chlorophenols and the 

results are presented in Table 7.4.
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Table 7.4: Specific HDC rate constant (k´Cl, units: molCl h-1 mAu
-2) and product 

composition (in terms of initial molar fractions) for the conversion of representative 
chlorophenols (in ethanol) over Au/-Fe2O3.

Reactant k´Cl × 104 Product(s)a

  2-CP 11.6 PhOH (0.37)

  3-CP 4.3 PhOH (0.08)

  4-CP 4.2 PhOH (0.06)

  2,3-DCP 4.4 2-CP (0.01), 3-CP (0.12)

  2,4-DCP 5.1b PhOH (0.01), 4-CP (0.15)

  2,5-DCP 8.6 2-CP (0.05), 3-CP (0.25)

  2,6-DCP 10.0 PhOH (0.31), 2-CP (0.24)

  3,4-DCP 2.8 PhOH (0.03), 3-CP (0.02), 4-CP (0.06)

  3,5-DCP 3.7 PhOH (0.05), 3-CP (0.05)

  2,4,6-TCP 8.5 PhOH (0.10), 4-CP (0.13), 2,4-DCP (0.12)
a(nAu/FCl) = 0.017 molAu h molCl

-1

bkCl = (k1 + k2 + k5), see Figure 7.8 and eqns. (7.9 - 7.12)

          A salient feature of the tabulated data is the higher specific HDC rate (k´Cl) 

exhibited by those reactants bearing ortho- Cl substituents. It is worth flagging that 2-

CP and 2,6-DCP displayed the highest k´Cl values among the mono- and di-

chlorophenol isomers, respectively. The sequence of decreasing k´Cl, i.e. 2-CP > 2,6-

DCP > 2,4,6-TCP, is again consistent with an electrophilic dechlorination mechanism 

and a deactivating effect due to the additional electron withdrawing Cl substituent(s). 

The unique HDC selectivity exhibited by Au/-Fe2O3 is exemplified by the results for 

the conversion of 2,4,6-TCP where the absence of 2,6-DCP (or 2-CP) as partial HDC 

products confirms the action of Au/-Fe2O3 to selectively cleave ortho- C–Cl bonds. 

This is further illustrated by the preferential formation of 3-CP (relative to 2-CP) in the 

HDC of 2,3- and 2,5-DCP. The findings reported and discussed in this study constitute 

a critical advancement in the selective HDC of chlorophenols where, to date, 

chloroarenes bearing ortho- Cl substituents (eg. 2-CP [24,26] and 2,6-DCP [25,102]) 

have been consistently identified as principal products. This has been attributed to 

steric hindrance effects that render ortho- substituted Cl less susceptible to attack.  The 

results presented here have established a catalytic system (Au/-Fe2O3) that acts to 

selectively cleave sterically constrained Cl, which will serve to extend the range of 

possible products generated in the treatment of chloroarene streams. This will facilitate 

the development of controlled sustainable chloroarene waste recycle to deliver target 

product(s).
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7.4 Conclusions

The synthesis of -Fe2O3 by precipitation (in basic media) and introduction of 

Au by precipitation-deposition has generated a catalyst that exhibits unique selectivity 

in hydrodechlorination of chlorophenols.  The hematite (-Fe2O3) support can be 

reduced to magnetite (Fe3O4) and metallic Fe during TPR to 673 K and 1273 K, 

respectively, with a concomitant decrease in BET surface area and pore volume. 

Support reduction was facilitated by the introduction of Au with a decrease in the 

requisite temperature by ca. 200 K. Based on XRD analysis, TPR of Au/-Fe2O3 to 

423 K resulted in a partial reduction of the support to Fe3O4. Under these activation 

conditions, the catalyst bears small (≤ 10 nm), quasi-spherical Au particles (surface 

area-weighted mean size = 2.6 nm). The activated catalyst exhibited a four-fold 

increase in surface H2 content relative to the -Fe2O3 support alone. The gas phase 

(423 K) catalytic HDC of 2,4-DCP over Au/-Fe2O3 yielded 4-CP as the predominant 

product via a stepwise electrophilic mechanism, i.e. the ortho- Cl substituent was 

preferentially removed.  This response is attributed to the use of a well dispersed Au 

phase on a reducible support where, under activation conditions, surface oxygen 

vacancies are created.  These induce (via electron transfer) the formation of Au

particles, favouring reactant adsorption through the –OH substituent and, ultimately, 

facilitating activation of the ortho- C–Cl bond.  The use of water and alcohols as 

carriers served to elevate HDC activity by generating reactive hydrogen as a result of a 

dissociative interaction with the catalyst. High selectivity with respect to the cleavage 

of ortho- Cl substituent(s) extends to mono- di- and tri-chlorophenols.  These results 

establish, for the first time, the viability of a selective catalytic hydrogenolysis of 

sterically constrained Cl substituents. Such control of HDC selectivity represents a 

critical advancement in the targeted transformation of chlorinated waste.
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Chapter 8

Au/Fe3O4: Characterization and Application in                                   

Gas Phase Hydrodechlorination

          In the previous Chapter, an unprecedented selectivity behaviour of Au with regard 

to hydrodechlorination of sterically constrained Cl substituents has been established for 

Au/-Fe2O3.  That work is extended further in this Chapter with a consideration of the 

synthesis, characterization and catalytic performance of Au supported on Fe3O4.  Two 

synthesis routes are explored (stepwise vs. direct precursor deposition and catalyst 

activation) and the selective production of 4-chlorophenol from 2,4-dichlorophenol is 

demonstrated.  The benefits of catalytic hydrodehalogenation promoted by Fe3O4

supported Au as a waste abatement/recycle methodology are assessed. 

8.1 Introduction

          Catalytic hydrodechlorination (HDC), the hydrogen mediated scission of C–Cl 

bond(s), is finding increasing acceptance as a progressive means of chloroarene waste 

abatement [1].  Catalytic HDC facilitates the recycle and reuse of the parent aromatic 

without producing hazardous by-products [2] and operates under mild reaction 

conditions, with lower associated energy requirements relative to standard thermal 

decomposition [3].  The efficiency of the HDC approach has been assessed in terms of 

the role temperature [4,5], reactant(s) partial pressure [4,6], catalyst support [5,7], metal 

dispersion [6,8] and use of additives [9,10] in the (gas phase) treatment of chlorinated 

dibenzo-p-dioxins and furans [9,10], benzenes [4,6,7], toluenes [6] and phenols [5,6,8]. 

However, further research is required in terms of controlling HDC selectivity, notably 

in the case of reactions involving chlorophenols where dechlorination is inhibited due to 

steric hindrance with respect to Cl positioned ortho- to the –OH substituent [11,12]. 

This effect is well illustrated in the case of 2,4-dichlorophenol (2,4-DCP, see reaction 

pathway in Figure 8.1) where, to date, 2-chlorophenol (2-CP) has been consistently 

isolated as the only partially dechlorinated product for HDC promoted by Pd [13-15], 

Ni [16,17] or Rh [15] supported on Al2O3 [13,15], SiO2 [16,17] or carbon [14,15] when 

conducted in either gas [16,17] or liquid [13-15] phase.
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Figure 8.1: Reaction pathway for the HDC of 2,4-DCP.

          It should, however, be flagged the work of Yuan et al. [18] who achieved a 4-CP 

selectivity of 13 % for (gas phase) reaction over Ni-Au/TiO2. 2,4-DCP, the model 

reactant in this study, has now been placed on the list of high priority pollutants for 

immediate waste treatment [19]. Incineration as the conventional "end-of-pipe" 

treatment, requires high temperatures (1200 K - 1500 K) and excess oxygen where 

products of incomplete combustion, polychlorodibenzodioxins (PCDD) and 

polychlorodibenzofurans (PCDF) are far more toxic than the chlorinated feed [20,21].

A treatment of 2,4-DCP that facilitates the controlled removal of the ortho- Cl 

substituent represents a far more progressive approach, allowing the recycle of 4-CP.
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          4-CP is an important raw material in the production of fungicides [22], 

molluskicides [23], dichlorophene (used as antimicrobial finishing for textiles/paper) 

[24] and fenticlor (for algae control in water circulating systems) [24].  In Chapter 7, 

the preferential scission of the ortho- Cl in a range of mono-, di- and tri-chlorophenols 

has been achieved using a well dispersed Au phase (mean particle diameter = 2.6 nm) 

supported on hematite (-Fe2O3).  This unique response was accounted for in terms of a 

selective C–Cl activation at (electron-deficient) Au+ particles associated with the 

partial reduction of -Fe2O3 to magnetite (Fe3O4).  Those findings are extended in this 

Chapter to assess the catalytic performance of Au supported on bulk Fe3O4 in terms of 

4-CP synthesis from 2,4-DCP.

          The reported use of Au in HDC applications has been very limited, serving as a 

promoter of unsupported [25,26] and (Al2O3 [26,27], carbon [28-30]) supported Pd in 

the hydrotreatment of trichloroethene [25,26] and CCl2F2 [27-30] and delivering low 

conversions (≤ 3 %) of 2,4-DCP in the case of Au/SiO2 and Au/TiO2 [18]. In general, 

Au has exhibited low activities in hydrogen mediated reactions when compared with 

conventional Pd [31] and Pt [32] catalysts.  However, Au catalysts have been shown to 

deliver higher levels of selectivity in the –NO2 group hydrogenation of nitroarenes 

[33,34] and C=O (as opposed to the C=C) hydrogenation in ,- unsaturated ketones 

[35,36].  This catalytic response has been associated with Au particles < 10 nm [37], 

notably when dispersed on reducible (e.g. -Fe2O3, TiO2, CeO2) metal oxides [38,39]

where Au/support interactions are critical [40]. A thorough search of the literature has 

failed to unearth any study where Au/Fe3O4 has been employed to promote 

hydrogenolysis reactions. To date, Fe3O4 has only been used to support Pd and Au-Pd 

in the liquid phase HDC of trichloroethene and chlorobenzene [41,42].  In this report,

the catalytic action of Au/Fe3O4 is assessed focusing, for the first time (in particular), on 

the selective HDC of 2,4-DCP to 4-CP as a progressive means of waste 

abatement/recycle.

8.2 Experimental

8.2.1 Catalyst Preparation

          Hematite (-Fe2O3) was synthesized by precipitation in basic media as described 

in the previous Chapter.
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          Magnetite (Fe3O4) was prepared by temperature programmed reduction (TPR) of 

-Fe2O3 at 2 K min-1 to 673 K in a flow of H2 (60 cm3 min-1, GHSV = 680 h-1). The 

resultant black powder was flushed in He (60 cm3 min-1) and cooled to room 

temperature under the same flow. The Fe3O4 was then sieved to 75 m average particle 

diameter (ATM fine test sieves) and stored in air at room temperature.  Two strategies 

were used in the preparation of 1 % w/w Au/Fe3O4: (i) a stepwise approach where a -

Fe2O3 supported Au precursor was first synthesised and then subjected to TPR (2 K 

min-1) to 673 K (denoted as “Au/Fe3O4-step”); (ii) direct synthesis using Fe3O4 as 

support (denoted as “Au/Fe3O4-dir”). In both cases, Au was incorporated on the oxide 

(-Fe2O3 or Fe3O4) support by deposition-precipitation, which is known to generate 

higher metal dispersions (at a common loading) when compared with the less controlled 

impregnation procedure [34,38]. Aqueous urea (ca. 100 fold urea mol excess) was 

combined with a solution of HAuCl4 (300 cm3, 510-4 M) and added to the support (ca.

5 g). The suspension was stirred (300 rpm) and heated (2 K min-1) to 353 K. The pH of 

the suspension was measured using a pH meter (Hanna Instruments) equipped with a 

crystal-body electrode, coupled to a data logging and collection system (Pico 

Technology Ltd.); calibration was previously performed with standard buffer solutions 

(pH 4 and 10). The pH progressively increased to reach ca. 7 after 8 h as a result of the 

thermally-induced urea decomposition [43].  The solids were then filtered, washed with 

distilled water until the wash water was chlorine-free (based on the AgNO3 test) and 

dried in He (60 cm3 min-1) at 383 K for 3 h. After preparation, the samples were sieved 

to 75 m average particle diameter and stored at 277 K in the dark. The Au loading was 

determined (to within ± 2 %) by inductively coupled plasma-optical emission 

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

8.2.2 Catalyst Characterization

          The pH associated with the point of zero charge (pHpzc) of the supports was 

determined using the potentiometric mass titration technique [44].  Three different 

masses (0.05, 0.08 and 0.10 g) were immersed in 50 cm3 0.1 M NaCl to which a known 

amount of NaOH (0.1 M) was added to adjust initial pH to ca. 11. Titration of the 

samples was performed under continuous agitation in a He atmosphere with HCl (0.1 

M) as titrant. Characterization in terms of TPR and H2 chemisorption was performed 

using the commercial CHEM-BET 3000 (Quantachrome Instruments) unit.



181

          The samples were loaded into a U-shaped (100 × 3.76 mm) pyrex cell, contacted 

with 5 % v/v H2/N2 flow (17 cm3 min-1, Brooks mass flow controlled) and subjected to 

TPR at 2 K min-1 to 673 K.  The effluent gas was directed through a liquid N2 trap and 

H2 consumption/release was monitored by a thermal conductivity detector with data 

acquisition and manipulation using the TPR WinTM software. The reduced samples 

were then swept with dry N2 (65 cm3 min-1) at the final temperature for 90 min, cooled 

to room temperature and subjected to H2 chemisorption analysis (10 L pulses). The H2

pulses were repeated until the signal area was constant, indicating surface saturation. 

BET surface area and pore volume measurements were performed using a commercial 

Micromeritics Flowsorb II 2300.  Prior to analysis, the samples were outgassed at 423 K 

for 1 h in 20 cm3 min-1 dry N2.  BET area was obtained in 30 % v/v N2/He (20 cm3

min-1) with at least three cycles of N2 adsorption-desorption using the standard single-

point BET method. Total pore volume was recorded at a relative pressure of P/P0 = 

0.95. Hydrogen chemisorption, BET areas and pore volumes were reproducible to 

within ± 5 % and the values quoted in this study are the mean. Diffuse reflectance UV-

Vis (DRS UV-Vis) measurements were conducted using a Perkin Elmer Lambda 35 

UV-Vis Spectrometer, where BaSO4 powder served as reference. Absorption profiles 

were calculated from the reflectance data using the Kubelka-Munk function. Structural 

features were monitored by X-ray diffraction (XRD) analysis, using a Bruker/Siemens 

D500 incident X-ray diffractometer with Cu K radiation. The samples were scanned 

at 0.02º step-1 over the range 20º ≤ 2 ≤ 90º (scan time = 5 s step-1). The diffractograms 

were compared with the JCPDS-ICDD references for comparison purposes (Card No. 

33-0664 (-Fe2O3); 19-0629 (Fe3O4); 04-0784 (Au)). Au particle size/morphology was 

assessed by transmission electron microscopy (TEM) analysis: JEOL JEM 2011 TEM 

unit with a UTW energy-dispersive X-ray detector (Oxford Instruments) operated at an 

accelerating voltage of 200 kV and using Gatan DigitalMicrograph 3.4 for data 

acquisition/manipulation. The samples were dispersed in acetone and deposited on a 

holey-carbon/Cu grid (300 Mesh). Up to 400 individual metal particles were counted 

for each catalyst and the surface area-weighted metal diameter (dTEM) was calculated 

from:
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where ni is the number of particles of diameter di.

8.2.3 Catalytic Procedure

          2,4-DCP was purchased from Sigma-Aldrich (99 %) and used without further 

purification. Reactions were carried out under atmospheric pressure, in situ 

immediately after activation, in a fixed bed vertical plug-flow glass reactor (i.d. = 15 

mm, l = 600 mm). The catalytic reactor, and operating conditions to ensure negligible 

heat/mass transport limitations, have been fully described elsewhere [45], but details 

pertinent to this study are given below. 2,4-DCP was delivered (as an aqueous solution) 

to the reactor via a glass/teflon air-tight syringe and a teflon line using a microprocessor 

controlled infusion pump (Model 100 kd Scientific), where the molar ratio of Au (nAu) to 

reactant flow rate (F) spanned the range 0.01 - 0.19 molAu h mol2,4-DCP
-1. A co-current 

flow of ultra pure H2 (60 cm3 min-1) was monitored using a Humonics (Model 520) digital 

flowmeter and maintained at a GHSV = 2 × 104 h-1 (ca. 700 times in excess of the 

stoichiometric requirement for conversion of 2,4-DCP to cyclohexane). A layer of glass 

beads above the catalytic bed served as a preheating zone, ensuring that 2,4-DCP 

vaporized, reaching reaction temperature (423 K) before contacting the catalyst. 

Isothermal conditions were maintained by diluting the catalytic bed with ground glass 

(75 m). The reaction temperature was continuously monitored by a thermocouple 

inserted in a thermowell within the catalyst bed. The reactor effluent was frozen in a 

liquid nitrogen trap for subsequent analysis which was made using a Perkin-Elmer Auto 

System XL GC, employing a DB-1 (J&W Scientific) capillary column (i.d. = 0.20 mm, l

= 50 m, film thickness = 0.33 m) as described in detailed elsewhere [46]. A chlorine 

mass balance was performed by passing the effluent gas through an aqueous NaOH trap (9

 10-4 mol dm-3, kept under constant agitation at 400 rpm) with independent pH (Hanna HI 

Programmable Printing pH Bench-Meter) analysis; HCl was the only inorganic product, 

as noted elsewhere [47]. The overall level of HDC is quoted as a fractional conversion 

(X2,4-DCP): 

2,4-DCP,0 2,4-DCP
2,4-DCP

2,4-DCP,0

C C
X

C


                                          (8.2)

where C2,4-DCP,0 and C2,4-DCP represent the inlet and outlet concentrations of 2,4-DCP, 

respectively. The fractional selectivity to, for example, 4-CP (S4-CP) is given by:
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                                        (8.3)

where C4-CP is the outlet concentration of 4-CP.  Repeated reactions with different 

samples from the same batch of catalyst delivered raw data reproducibility that was 

better than ± 8 %.

8.3 Results and Discussion

8.3.1 Catalyst Synthesis/Characterization

          The characteristics of the two Au/Fe3O4 catalysts, in terms of H2 consumption and 

associated Tmax during TPR, subsequent H2 chemisorption, BET/pore volume and TEM 

derived surface area-weighted mean Au size (dTEM), are given in Table 8.1. A detailed 

analysis of the data generated for Au/Fe3O4-step is given in the following section with a 

further consideration of the similarities/differences with respect to Au/Fe3O4-dir in 

section 8.3.1.2.

8.3.1.1 Au/Fe3O4-step

The temporal pH/temperature variations in the preparation of Au/-Fe2O3

(precursor for Au/Fe3O4-step) are given in Figure 8.2a where the pHpzc of the support is 

identified as a dashed line. The pHpzc represents the pH at which the accessible wetted 

support surface is electrically neutral so that when pH < pHpzc, the oxide surface bears a 

positive charge and electrostatic interactions with anions in solution are favoured 

[48,49].  The experimentally determined pHpzc for -Fe2O3 (= 8.1) is within the range of 

values (7.9 - 9.0) reported in the literature [50,51]. At room temperature, the addition of 

the urea and HAuCl4 solution to -Fe2O3 generated an initial pH of 4.5.  A subsequent 

temperature increase was accompanied by an increase in pH (to ca. 7.2) due to 

thermally-induced urea decomposition [43]. It is known 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
- predominates [52,53].  Accordingly, at the final deposition pH, 

the gold precursor can be identified as principally AuCl(OH)3
- species. It should be 

noted that, at this pH, Au precursor interactions with the (positively) charged -Fe2O3

surface are favoured since pH < pHpzc. The subsequent period of “aging” (ca. 250 min) 

was employed to enhance Au deposition [54].
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Table 8.1: TPR Tmax and H2 consumption, H2 chemisorption, BET surface area, pore 
volume, surface weighted-mean Au particle size (dTEM) and associated metal surface 
area (SAu), ratio of fractional 2,4-DCP conversion after 5 h on-stream (X2,4-DCP,5h) to the 
initial value (X2,4-DCP,0) and pseudo-first order rate constants (k, k´) associated with the 
activated (673 K, 2 K min-1) Fe3O4 supported Au catalysts.

Catalytic System Au/Fe3O4-step Au/Fe3O4-dir

TPR Tmax (K) 363, 492 563

TPR H2 consumption (×104

2Hmol g-1) 230a,b 5 c,d

H2 chemisorption (
2Hmol molAu

-1) 6 × 10-6 3 × 10-6

BET (m2 g-1) 13 11

Pore volume (cm3 g-1) 0.04 0.02

dTEM (nm) 4.5 7.6

SAu (mAu
2 gAu

-1)e 71 42

X2,4-DCP,5h/X2,4-DCP,0 0.21 0.63

k (mol2,4-DCP h-1 molAu
-1) 2.1 0.8

k´ × 10-5 (mol2,4-DCP h-1 mAu
-2) 15.0 9.7

acalculated H2 consumption for -Fe2O3 → Fe3O4 = 210 × 10-4
2Hmol g-1

bcalculated H2 consumption for Au3+ → Au0 = 0.6 × 10-4
2Hmol g-1

ccalculated H2 consumption for Fe3O4 → Fe = 170 × 10-4
2Hmol g-1

dcalculated H2 consumption for Au3+ → Au0 = 0.9 × 10-4
2Hmol g-1

eSAu = 6 / (Au × dTEM); Au = 18.88 cm3 g-1

          The TPR profile generated for Au/-Fe2O3 is shown in Figure 8.3a, which also 

includes the TPR response exhibited by the -Fe2O3 support (see dotted line) for 

comparative purposes. The latter is characterised by a principal positive (H2

consumption) peak at 666 K with a low temperature shoulder at 562 K.  These signals 

can be attributed to the reduction of -Fe2O3 to Fe3O4 since the hydrogen consumption 

associated with this TPR response matched (to ± 1 %) that required (210 × 10-4
2Hmol

g-1) for this transformation. Moreover, it has been reported in the literature that the 

reduction of hematite (to magnetite) requires temperatures in the range 633 K - 700 K 

[55-58]. Fe3O4 is a non stoichiometric oxide containing Fe cations in two different 

oxidation states (Fe+2
(1-x)Fe+3

(2+x)O(4+x/2), 0 < x ≤ 1) and presents a spinel structure with 

associated vacancies/defects [59,60]. The presence of a shoulder (at 562 K) to the main 

TPR H2 consumption peak (666 K) can be linked to the removal of hydroxyl groups 

from the surface of -Fe2O3 prior to (bulk) reduction [60].
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Figure 8.2: Temporal pH and temperature variations in the preparation of (a) Au/-Fe2O3

(precursor of Au/Fe3O4-step) and (b) Au/Fe3O4-dir. Note: dashed lines identifies pHpzc of the iron 
oxide supports.

          Indeed, Munteanu and co-workers have studied the TPR of hydrated/dehydrated 

-Fe2O3 and reported a shoulder at 553 K, which was ascribed to the dehydroxylation of 

iron oxide with concomitant formation of surface oxygen vacancies [61]. In the TPR of 

Au/-Fe2O3 (solid line in Figure 8.3a), the peak maxima are shifted to lower 

temperatures where the relative peak intensities are quite distinct from those observed 

for the support.
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Figure 8.3: TPR profiles for: a) -Fe2O3 (dotted line) and Au/-Fe2O3 (solid line, precursor of 
Au/Fe3O4-step); b) Fe3O4 (dotted line) and Au/Fe3O4-dir (solid line).
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          This result is consistent with the literature where it has been established that the 

presence of Au facilitates the -Fe2O3 → Fe3O4 step [56,62]. The experimentally 

determined H2 consumption during TPR (230 × 10-4
2Hmol g-1, see Table 8.1) was 

greater than that required for the combined complete reduction of the -Fe2O3 support 

(210 × 10-4
2Hmol g-1) and the Au precursor (0.6 × 10-4

2Hmol g-1). This “excess” H2

consumption must be associated with the support and can be attributed to the generation 

of spillover hydrogen during TPR. Spillover results from a dissociative H2 adsorption 

(typically on a metal site) generating atomic hydrogen that migrates to another 

accepting surface (notably a metal oxide) [63]. Indeed, there is evidence (based on 

FTIR measurements) of hydrogen spillover formation at ambient temperature for Au 

supported on TiO2 [64,65] and CeO2-ZrO2 [66]. Moreover, Bocuzzi and coworkers [65]

have suggested that room temperature spillover hydrogen generated on Au/-Fe2O3 can 

participate in the reduction of the support.

          The DRS UV-Vis analysis of Au/Fe3O4-step is given in Figure 8.4 (Profile I) 

where the different regions of the spectrum are identified by vertical dotted lines. In the 

UV region (< 360 nm [67]), the profile is dominated by a continuum of ill-defined 

peaks over the range 200 - 330 nm that can be associated with electron transfer from O 

atoms to Fe+3 cations in the Fe3O4 lattice [68]. The visible region (between 360 and 820 

nm [67]) presents several absorption bands which are due to independent contributions 

from Fe3O4 and Au. The peaks associated with the support appear at 383, 417 and 780 

nm and can be linked, respectively, with (i) the presence of Fe+3 hydroxide species 

[69,70], (ii) electron transitions in Fe+3 cations [70,71] and (iii) Fe+2 → Fe+3 charge 

transfer [68]. The absorption band at ca. 572 nm falls within the range (500 - 600 nm) 

of values quoted in the literature for Au0 [71,72] and can be taken to be diagnostic of the 

presence of metallic Au post TPR at 673 K. It should be noted that the occurrence of 

partially charged Aun
+ species has been reported by Deng et al. [71] and Pestryakov 

and co-workers [73] to generate signals at both UV (240 - 275 nm) and visible (360 -

385 nm) wavelengths, which can overlap with those associated with the Fe3O4 support 

(see Figure 8.4, Profile I). The presence of positively charged Au species supported on 

iron oxides (-Fe2O3 [74,75] and Fe3O4 [75]) has now been demonstrated (by EXAFS 

and XPS) and results from electron transfer from the Au sites to the support oxygen 

vacancies [74].
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Figure 8.4: DRS UV-Vis spectra of Au/Fe3O4-step (I) and Au/Fe3O4-dir (II) with associated signals 
due to the Fe () and/or Au () components. Note: dotted lines illustrate position of the visible 
region (i.e. from 360 nm to 820 nm).

          Indeed, the presence of electron-deficient Au particles in Au/Fe3O4-step is likely 

given the formation of oxygen vacancies in the support when activated by TPR to 673 K 

(see Figure 8.3a).  XRD analysis was conducted to further study catalyst structure and 

the resulting diffractogram is shown in Figure 8.5 (Profile I). The pattern exhibits 

reflections at 2 = 30.1º, 35.4º, 43.1º, 53.4º, 56.9º and 62.5º that correspond, 

respectively with the (220), (311), (400), (422), (511) and (440) planes of Fe3O4

(JCPDS-ICDD Card No. 19-0629, Profile IV).
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Figure 8.5: XRD profiles for Au/Fe3O4-step (I) and Au/Fe3O4-dir (II) with the JCPDS-ICDD 
reference standards for -Fe2O3 (III, Card No. 33-0664), Fe3O4 (IV, Card No. 19-0629) and Au (V, 
Card No. 04-0784).

          There are no detectable signals due to -Fe2O3 (JCPDS-ICDD Card No. 33-0664, 

Profile III), demonstrating complete reduction of the support post TPR of Au/-Fe2O3

to 673 K. The absence of XRD diffractions due to Au (JCPDS-ICDD Card No. 04-

0784, Profile V) should be noted and can be attributed to the low metal loading and/or 

the presence of Au in the form of small clusters (XRD detection limit ≤ 5 nm [76,77]). 

TEM was consequently performed to establish Au particle size and morphology. 

Representative micrographs are shown in Figure 8.6a (images I and II) where it can be 

seen that Au is present as pseudo-spherical particles with diameters ≤ 10 nm.
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Figure 8.6: Representative TEM images (I,II) and associated Au particle size distribution (III) for reduced/passivated (a) Au/Fe3O4-step and (b) Au/Fe3O4-dir. Note: 
surface area-weighted mean Au particle sizes (dTEM) are provided as insets in III.
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          A near Gaussian distribution of Au particle size (with some tailing over the 5 - 10 

nm range, see Figure 8.6aIII) characterises the catalyst where the extracted surface 

area-weighted mean particle size (dTEM = 4.5 nm, see Table 8.1) can account for the 

absence of an XRD signal due to Au. BET area (= 13 m2 g-1, see Table 8.1) and pore 

volume (= 0.04 cm3 g-1) are within those values reported elsewhere for Fe3O4 (i.e. 13 -

32 m2 g-1 and 0.03 - 0.18 cm3 g-1 [58]). The (ambient temperature) hydrogen 

chemisorption post activation delivered a low uptake (6 × 10-3
2Hmol molAu

-1).  It should 

be noted that this level of H2 chemisorption was appreciably less than that (0.25 

2Hmol molPd
-1) recorded in this thesis for Pd/Al2O3 bearing the same metal loading (1 % 

w/w) and equivalent mean particle size (4.5 nm) ([49] and Chapter 2). The latter 

observation is in line with the reported [34,78] low capacity of group IB metals for H2

adsorption, which has been associated with the completely filled d-band [79] that results 

in a high energy barrier for H2 activation [80].  It is known that H2 does not chemisorb 

on bulk Au [81] and any measurable uptake can be attributed to small Au ensembles (≤ 

10 nm) where chemisorption occurs predominantly at step, edge and corner sites 

[38,82].

8.3.1.2 Au/Fe3O4-dir

          As noted above, a second magnetite supported Au catalyst (Au/Fe3O4-dir) was 

prepared via the deposition of the Au precursor directly onto a Fe3O4  support, prepared 

by TPR of -Fe2O3 to 673 K (see experimental section and Figure 8.3a). The temporal 

pH variations in the preparation of Au/Fe3O4-dir (see Figure 8.2b) are similar to those 

for Au/-Fe2O3 (precursor of Au/Fe3O4-step) in that there is an initial pH drop (to ca.

3.4) with subsequent elevation when increasing temperature to 7.0. As this (final) 

deposition pH is essentially the same as that in the preparation of Au/-Fe2O3 (see 

Figure 8.2a) the nature of the Au precursor can also be taken as mainly AuCl(OH)3
-

species.  However, it should be noted that the pHpzc of Fe3O4 (= 5.8, consistent with the 

literature [83]) is lower than the final pH (see Figure 8.2b) and, therefore, the Fe3O4

surface bears a negative charge [48,49]. As a consequence, interactions with (anionic) 

Au precursor species are not favoured in this case and deposition occurs principally via

physical (as opposed to electrostatic) adsorption effects.  A similar rationale has been 

provided by Moreau and Bond [52,53] in their study of Au/TiO2 prepared by the 

deposition-precipitation of HAuCl4 at a solution pH higher than the pHpzc of the support.
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          TPR analysis of Au/Fe3O4-dir is shown in Figure 8.3b where, once again, the 

corresponding response for the support alone is included (as a dotted line). The TPR 

profile for Fe3O4 is featureless with no detectable H2 consumption over the entire 

temperature range (293 K ≤ T ≤ 673 K). This result finds agreement in the work of 

Pineau et al. [84] who, studying the TPR of Fe3O4 in pure H2, concluded that its 

reducibility is highly dependent on the presence of impurities, gas flow and heating rate, 

with an (apparent) activation energy of up to 200 kJ mol-1 over the same temperature 

range. The TPR profile generated for Au/Fe3O4-dir (solid line) is dominated by a single 

positive peak (at 563 K) where the associated H2 consumption (5 × 10-4
2Hmol g-1, 

Table 8.1) exceeded that needed to reduce the Au precursor (0.9 × 10-4
2Hmol g-1) but 

was far less than that required for the complete reduction of Fe3O4 to Fe (173 × 10-4

2Hmol g-1). It is important to note that this TPR signal appears at a higher temperature 

(> 70 K) than those recorded for Au/-Fe2O3. This signal cannot be directly linked to 

the reduction of the Au precursor which, given the weaker precursor/support 

interactions that characterise Au/Fe3O4-dir (see Figure 8.2a), should result in a lower 

requisite reduction temperature. Moreover, there is persuasive evidence in the literature 

that Au reduces at room temperature when supported on iron oxides [57]. Wagner et al.

[85] and Hodge and co-workers [86] reported, using Mössbauer spectroscopy, that 

Au/-Fe2O3 prepared by inverse co-precipitation (basification of the Au precursor 

solution) contained over 80 % of Au content in the metallic (fully reduced) state.  It is 

tentatively proposed that the Au precursor in Au/Fe3O4-dir is reduced at room 

temperature where the observed TPR response can be associated with Au-induced 

support dehydroxylation and/or generation of spillover H2 (as in the case of Au/-

Fe2O3). The literature with regard to TPR analysis of Au/Fe3O4 is scant where the 

available studies do not actually explicitly identify the support as Fe3O4. Nonetheless, it 

is important to note the works of Neri et al. [87], who reported a single TPR peak at 408 

K (although the authors did not elaborate further) and Zhang and co-workers [88] who 

recorded TPR signals at 360 K and 450 K that they ascribed to the reduction of AuxOy

species.  The DRS UV-Vis response for Au/Fe3O4-dir (Figure 8.4, Profile II) was 

equivalent to that observed for Au/Fe3O4-step in that it presents the same absorption

bands at the same wavelengths. Furthermore, the XRD diffractogram pattern (Figure 

8.5, Profile II) exhibited again reflections in the 2 range 30º - 63º consistent with 

Fe3O4 (Profile IV).
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          These results suggest that the method of Au/Fe3O4 preparation (by stepwise or 

direct means) does not influence the nature or structural features of the support. This is 

also demonstrated by the similar BET areas and pore volumes (see Table 8.1) exhibited 

by both (activated) Au/Fe3O4 catalysts. However, hydrogen chemisorption on 

Au/Fe3O4-dir was measurably lower relative to Au/Fe3O4-step, a response which may 

reflect differences in Au particle size. Indeed, representative TEM images (I and II) 

given in Figure 8.6b reveal the presence of larger Au particles with a wider size 

distribution (Figure 8.6bIII) in the case of Au/Fe3O4-dir. The extracted surface area-

weighted mean diameter (dTEM = 7.6 nm) is significantly greater than that of Au/Fe3O4-

step (= 4.5 nm, see Table 8.1). This result indicates that Au dispersion on Fe3O4 is 

sensitive to method of preparation, where smaller Au clusters are obtained by deposition 

of Au (on -Fe2O3) with subsequent activation. The smaller mean Au size associated 

with Au/Fe3O4-step suggests a stronger interaction of the Au precursor with the -Fe2O3

carrier when compared with Fe3O4. This is a direct consequence of the differences 

between the deposition pH and the pHpzc of the supports (see Figure 8.2) and 

demonstrates the impact of metal/support interactions on the synthesis of nanosized Au 

catalysts by deposition-precipitation.  These results find support in the work of Zanella 

et al. [89] who, studying the mechanism of HAuCl4 deposition-precipitation onto oxide 

supports, synthesized very large (> 20 nm) Au particles on SiO2 while smaller (2.5 - 8.1 

nm) clusters were formed on Al2O3, CeO2 or TiO2. They ascribed this response to the 

low pHpzc of SiO2 (= 2) that resulted in deleterious support/AuCl(OH)3
- interactions at 

their final deposition pH (= 7).

8.3.2 2,4-DCP HDC

          The HDC of 2,4-DCP over both Au/Fe3O4 catalysts was 100 % selective in terms 

of Cl removal, with no detectable hydrodehydroxylation or aromatic ring reduction. 

This result alone is significant because, to date, supported monometallic Au catalysts 

have exhibited very limited HDC activity. Yuan and co-workers achieved a negligible 

degree of 2,4-DCP HDC (≤ 3 % conversion) for reaction over Au/SiO2 and Au/TiO2 (T

= 473 K) where complete HDC to phenol (PhOH) was not observed [18]. Reactant 

conversion (X2,4-DCP) as a function of time-on-stream is shown in Figure 8.7, where 

both Au/Fe3O4 catalysts exhibited a temporal decline in activity to deliver an equivalent 

fractional conversion (= 0.05) at extended reaction times (t > 4 h).
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Figure 8.7: Temporal variation of 2,4-DCP fractional conversion (X2,4-DCP) for reaction over 
Au/Fe3O4-step (, solid line) and Au/Fe3O4-dir (, dotted line); (nAu/F) = 0.13 molAu h mol2,4-DCP

-1. 
Note: lines represent fit to eqn. (8.4).

          A  measure of initial conversion (X2,4-DCP,0) was calculated from [90]: 

 = exp2,4-DCP 2,4-DCP,0X X t                                       (8.4)

where t is the integral time and  is a fitting parameter; the quality of the data fit (R2 ≥ 

0.992) can be seen in Figure 8.7. Loss of activity can be quantified in terms of the ratio 

of the fractional conversion after 5 h on-stream (X2,4-DCP,5h) to the initial value (X2,4-

DCP,0): see Table 8.1. Deactivation is a general feature associated with catalytic HDC 

and has been linked to the deleterious action of the HCl by-product that can induce 

metal leaching [10,91], sintering [92], poisoning [92] and/or coke formation [2,93]. 
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          There is some evidence in the literature suggesting that deactivation is structure 

sensitive where larger (notably Pd) metal particles have been demonstrated to be more 

resistant to deactivation by HCl [94]. These results are in line with this trend as an 

appreciably lesser decline in activity characterises HDC over Au/Fe3O4-dir (surface area 

weighted mean particle size = 7.6 nm) relative to Au/Fe3O4-step (= 4.5 nm). An explicit 

assessment of catalytic activity in terms of structure sensitivity requires a comparison of 

specific rates (i.e. normalised per mAu
2).  The 2,4-DCP molar balance (on the basis of 

plug-flow and pseudo-first order kinetics) takes the form:

   ln 1/ 1 /2,4-DCP,0 AuX k n F                                          (8.5)

where k (mol2,4-DCP h-1 molAu
-1) is the pseudo-first order kinetic constant and nAu/F

(molAu h mol2,4-DCP
-1) has the physical meaning of contact time. The associated linear 

relationships (forced through the origin) are shown in Figure 8.8 and the extracted 

(raw) k values are given in Table 8.1. The specific pseudo-first order kinetic constant 

(k´, mol2,4-DCP h-1 mAu
-2) was then obtained from:

Au Au

k
k'

M S



                                                      (8.6)

where MAu and SAu (mAu
2 gAu

-1) represents Au atomic mass and metal surface area, 

respectively (see Table 8.1). The resultant k´ values demonstrate that 2,4-DCP HDC is 

structure sensitive where a higher intrinsic activity is associated with Au/Fe3O4-step (15 ×

10-5 mol2,4-DCP h-1 mAu
-2) that bears smaller Au particles relative to Au/Fe3O4-dir (10 × 10-5

mol2,4-DCP h-1 mAu
-2).  In contrast, Keane and coworkers have shown previously [6,8] that 

larger supported Ni particles deliver higher specific HDC activities and attributed this to an 

ensemble effect.  The structure sensitivity observed here finds agreement in those studies 

where smaller Au clusters have consistently shown greater activity in hydrogen-mediated 

reactions [34,95]. The latter has been generally associated with the greater capacity of Au 

to dissociatively chemisorb H2 when finely dispersed (≤ 10 nm) [38,82]. Indeed, the

characterization measurements have indicated greater H2 uptake for Au/Fe3O4-step (see 

Table 8.1).
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Figure 8.8: Pseudo-first order kinetic plot for 2,4-DCP HDC over Au/Fe3O4-step (, solid line) and 
Au/Fe3O4-dir (, dotted line); T = 423 K. Note: lines represent fit to eqn. (8.5).

          Product distribution over both Au/Fe3O4 catalysts was also time dependent as shown 

in Figure 8.9 where selectivity was increasingly shifted in favour of partial dechlorination 

with increasing time-on-stream (see Figure 8.9a) and 4-CP was the principal product 

(Figure 8.9b). This response, i.e. preferential removal of the ortho- Cl substituent, is 

unique when compared with the literature where 2-CP has been consistently reported as 

the major intermediate in the HDC of 2,4-DCP (over Ni/SiO2 [96], Pd/C [97] and 

unsupported Pd-Fe nanoparticles [98]), a result that has been attributed to steric 

hindrance effects. The HDC of haloarenes proceeds via an electrophilic mechanism 

with the formation of a positively charged intermediate [99]. The preferential removal 

of the ortho- Cl suggests that this bond is preferentially activated on Au/Fe3O4, where 

the use of a reducible (Fe3O4) support must play a critical role.
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Figure 8.9: Ratio of product selectivity (Si) in terms of a) CP vs. PhOH (,) and b) 4-CP vs. 2-CP 
(,) as a function of time-on-stream for HDC over Au/Fe3O4-step (solid symbols/lines) and 
Au/Fe3O4-dir (open symbols/dotted lines); (nAu/F) = 0.13 molAu h mol2,4-DCP

-1.
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          Reducible metal oxides (such as TiO2 and -Fe2O3) are semiconductors as they 

exhibit a narrower band gap (2 - 3 eV) when compared with non-reducible oxides (e.g.

Al2O3, 9 eV) [100]. As a consequence, activation of these materials (in H2 or CO) can 

result in the removal of surface oxygen atoms to form vacancies [61,101]. Indeed, 

XPS/EXAFS measurements have demonstrated the occurrence of oxygen vacancies on 

the support which consequently generates electron-deficient Au+ species [75,102].  A 

TPR-induced generation of support oxygen vacancies with concomitant formation of 

electron-deficient Au particles is a feature of both (activated) Au/Fe3O4 catalysts (see 

TPR profiles in Figure 8.3 and DRS UV-Vis spectra in Figure 8.4). Therefore, the 

author envisions a reaction mechanism involving 2,4-DCP adsorption on (positively) 

charged Au clusters via the lone pair of electrons associated with –OH, facilitating 

polarization (and activation) of the ortho- C–Cl bond as a result of inductive effects. 

This renders the ortho- Cl substituent more susceptible to electrophilic attack than the 

para- counterpart. Shin and Keane [96] also suggested this mode of 2,4-DCP/catalyst 

interaction for reaction over Ni/SiO2 (a non-reducible support) but, in that case, 4-CP 

was not generated as product. An electrophilic mechanism requires the involvement of 

H+ species and the occurrence of (positively) charged spillover hydrogen has been 

reported [103].  Indeed, the characterization results suggest the formation of spillover 

hydrogen during TPR and there is persuasive evidence in the literature that spillover 

hydrogen contributes to the gas phase HDC of chloroarenes [91].  It should be noted 

that 4-CP formation was favoured to a greater extent over Au/Fe3O4-step when 

compared with Au/Fe3O4-dir at extended reaction times (see Figure 8.9b). The latter 

suggests that reaction selectivity is also structure sensitive and this can be tentatively 

linked to the lower (electropositive) charge density associated with the larger Au 

clusters in Au/Fe3O4-dir. Zhang et al. [95], in the hydrogenation of 1,3-butadiene, 

found a distinct selectivity response (from butene to butane) over Au/ZrO2 catalysts 

with varying Au particle size (3.5 - 8.0 nm) and ascribed this to a depletion in the 

charge of the metal clusters (lower Au+3/Au0 ratio).

          The selective removal of the ortho- Cl substituent from 2,4-DCP represents an 

unprecedent advancement in the implementation of HDC processes where, to date, ortho-

chlorinated phenol(s) have been isolated as principal partially dechlorinated product(s) due 

to the inability of conventional systems (Ni/SiO2 [11,16], Pd/C [12,14,97]) to remove 

sterically hindered Cl from the parent phenolic ring.
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          The model catalyst considered in this study (Au/Fe3O4) promotes the transformation 

of aqueous 2,4-DCP (a common industrial waste stream [104,105]) into high-value 4-CP, 

a critical starting reactant for the synthesis of various fine chemicals [22-24]. This unique 

selectivity shown by Au/Fe3O4 demonstrates the potential of HDC as part of a progressive 

means of waste recycle in the generation of targeted chloroarene isomers.

8.4 Conclusions

          Au/Fe3O4 catalysts have been prepared by (i) synthesis of Au/-Fe2O3 with 

subsequent TPR to 673 K (Au/Fe3O4-step) and (ii) direct deposition of Au on Fe3O4

(Au/Fe3O4-dir). Both activated catalysts present similar characteristics in terms of BET 

area (11 - 13 m2 g-1), total pore volume (0.02 - 0.04 cm3 g-1) and DRS UV-Vis/XRD 

features. TEM measurements demonstrate that Au/Fe3O4-step exhibited a narrower Au 

size distribution and a smaller (surface area-weighted) mean size (= 4.5 nm) than 

Au/Fe3O4-dir (= 7.6 nm). This is a consequence of differences in the pHpzc of the 

supports (with respect to the final deposition pH during Au introduction), which result 

in stronger (i.e. electrostatic) Au precursor/support interactions in the case of Au/-

Fe2O3 (precursor of Au/Fe3O4-step) when compared with Au/Fe3O4-dir. The 

application of both catalysts to promote the continuous, gas phase hydroprocessing of 

2,4-DCP generated 4-CP as the principal product.  HDC over Au/Fe3O4 is structure 

sensitive where a greater specific activity (15 × 10-5 mol2,4-DCP h-1 mAu
-2) is delivered by 

Au/Fe3O4-step, bearing smaller Au particles than Au/Fe3O4-dir (10 × 10-5 mol2,4-DCP h-1

mAu
-2). The formation of 4-CP from 2,4-DCP is unprecedented in the literature where 

steric hindrance has been proposed to govern HDC leading to 2-CP as the principal 

partially dechlorinated product.  This selectivity response can be accounted for in terms 

of a preferential activation of the ortho- C–Cl bond at electron-deficient Au particles.

This work demonstrates, for the first time, that Au/Fe3O4 is an active catalytic system in 

chloroarene HDC applications, facilitating the dechlorination of ortho- positioned Cl. 

Taking aqueous 2,4-DCP as a model industrial waste stream, HDC over Au/Fe3O4

produces 4-CP which is a critical compound in the synthesis of several commercially 

important fine chemicals, i.e. effective transformation of toxic waste into valuable 

material.
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Chapter 9

Summary and Future Work

          The results presented in this PhD thesis demonstrate the feasibility of catalytic 

hydrodehalogenation (HDH) as a viable and practical process for the treatment (and 

recycle) of toxic haloarene waste.  The main challenges outlined in Chapter 1 have 

been comprehensively tackled and the most significant findings are identified below, 

with suggested future research directions.

9.1 General Conclusions

         In Chapter 2, structure sensitivity in batch, aqueous phase (T = 303 K) HDH has 

been explicitly established in the case of 2,4-dichlorophenol (2,4-DCP) conversion over 

bulk Pd and Pd supported on Al2O3.  A range of Pd particle sizes (1.6 - 13.1 nm) was 

achieved by controlled thermal treatment (423 - 1273 K at 1 - 50 K min-1).  

Dechlorination over smaller Pd particles delivered the highest specific activity (up to 

0.67 mmolCl mPd
-2 min-1) under conditions where bulk Pd was completely inactive.  

Reaction selectivity has been shown to be independent of Pd dispersion under basic pH 

(= 13) conditions. In contrast, for reaction under acidic conditions (pH = 3), smaller Pd 

clusters yielded greater 2-chlorophenol (2-CP) selectivity as a result of repulsion with a 

supported Pd–H+ adduct. Reaction over bulk Pd (i.e. in absence of metal/support 

interactions) resulted in the lowest 2-CP selectivity. Given the impact of the reaction 

medium on HDH performance, the effect of the solvent was considered in Chapter 3, 

using water and a range of organics (linear alcohols, cyclohexane, n-hexane, benzene 

and THF) with varying properties in terms of solvent-solvent and reactant-solvent 

interactions.  A detailed analysis of mass transport limitations has been presented where 

HDH over a porous (0.56 cm3 g-1), well dispersed (2.4 nm) Pd/Al2O3 is free from 

H2/2,4-DCP transfer restrictions.  In the absence of secondary reactions and catalyst 

deactivation, selectivity is shown to be independent of the solvent while a change in 

reaction mixture composition has a significant impact on dechlorination rate, with the 

highest activity (up to 88 mmol2,4-DCP gPd
-1 min-1) recorded in water. A systematic 

analysis of solvent properties revealed that the latter was induced by the simultaneous 

change in the dielectric constant () and molar volume ( v ), where  represents the 

major contribution (≈ 80 %).   
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          This response also applies when using water+organic mixtures as the reaction

medium. The work included in this thesis constitutes the first reported instance where 

solvent effects in hydrodechlorination have been comprehensively demonstrated and,

quantified. These effects are illustrated in Chapter 4, where the Pd/Al2O3 promoted 

HDH of mono- and dichlorophenols, selected bromophenols and chlorobenzenes is 

examined in water+methanol mixtures. HDH mechanism is established as an 

electrophilic aromatic substitution.  The hydrogenolysis of C–Br bond(s) is promoted at 

a greater rate (by up to an order of magnitude) relative to C–Cl due to the lower 

associated bond dissociation energy while the presence of a second (halogen) 

substituent has a deactivating effect, i.e. serves to deplete electron density in the 

aromatic ring.  Higher initial HDH rates were observed with increasing water content in 

the solvent mixture and this is principally related to an increase in , with ca. 80 % 

contribution regardless of the reactant considered.  The HDH of dichlorophenols, 2,4-

dibromophenol and dichlorobenzene follow a predominantly stepwise mechanism

where, in all cases, selectivity levels are independent of the solvent composition, i.e.

suggesting that each step in such mechanism (consecutive vs. simultaneous 

dehalogenation) is influenced to the same extent.

          The efficacy of discontinuous HDH over Pd/Al2O3 to detoxify haloarene 

solutions is established in Chapters 2 - 4.  The consequence of a shift to continuous 

operation, of direct relevance to industrial implementation, is considered in Chapter 5

where aqueous 2,4-DCP hydrodechlorination is selected as model system. Under 

conditions where batch and continuous operation are operated under kinetic control, a 

more efficient (five-fold) H2 transfer is found in the latter system and attributed to an 

extended gas/liquid interface available for mass transport.  Higher dechlorination rates

and increased selectivity to phenol were obtained in continuous flow due to a difference 

in the “local” pH at the liquid/solid interface relative to batch operation.  Furthermore, 

productive catalyst lifetime was extended in the continuous reactor due to the more 

effective removal of HCl from the catalyst surface.  These findings constitute the first 

reported direct evidence for the benefits of continuous HDH operation.
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          A further shift in reaction phase/temperature, from liquid (T = 303 K) to gas (T = 

423 K), resulted in the formation of cyclohexanone (C6ONE) as principal product from 

the chlorophenols hydrotreatment over Pd/Al2O3.  C6ONE, is a high value product with 

important applications, e.g. as precursor for Nylon 6,6 and various co-poplymers.  A 

detailed evaluation of the continuous, gas phase conversion of chlorophenols to C6ONE

using unsupported/supported (Al2O3, SiO2) Pd catalysts is provided in Chapter 6. A

thermodynamic analysis demonstrates the feasibility of this production route.  Operating 

under kinetic control, the hydroprocessing of chlorophenols over bulk Pd+Al2O3

physical mixture generates higher yield of C6ONE relative to conventional phenol 

hydrogenation.  This is accounted for in terms of a direct chlorophenol  C6ONE 

pathway that is facilitated by electron delocalization in the reaction intermediate 

generated via electrophilic H2 attack to C–Cl bond(s). Structure sensitivity in C6ONE 

production is demonstrated for 2,4-DCP with higher specific rates (from 49 × 10-4 to 94

× 10-4 molC6ONE h-1 mPd
-2) associated with larger Pd particles (3 nm → 250 nm).

Reaction selectivity is structure insensitive in that C6ONE selectivity at the same 

conversion is equivalent for reaction over bulk and supported Pd catalysts.  Moreover, 

the beneficial contribution due to hydrogen spillover in elevating C6ONE production 

rates has also been demonstrated.

          The resistance of ortho- Cl substituent(s) to H2 cleavage is a common feature of

the chlorophenols HDH data presented in Chapters 2 - 6 and is well established in the 

literature. In Chapter 7, the use of Au (supported on -Fe2O3) as the HDH agent is 

shown to deliver quite distinct dechlorination selectivities. The characterization results 

demonstrate that the -Fe2O3 support is reduced to Fe3O4 during TPR to 673 K and the 

introduction of Au (by deposition precipitation) facilitates this transformation by 

reducing the requisite temperature by ca. 200 K.  Au/-Fe2O3 activation to 423 K 

results in the formation of quasi-spherical small Au clusters (surface area-weighted 

mean particle size = 2.6 nm) and the occurrence of spillover hydrogen is established:

Au/-Fe2O3 exhibited four-fold greater hydrogen content (relative to -Fe2O3). The gas 

phase hydrotreatment of 2,4-DCP generated 4-CP as the principal product through a 

(predominantly) stepwise electrophilic mechanism. This selectivity response 

(preferential cleavage of the sterically constrained ortho- positioned Cl) is attributed to 

reactant adsorption through the –OH substituent on Au+ particles, which renders the 

ortho- Cl more susceptible to hydrogen scission via inductive effects.
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          The role of the carrier has also been considered in Chapter 7 where solvent 

dissociation (in the case of water and alcohols) generates reactive hydrogen that 

contributes to activity.  Selectivity in the cleavage of sterically-constrained Cl 

substituents is demonstrated for a range of mono-, di- and tri-chlorophenol reactants, 

representing a unique control of HDH selectivity associated with Au/-Fe2O3. This 

behaviour is examined further in Chapter 8, which considers the preparation of Fe3O4

supported Au catalysts by two synthesis routes: (i) stepwise Au deposition on -Fe2O3

with consecutive reduction (Au/Fe3O4-step) and (ii) direct Au deposition on Fe3O4

(Au/Fe3O4-dir).  Both catalysts presented the same characteristics in terms of XRD, 

DRS UV-Vis and BET/pore volume features and only differed with respect to the 

(surface area-weighted) particle sizes: Au/Fe3O4-step = 4.5 nm; Au/Fe3O4-dir = 7.6 nm. 

The HDH of (aqueous) 2,4-DCP results in the production of 4-CP with a high degree of 

selectivity (up to 90 %) where smaller Au particles are intrinsically more active (up to 2

× 10-4 molCl h-1 mAu
-2).  As 4-CP is an important intermediate in the production of 

fungicides and molluskicides, this final Chapter provides further evidence of the 

potential of catalytic HDH, not only as a waste treatment tool, but also as a synthetic 

route for industrial processes.

          The research developed and conclusions drawn in this dissertation, with respect to 

the benefits of catalytic HDH, can be summarized as: (i) progressive green technology 

in terms of product reuse (C6ONE, 4-CP) and mild operating conditions, (ii) 

applicability to treat concentrated feedstock, (iii) selective removal of the halogen 

content through the judicious choice of reaction conditions (acid vs. basic solutions) or 

catalyst (small vs. larger metal clusters, Pd vs. Au) and (iv) flexible and facile

implementation in either batch or continuous operation.  In short, this PhD thesis 

demonstrates the fundamentals for the establishment of HDH as a progressive and 

feasible approach for chloroarene waste abatement.

9.2 Future Directions

9.2.1 Study of Catalyst Deactivation

          Deactivation is a general feature of catalytic HDH as, indeed, can be seen from 

the short literature review presented in Table 9.1.
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Table 9.1. A compilation of relevant recent (2000 to present) literature concerning catalyst 
deactivation during HDH.

Phase Metal Support Reactant
Cause of 

Deactivation
Reference

Al2O3, SiO2

TiO2, ZrO2
Dichloromethane Poisoning [1]

Trichlorophenols
Poisoning
Site Occlusion

[2]

1,2-Dichlorobenzene
1,2-Dibromobenzene

Poisoning [3]
Ni

SiO2

Chlorobenzenes
Bromobenzenes
Chlorophenols

Poisoning
Coking

[4]

Tetrachloroethylene
Dichloromethane
Chlorobenzene

Coking [5]

Trichloroethylene Poisoning [6]
Al2O3

Chlorobenzene Poisoning [7]
Al2O3, SiO2

TiO2, ZrO2
Dichloromethane Poisoning [1]

Pd

TiO2

Dichloromethane
Tetrachloroethylene
Chloroform

Poisoning
Coking

[8]

Pd
M-Pda SiO2 Chlorobenzenes Poisoning [9,10]

Al2O3 Chlorobenzenes
Poisoning
Blocking

[11]
Pt

NaX Zeolite Carbon tetrachloride
Poisoning
Blocking

[12]

Gas

Ru
Nb2O5 1,2,4-Trichlorobenzene

Coking
Leaching
Poisoning

[13]

Al2O3, Carbon, SiO2 Chlorobenzene Poisoning [14]
Ni

SiO2 Chlorobenzene
Poisoning
Sintering

[15]

Al2O3 Dioxins
Coking
Leaching

[16]

Al2O3, Carbon 2,4-Dichlorophenol Poisoning [17-19]
Chlorobenzene Poisoning [20]

Carbon
Tetrachloroethylene

Coking
Poisoning

[21]

Pd

TiO2 Pentachlorophenol Poisoning [22]

Liquid

Pt Al2O3 Chlorobenzenes
Poisoning
Blocking

[11]
aM = Sr, Ba and lanthanides
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          It should be noted that catalyst deactivation during HDH has been reported 

regardless of the phase (gas, liquid), metal (Ni, Pd, Pt, Ru), support (reducible/non-

reducible oxides, carbon) or halo-reactant (chlorinated, brominated) considered.  The 

main causes of deactivation proposed include coke formation, sintering of metal 

nanoparticles, active site occlusion and (most commonly) poisoning due to 

interaction(s) between the metal and the inorganic acid (HCl or HBr) formed as by-

product. Many of these putative causes have been largely suppositions and few of the 

studies in Table 9.1 have actually supported these proposals with reliable experimental 

evidence: see the works of Keane et al. [3,19], López et al. [5] and de Souza et al. [12].  

There is a definite need for a comprehensive experimental investigation of the exact 

source(s) and mechanism(s) of deactivation in order to develop efficient catalytic 

formutations/processes. In this respect, catalyst characterization in terms of (i) 

TEM/XRD (for particle size analysis) and (ii) TPR-TPD, TPO and porosity 

measurements pre- and post-reaction (for carbon deposition) are required. Furthermore, 

XPS/XANES/EXAFS should provide a better insight into changes in the electronic state 

of the supported metal particles upon contact with HCl/HBr.

9.2.2 Exclusive Aromatic Ring Hydrogenation

         In Chapters 6 and 8, the advantages of HDH in terms of product recycle/reuse has 

been demonstrated in the conversion of 2,4-DCP into (commercially important) C6ONE

and 4-CP. The possibility of a selective reduction of the aromatic ring without 

substituent(s) hydrogenolysis has not received any treatment in the literature, albeit such 

a transformation has several practical applications. Taking chlorobenzene as a 

representative haloarene reactant, it may be possible to produce chlorocyclohexane,

which is used in the synthesis of industrially important cyclohexene [23].  The same 

reasoning applies to the selective hydrogenation of, e.g. toluene and phenol, where the 

corresponding methylcyclohexane and cyclohexanol products serve as intermediates in 

the production of cellulose ethers [24] and Nylon 6 [25], respectively. Homogeneous 

[26-33] and heterogeneous [31,34-37] catalysts based on Rh [26-28,30-36] and Ru 

[29,31,32] have now been used for the ring hydrogenation of arenes (notably toluene 

[26-31,33-36], styrene [30,35,36], ethylbenzene [30,35,36] and xylene(s)

[28,29,33,34,36]) and derivates containing heteroatoms (notably cresol(s) [34,36], 

phenol [26,34,36], anisole [26,27,34,36] and benzoic acid [32,37]) over a wide range of

conditions (294 K ≤ T ≤ 393 K [26,34], 1 atm ≤ P ≤  80 atm [26,33]).
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However, there is a dearth of studies that have considered exclusive aromatic 

hydrogenation in the presence of halogen substituents. In this respect, it is worth 

flagging the work of Okano et al. [33] who, in using Rh complexes immobilised over 

phosphinated silica (at T = 298 K and P = 80 atm), reported the first study (in 1982) of 

the selective ring reduction of chlorobenzene and ascribed this to the action of Rh+1, i.e.

the metal retained its oxidized nature after immobilisation and H2 activation. Therefore 

catalysts based on nanosized Ru, which present the same electronic configuration as 

Rh+1 ([Kr] 4d8) when fully reduced, could be considered as a potential starting point for 

such a study. The use of Os (with a similar configuration as Ru) should also be 

considered as an alternative catalytic metal with as of yet limited applications in 

hydrogenation reactions (as an heterogeneous catalyst).

9.2.3 Hydrotreatment of Polyhalogenated Aromatics

While simple model reactants (i.e. chloro- and bromophenols, chlorobenzenes) 

have been used throughout this thesis, the conclusions drawn may well be applied to the 

hydrotreatment of polyhalogenated systems.  The HDH of hexachlorobenzene [38-41], 

pentachlorophenol [42-49] and polychlorinated dibenzo-p-dioxins and dibenzofurans

[16,50-52] has now been successfully achieved over Fe [49,50], Ni [40-43,48], Pd 

[16,38,44-47,52] and Rh [51] supported on carbon [38,45,51,52], Al2O3 [16,41,47,52], 

SiO2 [42,43,46,48] and TiO2 [45,52]. Such promising results from the literature warrant 

further research and, along with those presented in this work, serve to demonstrate the 

potential of catalytic HDH as the best means of polyhalogenated waste 

abatement/recycle.  

9.2.4 Hydrogen -Mediated Reactions Using Heterogeneous Au Catalysts

The unique catalytic properties of Au have been demonstrated in Chapters 7 and 

8 where the selective removal of ortho- substituted Cl substituents has been established 

as a result of electronic effects combined with preferential adsorption through the –OH 

group. These results can be added to the growing literature on selective H2-mediated 

reactions involving Au-based catalysts (see the works of Louis et al. [53,54], Claus et 

al. [55,56], Bond et al. [57,58], Gluhoi et al. [59-61] and Andreeva et al. [61,62]). The

selective hydrogenation of arenes bearing oxygen-containing functional groups

represents a challenging catalytic system where the unique selectivity of Au catalysts 

can be harnessed.
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This work can follow the approach adopted in projects to which the author of this 

thesis has actively contributed, involving the selective reduction of nitroarenes to 

targeted amine products [63-68].
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