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A series of active palladium species supported on zirconia, with varying Pd loadings (0.5-6 wt.%), were synthesised using the impregnation 

method and characterised through XRD, surface area and pore analysis, UV-DRS, XPS, H2-TPR, CO2-TPD and CO chemisorption. XRD 

patterns indicated the formation of a crystalline PdO phase for Pd loadings exceeding 2 wt.%. Pore size distribution analysis showed a 

decrease in both pore volume and diameter as Pd content increased. Moreover, the intensity ratio of the Pd 3d5/2 and Zr 3d5/2 XPS peaks 

exhibited a strong correlation with Pd dispersion values derived from CO chemisorption. UV-DRS and TPR analyses revealed the 

presence of two distinct palladium species on the ZrO2 support, including highly dispersed PdO species reduced at lower temperatures 

and bulk PdO species reduced at comparatively higher temperatures. The basicity of the catalysts increased with Pd loading, followed by 

a reduction at higher loadings. The findings indicate that the number of exposed surface Pd sites increases with increasing Pd loading, 

reaches a maximum at 2 wt.% Pd, and remains nearly constant at higher loadings. The catalytic activity for the vapour-phase reductive 

amination of phenol to aniline increased with Pd loading up to 2 wt.% and decreased at higher loadings, consistent with the observed 

trends in active Pd sites and surface basicity. The higher turnover frequency (TOF) for smaller Pd particles decreases with increasing 

particle size up to 3 nm and remains nearly constant for larger particles. The strong dependence of catalytic activity on Pd crystallite size 

confirms that the reductive amination of phenol proceeds as a structure-sensitive reaction. 
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INTRODUCTION 

 Heterogeneous catalysts that utilize noble metals are vital 

instruments in the chemical industry, particularly for processes 

such as hydrogenation. Among these, catalysts supported by 

palladium have attracted considerable attention due to their 

remarkable performance at relatively low temperatures and 

pressures [1-3]. Extensive investigations have been conducted 

on these catalysts due to their exceptional activity and appli-

cability in catalytic processes. The efficacy of these palladium 

supported catalysts is largely dependent on the degree to which 

the active phase is distributed across the support material. 

This distribution is not arbitrary; it is affected by numerous 

factors, including the type of oxide that supports the palladium, 

the presence of any promoters or additives, the amount of loa-

ding and the specific preparation method employed. The 

surface condition of the active palladium component, whether 
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it remains finely dispersed or aggregates into larger crystall-

ites, is significantly influenced by the catalyst’s fabrication 

process, the acidity and basicity of the support and the quan-

tity of palladium introduced [4]. Grasping the characteristics 

of this active phase and its interaction with the support is 

essential. Such understanding help researchers and scientists 

in optimizing catalyst design, thereby ensuring enhanced 

efficiency and stability during reactions. Every aspect, from pre-

paration methods to the properties of the supports, contributes 

to shaping the behaviour of the catalysts, an intricate inter-

play that scientists continue to explore with great interest. 

Consequently, there is a steadily increasing interest among 

catalytic researchers in this field to discover new supports that 

can address some of the critical issues (such as performance 

and deactivation) and also to prolong the lifespan of catalyst. 

 Zirconia is an attractive catalyst support due to its high 

thermal stability, chemical inertness and the presence of both 
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acidic and basic surface functionalities. In addition, its strong 

metal-support interaction and excellent mechanical stability 

enable the formation of stable and well-dispersed active phases 

[5]. Zirconia-supported catalysts have been widely employed 

in various catalytic reactions, including methane oxidation over 

Pd–Pt [6], alcohol upgrading over Cu [7], CO2 methanation 

over Ni [8], hydrogen production over Co–Mn [9], NO redu-

ction over vanadium catalysts [10], hydrogenation and dehy-

drogenation over Fe catalysts [11,12] and methanol oxidation 

over chromium oxide [13]. 

 Among these systems, Pd/ZrO2 catalysts have shown 

superior catalytic performance compared to Pd supported on 

conventional oxides such as Al2O3, SiO2 and TiO2 for methanol 

synthesis from CO hydrogenation [14]. Iwasa et al. [15] also 

reported that Pd/ZrO2 exhibits excellent activity for methanol 

decomposition, while Okumura et al. [16] demonstrated its 

high activity in toluene combustion. Despite these promising 

catalytic properties, limited studies have focused on the inter-

action between palladium active sites and the zirconia support 

in Pd/ZrO2 catalysts for the conversion of phenol to amine 

derivatives. 

 Aniline and its derivatives have attracted significant atten-

tion due to their wide range of industrial applications [17]. 

The presence of an amino group makes aniline an important 

intermediate in the production of dyes, antioxidants, pharma-

ceuticals, agrochemicals and rubber-processing chemicals. It 

is also a key precursor for isocyanate synthesis, which is essen-

tial for polyurethane production used in plastics, insulation 

materials and fibres. Commercially, aniline is mainly produced 

from benzene through either catalytic hydrogenation of nitro-

benzene or ammonolysis of chlorobenzene under severe oper-

ating conditions. Since phenol is an inexpensive feedstock and 

an important industrial pollutant generated from petrochemical 

and polymer industries [18,19], its conversion into value-added 

chemicals is highly desirable. Among the available methods, 

the reductive amination of phenol with ammonia and hydrogen 

to produce aniline in a single step has emerged as an attractive 

and economically promising route for industrial application 

[20-23]. However, the process still faces challenges such as the 

requirement for elevated temperatures and pressures along 

with limited product yields. 

 This study presents the synthesis of aniline from phenol 

utilizing palladium supported on zirconia catalysts. Various 

palladium–zirconia catalysts with different Pd loadings were 

synthesised and thoroughly characterised through techniques 

including X-ray diffraction (XRD), UV-visible diffuse reflec-

tance spectroscopy (UV-DRS), X-ray photoelectron spectro-

scopy (XPS), temperature-programmed reduction (TPR) and 

CO2 temperature-programmed desorption (CO2-TPD). The 

palladium dispersion, metal surface area and crystallite size 

were further assessed using the CO chemisorption method. 

The catalytic performance of these catalysts was tested in the 

vapour-phase reductive amination of phenol to aniline. The 

main aim of this research is to explore the correlation between 

Pd dispersion on zirconia and the catalytic performance in 

phenol reductive amination. Furthermore, the activity of 

Pd/ZrO2 catalysts is compared with that of Pd supported on 

alternative materials, such as magnesia and silica, to evaluate 

the influence of the support on catalytic performance. 

EXPERIMENTAL 

Catalyst synthesis 

 Preparation of support: The zirconia support was prep-

ared by dissolving zirconyl nitrate hydrate (ZrO(NO3)2·xH2O, 

Aldrich) in deionised water to obtain a 0.5 M solution. A 10% 

aqueous NH3 solution was added dropwise under vigorous 

stirring until the pH reached 9. The suspension was further 

stirred for 30 min to ensure complete precipitation of Zr4+ ions. 

The resulting white Zr(OH)4 precipitate was separated by 

vacuum filtration and washed repeatedly with deionised water 

until the filtrate attained neutral pH. The obtained Zr(OH)4 

cake was dried at 120 ºC for 16 h and subsequently pulverised 

into a fine powder. Calcination was carried out in a muffle 

furnace under a continuous air flow of 100 mL/min using a 

stepwise heating programme. The sample was heated to 150 

ºC at a rate of 0.5 ºC/min and held for 30 min, followed by 

heating to 300 ºC at the same ramp rate and holding for another 

30 min. Finally, the temperature was increased to 500 ºC at 

0.5 ºC/min and maintained for 5 h. 

 Preparation of catalyst: The palladium-supported zir-

conia catalysts were prepared by the wet impregnation method. 

A series of Pd/ZrO₂ catalysts containing 0.5-6 wt.% Pd were 

synthesised. The required amount of PdCl2 was dissolved in 

0.1 M aqueous HCl at 323 K under vigorous stirring to form 

[PdCl4]2– species, which was subsequently used as precursor 

solution for impregnation. After complete dissolution, deionised 

water was added to obtain a total solution volume approxi-

mately 15% higher than the pore volume of the zirconia support. 

The pore volume of zirconia was determined by the incipient 

wetness method using deionised water and zirconia previously 

dried at 120 ºC for 12 h. The prepared Pd precursor solution 

was slowly added to the dried zirconia support under conti-

nuous mixing to ensure uniform impregnation. Excess water 

was removed by evaporation at 80 ºC with constant stirring. 

The impregnated material was equilibrated at room tempera-

ture for 2 h and subsequently dried at 120 ºC for 12 h. The dried 

catalyst was calcined in a muffle furnace under a continuous 

air flow of 100 mL/min using a stepwise heating programme. 

The temperature was raised to 150 ºC at a heating rate of 0.5 

ºC/min and maintained for 30 min, followed by heating to 

300 ºC at the same rate and holding for another 30 min. Finally, 

the sample was heated to 500 ºC at 0.5 ºC/min and maintained 

for 5 h to obtain the active Pd/ZrO2 catalysts. Although most 

chlorine species are expected to be removed during calcina-

tion, the presence of trace residual chlorine cannot be comple-

tely ruled out. Other supported catalysts were prepared foll-

owing a similar procedure using commercial supports such 

as -Al2O3 (surface area = 175 m²/g), SiO2 (surface area = 

370 m²/g) and activated carbon (surface area = 1414 m²/g). 

 Catalysts characterisation: Powder X-ray diffraction 

patterns were recorded on a Rigaku Miniflex diffractometer 

using nickel-filtered CuK radiation ( = 1.5406 Å) at 40 kV 

and 30 mA, with a secondary graphite monochromator. Data 

were collected in the 2θ range of 2-75º with a step size of 

0.045º and a counting time of 0.5 s per step. However, the data 

was presented from 20-75º of 2θ range only, since no signi-

ficant reflections appeared below 20º. Phase identification was 

performed using the JCPDS database. 
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 The specific surface areas of the zirconia support and Pd/ 

ZrO2 catalysts were determined from N2 adsorption–desor-

ption isotherms at 77 K using the multipoint BET (Brunauer–

Emmett–Teller) method on a Quantachrome Autosorb-1 

instrument. Prior to analysis, the samples were outgassed at 

473 K for 5 h. A cross-sectional area of 0.164 nm2 per N2 

molecule was used in the BET calculations. Pore size distri-

bution (PSD) was determined from the desorption branch of 

the N2 isotherm using the Barrett–Joyner–Halenda (BJH) 

method. 

 CO chemisorption measurements were performed using 

a dynamic pulse method on a Micromeritics AutoChem 2910 

instrument equipped with a thermal conductivity detector 

(TCD). Approximately 100 mg of the sample was first 

reduced in a hydrogen flow (50 mL/min) at 500 ºC for 2 h, 

followed by flushing with helium (50 mL/min) for 1 h at the 

same temperature. After cooling to 303 K, pulses of CO 

(9.96% CO in He) were injected from a calibrated online 

sampling valve into the helium stream flowing over the 

reduced sample. Adsorption was considered complete when 

three consecutive pulses exhibited identical peak areas. The 

total CO uptake was quantified using GRAMS/32 software 

to calculate the palladium dispersion and metal surface area. 

 Palladium dispersion (DPd), defined as the ratio of surface-

exposed Pd atoms to the total Pd atoms present, was deter-

mined from irreversible CO chemisorption obtained by pulse 

CO analysis. A CO/Pd surface stoichiometry of 1 was assumed 

for the calculations [21,24-26]. Although bridge-bonded CO 

adsorption may occur at higher Pd loadings, only single-site 

linear adsorption was considered for dispersion estimation in 

this study. Pd dispersion was calculated using DPd = Ns/Nt, 

where Ns represents the total irreversibly chemisorbed CO 

molecules (COirr) and Nt denotes the total number of Pd atoms 

per gram of catalyst. The catalyst metal surface area (Scat), Pd 

metal surface area (SPd) and mean particle size (d) were cal-

culated using eqns. 1-3: 

  Scat (m2/gcat) = MolCO × NA × SF/A × 103  (1) 

  SPd (m2/gPd) = Scat. 100/WPd (2) 

  d (nm) = 6000/SPd ×  (3) 

Pd density = MolCO × NA/zirconia surface area (m2/g) (4) 

where MolCO, NA, SF, A, WPd and  represent the molecules 

of CO that are experimentally consumed per unit mass of 

catalyst (MolCO = molCO/gcat), Avogadro’s number (NA = 

6.023 × 10–23 mol–1), the stoichiometric factor (SF = 1), the 

number of surface atoms per square meter of the polycrystalline 

Pd surface (A = 1.47 × 10–19), the percentage of Pd (WPd = 

wt.%) and the density of palladium ( = 12.02 g cm–3). 

 UV-DRS spectra were recorded at room temperature in 

air using a GBC UV-Vis Cintra 10e spectrometer equipped 

with a diffuse reflectance accessory. Measurements were per-

formed over the wavelength range of 200-800 nm using pure 

ZrO2 as the reference material. The Kubelka-Munk function 

F(R) was plotted against wavelength to evaluate the optical 

properties of the samples. The XPS spectra of the catalysts were 

recorded on a Kratos Axis 165 spectrometer using MgK 

radiation (h = 1253.6 eV) operated at 75 W. The Pd 3d and 

Zr 3d core-level spectra were collected and binding energies 

were referenced to the C 1s peak at 284.6 eV with an accur-

acy of ±0.2 eV. All measurements were carried out under ultra 

high vacuum conditions with a background pressure below 

10-10 bar. 

 TPR measurements were performed on a Micromeritics 

AutoChem 2910 instrument to investigate the reducibility 

and dispersion of palladium species. Approximately 100 mg of 

dried sample was placed in a U-shaped quartz reactor suppor-

ted by quartz wool. Prior to reduction, the catalyst was pre-

treated in helium flow (50 mL/min) at 200 ºC for 2 h to remove 

surface contaminants. After cooling to room temperature under 

helium, TPR analysis was carried out using a 5% H2-Ar mix-

ture (50 mL/min) with a heating rate of 10 K/min from ambient 

temperature to 550 ºC. Hydrogen consumption was monitored 

using a thermal conductivity detector (TCD) and Tmax values 

were determined using GRAMS/32 software. 

 CO2-TPD experiments were conducted on a Micromeritics 

AutoChem 2910 instrument to evaluate the basic properties 

of the catalysts. Approximately 150 mg of sample was reduced 

in hydrogen flow (50 mL/min) at 500 ºC for 2 h followed by 

helium purging at the same temperature for 1 h. The sample 

was then cooled to 30 ºC and saturated with 10% CO2-He 

mixture (75 mL/min) for 1 h. Physisorbed CO2 was removed 

by helium flushing (50 mL/min) at 105 ºC for 2 h. The TPD 

analysis was performed from room temperature to 1073 K at 

a heating rate of 10 K/min and the desorbed CO2 was quan-

tified using a TCD and GRAMS/32 software. 

 Catalytic reaction: The catalytic performance of the supp-

orted palladium catalysts was evaluated through the reductive 

amination of phenol to aniline in a down-flow fixed-bed Pyrex 

glass reactor operated at atmospheric pressure. The reactor 

had an internal diameter of 12 mm and was equipped with a 

4 mm O.D. glass thermowell for monitoring the catalyst bed 

temperature. The reactor was placed inside an electrically 

heated split-type furnace. The catalyst powder was pelletized, 

crushed and sieved to obtain particle sizes in the range of 

0.25-0.5 mm to ensure plug-flow behaviour. Approximately 

0.5 g of catalyst was mixed with an equal volume of quartz 

grains and packed between quartz wool layers. Additional 

quartz grains of similar size were placed above the catalyst 

bed to act as a preheating zone. Prior to the reaction, the 

catalyst was reduced in hydrogen flow (50 mL/min) at 773 K 

for 2 h and subsequently cooled to the reaction temperature 

under hydrogen atmosphere. 

 The reaction feed consisted of phenol and cyclohexane 

in a weight ratio of 1:2 along with hydrogen and ammonia in 

a molar ratio of 1:5:5. The phenol–cyclohexane mixture was 

introduced at a flow rate of 4 mL/h using a calibrated motor-

ized syringe pump. Catalytic reactions were carried out at 250 

ºC under continuous-flow conditions and the system was main-

tained for 2 h prior to product collection to attain steady-state 

operation. The liquid products including aniline, cyclohexyl-

amine and unreacted phenol were collected at the reactor outlet 

using a cold trap immersed in an ice bath. Product analysis 

was performed using a HP 6890 gas chromatograph equipped 

with a flame ionization detector (FID) and an HP-5 column. 

Product identification was further confirmed using a HP-

5973 quadrupole GC-MS system. 
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 The conversion of phenol along with product yield and 

selectivity were calculated using standard molar balance equa-

tions where n represents the number of moles of each comp-

onent, i denotes the individual products and N corresponds to 

the carbon number of each component. 

 
Phenol,in Phenol,out

Phenol,in

n n
Conversion of phenol (%) 100

n

−
=    

  
i,out

Phenol,in

n
Yield of product, i (%) 100

n
=    

i,out i

Phenol,in Phenol,out Phenol

n Z
Selectivity of product, i (%) 100

n n Z
=  

−
  

 To investigate the relationship between phenol reductive 

amination and palladium content, a correlation was established 

between palladium loading and TOF. Here, TOF is defined 

as the rate of reactant molecules converted per second per 

active Pd site. Turnover frequency (TOF) was calculated using 

the following expressions, where No of active Pd atoms is equal 

to total CO uptake in CO chemisorption method [21,27]. 

 
1 1

cat

Phenol flow rate (mol/s)

Fractional conversion of phenol
Rate (mol s g )

Weight of the catalyst (g)

− −



=   

Rate
Turnover frequency (TOF)

Number of active Pd atoms
=  

RESULTS AND DISCUSSION 

 XRD studies: The powder X-ray diffraction (XRD) anal-

ysis of the ZrO2 support and various PdO/ZrO2 catalyst profiles 

is shown in Fig. 1. Generally, ZrO2 can be found in three 

crystallographic forms viz. monoclinic, tetragonal and cubic. 

The zirconia synthesised in this study demonstrates a mixed-

phase structure that includes both monoclinic and tetragonal 

ZrO2, as verified by the XRD pattern (Fig. 1). The XRD 

profile of ZrO2 reveals distinct diffraction peaks at 2θ = 24.5º, 

28.2º, 30.2º, 31.4º, 34.1º, 35.3º, 38.6º, 41.1º, 45.0º, 45.3º, 

50.1º, 50.7º, 60.2º and 62.8º, which correspond to the 

respective d-spacings of 3.63, 3.16, 2.96, 2.85, 2.63, 2.54, 2.33, 

2.20, 2.01, 2.00, 1.82, 1.80, 1.54 and 1.48 Å. The diffraction 

peaks identified at 2θ = 24.5º, 28.2º, 31.4º, 34.1º, 38.6º, 41.1º, 

45.0º and 50.1º are associated with the monoclinic phase of 

ZrO2 (JCPDS No. 37-1484), whereas the peaks at 30.2º, 

35.3º, 45.3º, 50.7º, 60.2º and 62.8º are linked to the tetragonal 

ZrO2 phase (JCPDS No. 80-2155). The XRD patterns for all 

palladium-supported catalysts did not reveal any detectable 

diffraction peaks that correspond to crystalline PdO. The 

characteristic peaks of PdO are observed at 2θ = 33.8º (d = 

2.64 Å), which corresponds to the (101) plane with a relative 

intensity of 100%, along with two very weak reflections at 

approximately 2θ = 41.9º and 54.8º (JCPDS No. 46-1043). 

This absence may be attributed to the primary PdO peak at 

2θ = 33.8º being obscured by the strong zirconia peak at 2θ = 

34.1º. Nevertheless, the diffraction peak at 2θ = 34.1º signifi-

cantly increased in intensity for the catalyst with 4 wt.% Pd 

loading compared to those with 2 wt.% Pd. The heightened 

intensity of the peak at 2θ = 34.1º may be ascribed to the pre-

sence of PdO crystallites.  

 
Fig. 1. X-ray diffraction patterns of pure ZrO2 and various Pd/ZrO2 

catalysts (• is due to PdO) 

 

 The absence of PdO reflections at lower Pd loadings 

indicates that palladium species are highly dispersed on the 

ZrO2 support or exist as very small nanoparticles below the 

XRD detection limit. Strong metal-support interactions may 

also inhibit the formation of bulk crystalline PdO, leading to 

highly dispersed or amorphous PdO species with crystallite 

sizes below 3 nm. Such high dispersion is beneficial for catal-

ytic applications due to the increased availability of accessi-

ble active sites. No distinct reflections corresponding to mixed 

oxide phases between PdO and ZrO2 were observed. How-

ever, overlapping diffraction peaks make the identification of 

bulk PdO crystallites difficult in Pd/ZrO2 catalysts. 

 BET studies: The BET surface areas and pore properties 

of the catalysts are summarized in Table-1. The pure ZrO2 

support exhibited a surface area of 68 m²/g. A gradual decrease 

in surface area was observed with increasing Pd loading, likely 

due to pore occupation by Pd species. Nitrogen adsorption–

desorption isotherms and pore size distribution profiles con-

firmed the mesoporous nature of the materials with pore dia-

meters mainly distributed between 120-180 Å and a maximum 

around 150 Å. Both pore volume and average pore diameter 

decreased with increasing Pd loading due to partial pore filling 

and agglomeration of Pd species during calcination. 

 
TABLE-1 

BET SURFACE AREA, TOTAL PORE VOLUME  

AND AVERAGE PORE DIAMETER OF  

VARIOUS Pd/ZrO2 CATALYSTS 

Pd loading 

(wt.%) 

BET surface 

area (m2/g) 

Total pore 

volume (mL/g) 

Average pore 

diameter (Å) 

ZrO2 68 0.50 163 

0.5 66 0.48 156 

1.0 64 – – 

2.0 59 0.46 147 

4.0 54 – – 

6.0 50 0.43 148 

 

 CO chemisorption data presented in Table-2 show that 

Pd dispersion decreased from 94% to 24% with increasing Pd 

loading, while Pd crystallite size increased correspondingly. 
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The high dispersion at lower Pd contents is attributed to strong 

interactions between Pd2+ and hydroxyl groups on the ZrO2 

surface. At higher loadings, Pd deposition on the external sur-

face promotes agglomeration, resulting in lower dispersion and 

reduced metal surface area available for CO chemisorption. 

 UV-DRS studies: The UV-DRS spectra of Pd/ZrO2 

catalysts displayed absorption bands at 245 and 450 nm. The 

band at 245 nm is assigned to ligand-to-metal charge transfer 

involving highly dispersed Pd2+ species interacting with the 

ZrO2 surface through Zr–O–Pd linkages [28]. The broad band 

at 450 nm corresponds to the d–d transition of bulk PdO 

species (Fig. 2). At lower Pd loadings, the absence of the 450 

nm band indicates highly dispersed PdO species or extremely 

small PdO particles. The appearance and increasing intensity 

of the 450 nm band at and above 2 wt.% Pd indicate the 

formation and growth of bulk PdO crystallites. These results 

suggest the coexistence of two palladium species, namely 

highly dispersed PdO and bulk PdO, which is consistent with 

the CO chemisorption results. 

 XPS studies: XPS analysis was carried out to examine the 

oxidation states and surface composition of Pd/ZrO2 catalysts. 

The Zr 3d5/2 binding energy remained nearly constant at appro-

ximately 182 eV irrespective of Pd loading. The Pd 3d5/2 and 

Pd 3d3/2 binding energies were observed in the ranges of 

337.0-337.5 eV and 342.4-342.8 eV, respectively (Table-3), 

which are higher than those of bulk PdO [29,30]. These higher 

binding energies indicate the presence of electron-deficient 

Pd2+ species arising from strong metal–support interaction 

(SMSI) between Pd and ZrO2. The interaction is associated 

with Pd–O–Zr bonding at the interface rather than Pd–O–Pd 

bonding. 

 
TABLE-3 

BINDING ENERGIES (eV), FWHM AND XPS ATOMIC RATIO 

OF Pd 3d5/2 AND Zr 3d5/2 of VARIOUS Pd/ZrO2 CATALYSTS 

Pd loading 

(wt.%) 

Binding energy 

of Zr 3d5/2 

(FWHM) 

Binding energy 

of Pd 3d5/2 

(FWHM) 

XPS intensity 

Pd 3d/Zr 3d 

0.5 182.0 (2.0) 337.5 (2.2) 0.08 

1.0 181.9 (2.1) 337.4 (2.3) 0.12 

2.0 182.1 (1.9) 337.2 (2.2) 0.15 

4.0 182.0 (1.9) 337.10 (2.1) 0.16 

6.0 181.9 (2.0) 337.0 (2.2) 0.16 

 

 With increasing Pd loading, the Pd binding energies dec-

reased up to 4 wt.% and remained nearly constant thereafter. 

This behaviour reflects weaker metal–support interaction and 

larger Pd particles at higher Pd contents. Similar particle-

size-dependent binding energy shifts have been reported by  

 
Fig. 2. UV-Vis diffuse reflectance spectra of various Pd/ZrO2 catalysts 

 

Voogt et al. [29], Takasu et al. [31], Fleisch [32] and Babu et al. 

[33]. The XPS peak intensity increased with Pd loading up to 

2 wt.% and remained nearly unchanged at higher loadings, 

indicating that the number of exposed surface Pd sites reaches 

saturation beyond 2 wt.% due to the formation of larger PdO 

agglomerates (Fig. 3). The constant FWHM values also sup-

port the coexistence of highly dispersed Pd species and bulk 

PdO species. The Pd 3d5/2/Zr 3d5/2 intensity ratios further 

confirmed that the surface Pd concentration increases up to 2 

wt.% Pd and remains nearly constant thereafter, which is in 

excellent agreement with the CO chemisorption results. 

TABLE-2 

Pd CONTENT, CO UPTAKE, DISPERSION, Pd METAL AREA AND Pd CRYSTALLITE SIZE OF VARIOUS Pd/ZrO2 CATALYSTS 

Pd loading (wt.) Pd content (mol/gcat) CO uptake (mol/gcat) Dispersion (%) Metal area (m2/gpd) Crystallite size (nm) 

0.5 47.0 44.7 94 420 1.18 

1.0 94.0 78.9 84 374 1.33 

2.0 187.9 129.7 69 307 1.62 

4.0 375.9 139.1 37 165 3.02 

6.0 563.8 135.3 24 107 4.66 
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Fig. 3. Pd 3d XPS spectra of various Pd/ZrO2 catalysts 

 

 Temperature programmed reduction (TPR): The 

TPR profiles for various palladium-supported ZrO2 catalysts 

are illustrated in Fig. 4. The associated maximum reduction 

temperature (Tmax) and the corresponding hydrogen consum-

ption values are presented in Table-4. The TPR profiles display 

two distinct reduction peaks viz. one positive and the other 

negative. The positive peak is notably broad, commencing at 

474 K and concluding at 673 K. The peak maximum (Tmax) 

varies with different Pd loadings, shifting to lower temperatures 

from 602 K for a 0.5 wt.% Pd loading to 560 K for a 6 wt.% 

loading. This reduction peak is attributed to the conversion of 

Pd2+ or PdO to the metallic form of palladium. In the current 

catalyst system, the reduction temperature of PdO is signifi-

cantly higher than that of bulk PdO reported in the literature. 

The shift of the reduction temperature towards higher values 

clearly indicates a strong interaction between Pd2+ ions and 

ZrO2, which impedes the reduction of PdO, consistent with 

previous studies [34,35]. As the palladium content increases 

from 0.5 to 6 wt.%, the maximum reduction temperature (Tmax)  

 
Fig. 4. Temperature programmed reduction profiles of various Pd/ZrO2 

catalysts 

 

decreases from 602 K to 560 K, suggesting that at lower Pd 

loadings, the palladium ions exist in a highly dispersed state 

as smaller PdO particles, facilitating a strong metal-support 

interaction characterised by highly coordinated Pd species 

with the support or Zr-O-Pd bonds. This robust metal-support 

interaction or the presence of highly coordinated species leads 

to increased resistance to reduction to their metallic form [34-

36]. Furthermore, the intensity of the positive peak increases 

with rising palladium loading up to 2 wt.% (Fig. 4) and 

subsequently decreases at higher Pd loadings. This clearly 

indicates that the population of dispersed Pd2+ ions increases 

 

TABLE-4 

TEMPERATURE PROGRAMMED REDUCTION OF H2 RESULTS OF VARIOUS Pd/ZrO2 CATALYSTS 

Pd loading (wt.%) 
Tmax

1 (K) 

(negative) 

H2 consumption 

(mol/g) 

Tmax
2

 (K) 

(positive) 

H2 consumption 

(mol/g) 

Total H2 consumption (negative 

peak + positive peak) (mol/g) 

0.5 – – 602 59 59 

1.0 – – 588 82 82 

2.0 331 21 574 165 186 

4.0 334 71 568 189 260 

6.0 334 119 560 183 302 
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and then decreases with further increases in Pd loadings. These 

findings suggest that the palladium dispersion increases with an 

increase in Pd loading up to 2 wt.% and decreases with further 

increases in palladium loading. The hydrogen consumption 

also follows a similar trend to that of the reduction. 

 A distinct fingerprint TPR pattern characterised by a 

negative peak observed in current Pd catalyst systems (Fig. 4). 

The TPR profiles of these catalysts reveal a significant negative 

peak beginning at 2 wt.% around 334 K, with intensity incre-

asing as the Pd loading rises. This negative peak formation is 

linked to the decomposition and subsequent release of hydrogen 

from the -PdHx phase [33,37,38]. Generally, in palladium 

catalysts, a portion of the Pd2+ ions undergo reduction at room 

temperature, after which the reduced Pd metal dissociates 

hydrogen, which is then absorbed onto the metal, resulting in 

the formation of an unstable -Pd hydride phase. During this 

process, some hydrogen molecules are simultaneously disso-

ciated on the Pd crystals that develop at higher loadings, 

contributing to the formation of the unstable β-Pd hydride 

phase. This phase subsequently releases molecular hydrogen 

when the temperature is raised to 334 K, leading to a pronoun-

ced negative peak. As the palladium loading on ZrO2 continues 

to increase, the intensity of the negative peak also escalates 

due to the formation of larger Pd particles within the catalyst, 

which facilitates the development of additional -PdHx phase, 

as depicted in Fig. 4. At elevated Pd loadings, the palladium 

crystallites occupy the external surface of the support, forming 

larger crystallites or agglomerates that are reduced at room 

temperature. With an increase in Pd loading, the consumption 

of the -PdHx peak also intensifies due to the enlargement of 

particle size. However, the positive peak hydrogen uptake 

increases up to a specific loading and remains stable at higher 

loadings, which is attributed to the reduction of PdO occur-

ring solely at room temperature (Table-4). These findings are 

in strong agreement with CO chemisorption and XPS results. 

 Correlation studies: A correlation between several 

critical properties and palladium loadings is depicted in Fig. 5. 

As shown in Fig. 5, the surface area of the Pd metal and the 

Pd density derived from CO uptake, the Pd/Zr surface comp-

osition ratio obtained from XPS spectra and the hydrogen 

consumption linked to the positive reduction of PdO (Pd–O–Zr 

species) measured through temperature-programmed reduction 

all rise with Pd loading up to 2 wt.%, after which they remain 

nearly unchanged at higher Pd loadings. The findings suggest 

that the active density of Pd surface increases with Pd loading 

up to 2 wt.% and stays almost constant at greater loadings; a 

similar pattern is noted for the catalyst’s Pd surface area. The 

Pd/Zr surface composition ratio measured by XPS, which is 

restricted to examining the near-surface region, also increases 

with Pd loading up to 2 wt.% and remains nearly constant at 

higher Pd loadings. The hydrogen consumption related to the 

PdO reduction peak, which is attributed to highly dispersed 

or support-interacted Pd species, also rises with Pd loading 

up to 2 wt.% and exhibits no significant variation at higher 

loadings. In summary, the results indicate that the number of 

exposed surface Pd sites increases with Pd loading, reaches a 

plateau at 2 wt.% Pd and remains fundamentally constant at 

higher loadings. 

 
Fig 5. A correlation between Pd metal surface area, Pd density, XPS Pd/Zr 

surface composition ratio, TPR positive peak hydrogen consum-

ption for various Pd/ZrO2 catalysts 

 

 The assessments of basicity for Pd/ZrO2 catalysts were 

performed using temperature programmed desorption (TPD) 

of CO2, with the results illustrated in Fig. 6. The TPD techni-

que for CO2 is a commonly employed and effective method 

for assessing both the basicity and the basic strength of solid 

catalysts. The basicity of an oxide surface is generally linked 

to the electron-donating properties of the associated oxygen 

anions; therefore, a higher partial negative charge on the oxy-

gen is indicative of increased basic strength. The total number 

of basic sites along with their density and strength distri-

bution are shown in Table-5. As per the existing literature 

[21,25,39,40], the basic strength of the materials can be 

classified into three categories based on CO2-TPD: weak 

(373-523 K), medium (523-653 K) (for instance, OH and O 

groups) and strong basic sites (623-873 K) (coordinatively 

unsaturated oxygen ions O2– or Pd and Zr). As shown in Fig. 

6, the TPD profiles display similar shapes across different 

palladium loadings. The peak observed around 430 K is likely 

linked to weak basic sites, which may correspond to lattice-

bound -OH groups or surface hydroxyl groups. The peak 

located near 683 K is associated with the strong basic sites of 

coordinatively unsaturated oxygen ions (e.g. O2–) and with 

the introduction of Pd, both weak and strong basic sites 

increased, although the increase in weak basic sites was more 

pronounced compared to strong basic sites. The formation of 

Pd2+-O2– acid-base pair junctions may account for the enhance-

ment in basicity. The overall basicity increases with Pd loa-

ding up to 2 wt.%, but decreases at higher Pd concentrations. 

The basicity of the catalysts is predominantly affected by the 

Pd phase, as CO2 uptake rises with increased Pd loading [21]. 

The reduction in basicity at higher loadings is attributed to  

 
TABLE-5 

TEMPERATURE PROGRAMMED DESORPTION OF  

CO2 OF PURE ZrO2 AND VARIOUS Pd/ZrO2 CATALYSTS 

Pd loading 

(wt.%) 

CO2 uptake (µmol/g) Total basicity 

(µmol/g) Weak Medium 

0.0 136 247 383 

0.5 181 257 438 

1.0 186 277 463 

2.0 195 318 513 

4.0 183 285 468 

6.0 165 253 418 
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Fig. 6. Temperature programmed desorption of CO2 of pure ZrO2 support 

and various Pd/ZrO2 catalysts 

 

the development of Pd crystallites, indicating that Pd2+ ions 

are not coordinated with surface -OH groups at elevated load-

ings. These observations align well with the results from CO 

chemisorption, UV-DRS, XPS and TPR. 

 Catalytic properties for reductive amination of phenol: 

The catalytic performance of Pd/ZrO2 catalysts was evaluated 

for the vapour-phase reductive amination of phenol to aniline 

(Scheme-I). According to previous reports [20-23,41], phenol 

is initially hydrogenated to cyclohexanone, which subsequ-

ently reacts with ammonia to form cyclohexylideneimine as an 

intermediate. Further hydrogenation produces cyclohexylamine, 

followed by dehydrogenation to yield aniline. The hydroge-

nation of phenol to cyclohexanone is considered the rate-

determining step in the reaction pathway. Literature reports 

also suggest that phenol adsorption on the catalyst surface is 

influenced by the acid–base properties of the support. Adsor-

ption on basic sites favours the formation of cyclohexanone, 

whereas strong planar adsorption through the hydroxyl group 

may promote cyclohexanol formation. 

 In present Pd/ZrO2 catalyst system, palladium provides 

metallic active sites for hydrogenation–dehydrogenation 

reactions, while the basic sites of zirconia facilitate cyclo-

hexanone formation, which is the key intermediate for aniline 

production. The catalytic results at 523 K are presented in 

Fig. 7. Phenol conversion increased with Pd loading up to 2 

wt.% and decreased at higher loadings. The decline in activity 

at elevated Pd contents is attributed to the formation of larger 

Pd crystallites and reduced dispersion. The catalytic activity 

closely followed the trends observed for CO chemisorption 

uptake, Pd dispersion, metal surface area and catalyst basicity. 

The number of basic sites also increased up to 2 wt.% Pd and 

decreased at higher loadings. These results suggest that phenol 

conversion is strongly dependent on both the concentration 

of active Pd sites and the surface basicity of the catalyst. In 

contrast, aniline selectivity remained nearly constant at appro-

ximately 95% for all catalysts irrespective of Pd loading. These 

observations are consistent with the results obtained from CO 

chemisorption, UV–DRS, XPS and TPR analyses. 

 

 
Fig. 7. Reductive amination of phenol over various Pd/ZrO2 catalysts 

 

 The relationship between Pd crystallite size and turnover 

frequency (TOF) is shown in Fig. 8. The TOF decreased with 

increasing Pd particle size up to approximately 3 nm and 

remained nearly constant at larger sizes. Previous studies [21] 

demonstrated that phenol reductive amination is highly sensi-

tive to Pd dispersion and surface structure. Ortega et al. [22] 

also reported that the coordination environment of Pd signifi-

cantly influences catalytic activity, confirming the structure- 

 

 

Scheme-I: Reaction pathway of phenol reductive amination to aniline over catalysts (Reactions conditions: Temperature = 523 K; total feed 

rate = 2.412 (mmol/s); phenol, H2 and NH3 mole ratio = 1:5:5; catalyst weight = 0.5 g) 
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Fig. 8. A correlation between turnover frequency (TOF) vs. palladium 

crystallite size (Pd loading) 

 

sensitive nature of the reaction. The higher TOF observed for 

smaller Pd particles is attributed to the larger concentration 

of undercoordinated edge and corner Pd sites, which are 

considered highly active for phenol reductive amination [42]. 

These findings indicate that geometric effects and Pd particle 

structure strongly govern the catalytic behaviour of Pd/ZrO2 

catalysts. 

 Comparative studies: The catalytic properties of diffe-

rent 2 wt.% Pd-supported catalysts using ZrO2, Al2O3, SiO2 and 

activated carbon supports are summarized in Table-6. Among 

the catalysts investigated, Pd/ZrO2 exhibited superior phenol 

conversion and aniline selectivity, which can be attributed to 

stronger metal–support interaction, higher Pd dispersion and 

the favourable acid–base characteristics of the zirconia support.  

Conclusion 

 ZrO2 was identified as an effective support for palladium 

catalysts in the vapour-phase reductive amination of phenol 

to aniline due to its ability to stabilize highly dispersed palladium 

species and provide favourable surface basicity. The XRD 

analysis confirmed the formation of crystalline PdO only at 

Pd loadings above 2 wt.%, while lower loadings predomi-

nantly contained highly dispersed Pd species. CO chemisorption 

results demonstrated that Pd dispersion decreased with incre-

asing Pd loading due to particle agglomeration, whereas the 

number of exposed surface Pd sites increased up to 2 wt.% 

and remained nearly constant at higher loadings. These obser-

vations were in excellent agreement with the UV–Vis DRS, 

XPS and TPR analyses, which revealed the coexistence of 

highly dispersed PdO species and bulk PdO crystallites on 

the ZrO₂ support. The surface basicity of the catalysts also 

increased up to 2 wt.% Pd and decreased at higher loadings, 

following a trend similar to catalytic activity. The maximum 

catalytic performance observed at 2 wt.% Pd strongly corre-

lated with higher Pd dispersion, greater availability of active 

Pd sites and enhanced catalyst basicity. The catalytic beha-

viour was therefore governed by the combined influence of 

Pd–O–Zr electronic interactions, Pd particle size and surface 

basicity. Furthermore, the strong dependence of activity on 

Pd crystallite size and coordination environment confirms that 

the reductive amination of phenol over Pd/ZrO2 is a structure-

sensitive reaction. Among the catalysts investigated, Pd/ZrO2 

exhibited superior catalytic performance and higher disper-

sion compared with other supported Pd catalysts. 
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