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Cobalt-supported catalysts (Co/SiO2) of different metal loadings (5-15 wt.%) were developed and assessed for the vapour-phase 

dehydrogenation of 1,4-butanediol to -butyrolactone and tetrahydrofuran. Catalysts were also systematically characterised by N2 

physisorption, X-ray diffraction and H2 temperature-programmed reduction (H2-TPR). BET studies illustrated a gradual decrease of the 

total specific surface area with cobalt loading due to possible clogging of the pores by cobalt oxides species. XRD confirmed the formation 

of crystallised Co3O4 phases with higher loadings leading to larger crystallite sizes. H2-TPR profiles confirmed better reducibility and 

lower metal-support interaction at elevated cobalt loadings. Catalytic analysis showed an increase of 1,4-butanediol conversion and 1,4-

butanediol selectivity with reaction temperature and cobalt loading, with the highest conversion (80%) obtained at 580 K using a 

15Co/SiO2 catalyst. Time-on-stream experiments demonstrated good stability of the catalyst with only negligible deactivation observed 

during 7 h continuous operation. High cobalt loading significantly enhanced the catalytic activity of Co/SiO2 catalysts by increasing the 

number of reducible cobalt species and the availability of accessible metallic active sites. These findings demonstrate that high-loading 

Co/SiO2 catalysts are highly promising for the green and atom-economical dehydrogenation of biomass-derived diols. 
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INTRODUCTION 

 With the increasing focus on sustainable chemistry, 

studies on catalytic upgrading of biomass-derived platform 

molecules to value-added chemicals has significantly grown 

[1,2]. Among these molecules, 1,4-butanediol is a versatile 

diol that can be selectively converted into -butyrolactone or 

tetrahydrofuran used in the production of polymers, pharma-

ceuticals and specialty solvents. Oxidant-free catalytic dehydro-

genation of 1,4-butanediol is an attractive and atom-economical 

route that proceeds under relatively mild conditions while 

producing hydrogen as the sole byproduct, making it a sustain-

able approach for the synthesis of value-added chemicals [3,4]. 

 Supported metal-based catalysts, especially Cu-based 

systems on SiO2 and mixed oxides, have been shown to be 

highly active in this transformation and catalytic performance 

is mainly dependent on the metal dispersion, particle size as 

well as the redox properties of the surface [4-6]. Mechanistic 

studies indicate that the reaction advances through a series of 

dehydrogenation and cyclisation steps with 4-hydroxybutanal 
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being the most important intermediate [5]. While noble metal 

catalysts including Au- and Ru-based systems show improved 

yield and selectivity, they are often too expensive and scarce 

to be used at an industrial scale [7]. Accordingly, cobalt- and 

copper-based transition metal catalysts have attracted consi-

derable attention as cost-effective alternatives to noble metal 

catalysts, offering comparable catalytic performance while 

significantly reducing material costs. Bimetallic formulations 

and defect engineering in catalyst design were also implem-

ented to achieve higher catalytic activity via improved metal 

dispersion and synergistic electronic effects [6-8]. 

 Silica (SiO2) is one of the widely used catalyst supports, as 

it has a strength and thermal stability at higher temperatures 

besides providing high surface area and being chemically inert 

to ensure homogeneous dispersion of active metal species. 

The interaction of cobalt with the silica surface plays a crucial 

role in determining catalyst reducibility, metal dispersion and 

long-term stability. At cobalt loadings below 30 wt.%, strong 

metal–support interactions lead to highly dispersed cobalt 

species, which are relatively difficult to reduce. In contrast, 
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higher cobalt loadings promote the formation of larger cobalt 

oxide particles with weaker support interactions, enhancing 

reducibility and increasing the availability of catalytically 

active metallic Co⁰ sites [4,8]. 

 Despite the reported use of silica-supported cobalt catal-

ysts for 1,4-butanediol dehydrogenation, a systematic under-

standing of the influence of cobalt loading on catalyst struct-

ure, reducibility, dispersion and catalytic performance under 

identical preparation and reaction conditions remains limited. 

In this study, a series of Co/SiO2 catalysts with varying cobalt 

loadings was synthesised using a consistent protocol to estab-

lish structure–activity relationships for the selective dehydro-

genation of 1,4-butanediol to -butyrolactone. Correlating cobalt 

loading with the physico-chemical properties and catalytic 

performance provides valuable guidelines for the rational design 

of efficient, low-cost cobalt-based catalysts for sustainable 

biomass conversion. 

EXPERIMENTAL 

 Catalyst preparation: SiO2 (Merck) was used as the 

catalyst support and Co/SiO2 catalysts were prepared by the 

incipient wetness impregnation method using Co(NO3)2·6H2O 

as the cobalt precursor. An aqueous solution of the precursor 

was added dropwise to the SiO2 support under continuous 

stirring to ensure uniform cobalt distribution. The resulting 

slurry was evaporated to dryness under mild heating and the 

solid was dried overnight at 393 K, followed by calcination 

in flowing air at 723 K for 5 h. Catalysts with cobalt loadings 

of 5, 10 and 15 wt.% were designated as 5Co/SiO2, 10Co/ 

SiO2 and 15Co/SiO2, respectively. 

 Characterisation: X-ray diffraction measurements on a 

Rigaku Ultima IV diffractometer using CuK radiation ( = 

1.54178 Å), operated at 40 kV and 20 mA, were performed 

to determine the crystalline phases of the catalysts. Average 

crystallite sizes were calculated using the following Scherrer’s 

equation: 

  

K
D

cos


=
   

where K is Scherrer shape factor (0.9);  is X-ray wavelength; 

 is full width at half-maximum (FWHM) of diffraction peak; 

and θ is Bragg angle; D is the mean crystallite diameter. 

 The textural properties of the catalysts were determined 

from N2 adsorption–desorption isotherms measured at 77 K 

using a SMART SORB 92/93 analyzer (Smart Instruments, 

India). Before analysis, the samples were degassed under 

vacuum at 473 K for 2 h to remove adsorbed moisture and 

impurities. H2-temperature-programmed reduction (H2-TPR) 

was performed using 50 mg of catalyst under a 5 vol.% H2/Ar 

flow (60 mL min–1), with the temperature increased from 

ambient to 1073 K at 10 ºC min–1, while hydrogen consump-

tion was monitored using a thermal conductivity detector (TCD). 

Transmission electron microscopy (TEM) was carried out using 

a JEOL, Switzerland. For TEM analysis, the catalyst was ultra-

sonically dispersed in ethanol, deposited onto a carbon-coated 

copper grid and dried at 350 K for 5 h before imaging. 

 Catalytic reaction procedure: Catalytic dehydrogena-

tion of 1,4-butanediol was carried out at atmospheric pressure 

in a bench-scale continuous-flow fixed-bed quartz reactor. 

The catalyst (0.2-0.5 g, particle size 250-500 m) was packed 

between quartz wool plugs and reduced in situ under 5 vol.% 

H2/Ar at 673 K for 2 h to generate the active metallic cobalt 

phase. After reduction, the reactor was cooled to the desired 

reaction temperature under a N2 atmosphere. Liquid 1,4-but-

anediol was fed using a calibrated syringe pump, vaporized 

before entering the reactor, and carried by N2 to ensure a stable 

reactant flow and effective vapour-catalyst contact. Reactions 

were performed over the temperature range of 523-593 K. The 

reaction products were analysed online using gas chromato-

graphy (GC-FID) equipped with an HP-5 capillary column, 

and quantified by external calibration with authentic stand-

ards. The 1,4-butanediol conversion and product selectivity 

were calculated as: 

moles of  1,4-butanediol converted
Conversion (%)

moles of  1,4-butanediol f
0

ed
1 0=   

moles of  product formed
Selectivity (%)

moles of 1,4-butanediol convert
0

ed
1 0=   

 Catalyst stability was evaluated through time-on-stream 

experiments at optimised conditions up to 12 h of continuous 

operation. 

RESULTS AND DISCUSSION 

 XRD studies: The crystalline forms of Co/SiO2 catalysts 

(5Co/SiO2, 10Co/SiO2 and 15Co/SiO2) were investigated 

using XRD with the patterns as shown in Fig. 1. All catalysts 

exhibit a broad diffraction band at 2θ ≈ 20-25º, characteristic 

of amorphous SiO2, confirmed that the silica support retains 

its non-crystalline structure after cobalt incorporation [9-12]. 

For all cobalt-loaded catalysts, distinct reflections appear at 

2θ ≈ 31º, 36º, 44º, 59º and 65º assignable to the (220), (311), 

(400), (511) and (440) planes of cubic-spinel Co3O4 (JCPDS 

card no. 43-1003) [13]. The progressive increase in peak 

intensity and sharpness from 5Co/SiO2 to 15Co/SiO2 reflects 

the growth of Co3O4 crystallites with increasing cobalt 

loading. In contrast, the weaker and broader peaks observed 

for 5Co/SiO2 indicate the presence of finely dispersed cobalt 

 

 
Fig. 1. XRD patterns of Co/SiO2 catalysts with varying cobalt loadings 
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oxide species with strong metal–support interactions. At higher 

cobalt loadings, the sharper reflections suggest the formation 

of larger Co3O4 particles with increased surface aggregation, 

which can influence catalyst reducibility and the availability 

of active cobalt sites. No diffraction peaks corresponding to 

metallic cobalt or impurity phases were detected, confirming 

the phase purity of the calcined catalysts. 

 Textural properties: The specific surface areas of the 

SiO2 support and the Co/SiO2 catalysts are summarized in 

Table-1. The bare SiO2 support has a specific surface area of 

220 m2 g–1. The surface area monotonically decreases with 

increasing cobalt content: 201, 193 and 177 m2 g–1 for 5Co/ 

SiO2, 10Co/SiO2 and 15Co/SiO2, respectively. This is corre-

lated to the partial blockage of silica mesopores and surface 

coverage by the growing cobalt oxide clusters. A slight decre-

ase in specific surface area (9 m2 g–1) at 5 wt.% Co suggests 

the formation of finely dispersed cobalt oxide species that 

occupy only a small fraction of the silica pores. With increas-

ing cobalt loading, the surface area decreases more markedly 

(27 m2 g–1), reflecting the growth and partial agglomeration 

of cobalt oxide particles together with greater pore filling, 

which reduces nitrogen accessibility during adsorption. Never-

theless, all catalysts retain relatively high surface areas, 

confirmed that the mesoporous silica framework remains 

largely preserved. This structural integrity is beneficial for 

catalysis, as it ensures adequate exposure of active sites while 

facilitating efficient diffusion of reactants and products. 

 
TABLE-1 

BET SURFACE AREA OF SiO2 AND Co/SiO2 CATALYSTS 

Catalyst BET surface area (m2 g–1) 

SiO2 220 

5Co/SiO2 201 

10Co/SiO2 193 

15Co/SiO2 177 

 
 H2-TPR analysis: H2-TPR was used to probe the 

reducibility of the Co/SiO2 catalysts and profiles obtained are 

shown in Fig. 2. Each catalyst shows a major broad reduction 

peak area in the mid-temperature region which is associated 

with stepwise reduction of cobalt oxide species (Co3O4 → 

CoO → Coº) [14]. The asymmetric feature of the profiles 

proves that these two reduction steps are partially overlapped 

and suggests a distribution of cobalt species with different 

metal-support interaction. The progressive increase in the 

intensity of the reduction peak with increasing cobalt loading 

demonstrates the presence of a greater amount of reducible 

cobalt oxide. Among the catalysts, 15Co/SiO2 shows the 

highest and sharpest reduction peak, reflecting the easier 

reduction of larger, bulk-like Co3O4 particles that interact less 

strongly with the silica support. In contrast, 5Co/SiO2 displays 

a broad, low-intensity reduction peak, consistent with finely 

dispersed cobalt species, which are strongly bound to the SiO2 

surface and therefore require higher temperatures for comp-

lete reduction. 

 With increasing cobalt loading, the reduction peak shifts 

to lower temperatures, indicating a gradual weakening of the 

metal–support interaction and the formation of larger cobalt 

oxide aggregates. This behaviour facilitates hydrogen activation 

 
Fig. 2. H2-TPR profiles of Co/SiO2 catalysts with varying cobalt loadings 

 

and the generation of metallic Coº at lower reduction temper-

atures, which is beneficial for catalytic dehydrogenation. The 

H2-TPR results confirm that cobalt loading plays a key role 

in controlling catalyst reducibility and the strength of the 

metal–support interaction, both of which strongly influence 

catalytic performance 

 TEM studies: The TEM images of the 15Co/SiO2 catalyst 

are shown in Fig. 3. The micrographs reveal agglomerates of 

nearly spherical cobalt nanoparticles forming a porous net-

work. The cobalt particles are uniformly distributed over the 

silica support with only moderate aggregation and no large 

isolated crystallites confirmed good dispersion of the active 

phase. 

 Catalytic performance: Dehydrogenation of 1,4-but-

anediol: The Co/SiO2 catalysts were evaluated for the vapour-

phase dehydrogenation of 1,4-butanediol to -butyrolactone 

and tetrahydrofuran, as illustrated in Scheme-I. The reaction 

proceeds through two competing pathways: -butyrolactone 

is formed via sequential dehydrogenation and intramolecular 

cyclisation, whereas tetrahydrofuran is generated through the 

dehydration of 1,4-butanediol. 

 Co/SiO2 catalysts were investigated for the vapour-phase 

dehydrogenation of 1,4-butanediol to γ-butyrolactone and tetra-

hydrofuran as shown in Scheme-I. -Butyrolactone is formed 

through sequential dehydrogenation followed by intramole-

cular cyclisation, whereas tetrahydrofuran is produced via a 

competing dehydration pathway. 

 Effect of reaction temperature: Fig. 4a shows the 

effect of reaction temperature (523-593 K) on the conversion 

of 1,4-butanediol over the Co/SiO2 catalysts. The conversion 

increases steadily with temperature for all catalysts, consistent 

with the endothermic nature of the dehydrogenation reaction. 

At 580 K, 15Co/SiO2 achieves the highest conversion (80%), 

followed by 10Co/SiO2 (70%) and 5Co/SiO2 (65%). The 

superior performance of 15Co/SiO2 is attributed to its higher 

reducibility and better availability of metallic Co⁰ active sites. 

The larger Co3O4 crystallites observed by XRD are more 

readily reduced to metallic cobalt, facilitating C–H and O–H 

bond activation during dehydrogenation. In contrast, the lower 
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activity of 5Co/SiO2 arises from stronger metal–support inter-

actions, which hinder cobalt reduction and limit the number 

of accessible active sites across the investigated temperature 

range. 

 Product selectivity: The product distribution is governed 

by the competition between the dehydrogenation and dehyd-

ration pathways, which is strongly influenced by both cobalt 

loading and reaction temperature. Increasing the cobalt load-

ing raises the density of metallic Co⁰ sites, promoting C–H 

and O–H bond activation in 1,4-butanediol and favouring the 

formation of -butyrolactone through dehydrogenation followed 

by intramolecular cyclization. In contrast, tetrahydrofuran is 

formed via acid-catalyzed intramolecular dehydration, facili-

tated by the weak acidic silanol groups on the SiO2 surface. 

Higher reaction temperatures slightly increase tetrahydrofuran 

selectivity as the dehydration pathway becomes kinetically 

more favourable. 

 For 5Co/SiO2, the strong metal–support interaction limits 

the formation of metallic Co⁰ sites, suppressing the dehydro-

genation pathway and increasing the relative contribution of 

dehydration. As a result, the product distribution is deter-

mined by the balance between metallic Co⁰ sites, which favour 

-butyrolactone, and the surface acidic sites of silica, which 

promote tetrahydrofuran formation. This balance can be effect-

ively tuned by adjusting the cobalt loading and reaction 

temperature. 

 

Fig. 3. TEM images of 15Co/SiO2 catalyst 

 

 

Scheme-I: Schematic illustration of 1,4-butanediol dehydrogenation on Co/SiO2 catalysts 

 

 

Fig. 4. Catalytic performance of Co/SiO2 catalysts: (a) effect of reaction temperature on 1,4-butanediol conversion; and (b) time-on-stream 

stability study for 15Co/SiO2 at 580 K 
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 Reaction mechanism: The dehydrogenation of 1,4-

butanediol over Co/SiO2 is proposed to proceed through a 

sequence of surface-mediated elementary steps, as shown in 

Scheme-I. Initially, 1,4-butanediol adsorbs onto metallic Coº 

sites through its hydroxyl groups, facilitating the activation 

of C–H and O–H bonds. The adsorbed molecule undergoes 

selective dehydrogenation to form 4-hydroxybutanal with the 

release of the first equivalent of H2. This intermediate then 

undergoes rapid intramolecular cyclisation to produce a hemi-

acetal (lactol) intermediate, which is subsequently dehydro-

genated to yield -butyrolactone, accompanied by the release 

of a second equivalent of H2. This second dehydrogenation 

step is considered rate-limiting and is favoured by a high 

density of readily accessible Coº sites with good reducibility. 

In parallel, 1,4-butanediol can undergo direct intramolecular 

dehydration on the weak acidic silanol groups of the SiO2 

support to form tetrahydrofuran, a pathway that becomes more 

significant at higher reaction temperatures and lower metallic 

cobalt site densities. The product distribution is therefore 

governed by the balance between metallic Coº sites, which 

promote dehydrogenation to -butyrolactone, and the acidic 

surface sites responsible for dehydration. Increasing cobalt 

loading enhances the concentration of metallic Coº sites after 

reduction, shifting the reaction toward -butyrolactone while 

suppressing the competing dehydration pathway. 

 Catalyst stability: Based on the catalytic activity results, 

the 15Co/SiO2 catalyst was selected for a 12 h on-stream 

stability test under the optimized reaction conditions (Fig. 4b). 

The catalyst maintained 1,4-butanediol conversion between 

85% and 69%, exhibiting only a gradual decline in activity 

throughout the reaction. This slight deactivation is likely 

associated with limited coke deposition on the active sites or 

partial surface oxidation of metallic Coº during prolonged 

operation. The sustained catalytic performance demonstrates 

the good stability of the Co/SiO2 catalyst under continuous-

flow conditions, highlighting its potential for long-term dehy-

drogenation of 1,4-butanediol. 

 Comparison with literature: Previous studies provide 

valuable context for interpreting the present results, as cobalt 

has frequently been employed as a promoter in Cu-based 

catalysts for the dehydrogenation of 1,4-butanediol (Table-2). 

Reddy et al. [6] reported that the preparation method of Co–

Cu/MgO catalysts strongly influence product selectivity by 

altering catalyst structure and metal dispersion, thereby affe-

cting the balance between dehydrogenation and dehydration 

pathways. Kannapu et al. [7] subsequently demonstrated that 

cobalt incorporation improves both metal dispersion and copper 

particle distribution in Cu/MgO catalysts, with the optimized 

10Co-20Cu-70MgO composition achieving -butyrolactone 

and aniline yields exceeding 90% in a tandem dehydrogen-

ation–hydrogenation process. Recent studies on Cu-CuO-ZnO 

[15], Cu/SiO2 [16] and Cu/SBA-15 [17] catalysts have high-

lighted the importance of catalyst composition, support char-

acteristics and reactor configuration in enhancing catalytic 

performance. In contrast, the present Co/SiO2 catalyst employs 

cobalt as the sole active phase, providing a simpler copper-

free catalyst system. The catalytic performance can be tuned 

directly by adjusting the cobalt loading, which controls the 

density of accessible metallic Coº sites, enabling simultane-

ous improvement in 1,4-butanediol conversion and -butyro-

lactone selectivity without the complexity of bimetallic or 

composite catalyst architectures. 

Conclusion 

 Co/SiO2 catalysts containing 5, 10 and 15 wt.% cobalt were 

successfully prepared by the incipient wetness impregnation 

method and evaluated for the vapour-phase dehydrogenation 

of 1,4-butanediol. Increasing the cobalt loading resulted in a 

gradual decrease in BET surface area due to the partial pore 

filling by Co3O4 particles, although the mesoporous structure 

of the silica support remained largely intact. XRD confirmed 

the formation of crystalline cubic-spinel Co3O4, with crys-

tallite size increasing as the cobalt loading increased. H2-TPR 

analysis showed that higher cobalt loading weakened the metal-

support interaction and improved the reducibility of cobalt 

species, increasing the availability of catalytically active Coº 

sites. Catalytic activity increased with both reaction temp-

erature and cobalt loading, with 15Co/SiO2 exhibiting the 

highest 1,4-butanediol conversion (≈80% at 580 K) while 

maintaining stable performance during 12 h of continuous 

operation. Product selectivity was controlled by the balance 

between metallic Coº sites, which favoured -butyrolactone 

formation and the acidic silanol sites of the silica support, 

which promoted tetrahydrofuran formation. These results 

establish cobalt loading as an effective parameter for cont-

rolling catalyst structure, reducibility and product selectivity. 

The present study demonstrates that high-loading Co/SiO2 

catalysts provide an efficient and economically attractive 

route for the selective dehydrogenation of 1,4-butanediol to  

-butyrolactone under oxidant-free conditions. The combina-

tion of high activity, good stability and the use of an earth-

abundant transition metal makes these catalysts promising 

candidates for the sustainable upgrading of biomass-derived 

diols to value-added chemicals. 
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TABLE-2 

COMPARISON OF DEHYDROGENATION OF 1,4-BUTANEDIOL (BDO) OVER REPORTED CATALYSTS 

Catalyst Reaction conditions Conversion (%) Ref. 

Cu/MgO 0.5 g catalyst, BDO = 1 mL h–1, N2 = 17 mL min–1 83 [6] 

Co–Cu/MgO 0.5 g catalyst, BDO = 1 mL h–1, N2 = 17 mL min–1 91 [6] 

Cu-CuO-ZnO 1.0 g catalyst, BDO = 1 mL h–1, N2 = 30 mL h–1 100 [15] 

10Cu/SBA-15 1.0 g catalyst, BDO = 1 mL h–1, N2 = 30 mL h–1 100 [17] 

Co/SiO2 1.0 g catalyst, BDO = 1 mL h–1, N2 = 30 mL h–1 80 Present study 
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