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Abstract Nanogold was dispersed over cobalt-loaded

SBA 15 to create an effective redox catalyst. The support was

identified as spinel Co3O4 attached to mesoporous SBA 15

based on XRD, FTIR and TEM analyses. The gold crystal-

lites were found to be in the nanosize range (8–15 nm) by the

application of the Scherrer equation to the XRD data. XPS

analysis provided insight into the state of the gold nanopar-

ticles. The selective hydrogenation of nitrobenzene over

nanogold doped cobalt-loaded SBA 15 catalysts was inves-

tigated in a fixed bed down flow reactor. The selectivity for

the desired product, aniline, was very high with a maximum

conversion of 98.9 % of nitrobenzene. The high catalytic

performance is attributed to the efficient dispersion of gold

nanoparticles over the support. Performing the reaction in the

flow reactor maximizes the access of the reactants to the

catalysts without the aid of any solvent, which further

eliminates the filtration steps required to remove the catalyst

after the reaction. Conducting the reaction at 200 �C facili-

tates the recovery of the product (aniline), from the catalyst,

as soon as it is formed.

Keywords Nitrobenzene � Selective reduction � Aniline �
Nanogold catalysts

1 Introduction

The elimination of environmental endocrine disruptors and

hazardous organic compounds has attracted increasing

interest over the past two decades, because these com-

pounds can cause severe health problems. Many aromatic

nitro compounds fall under these categories [1–3]. Thus,

the elimination of these compounds by conversion into

valuable products is highly desired. The catalytic hydro-

genation of aromatic nitro compounds is an important

process for the production of amines. As a representative

aromatic nitro compound, the reduction of nitrobenzene is

having high relevance. Its selective conversion to aniline is

essential, since aniline is widely used for the production of

methylene diphenyl diisocyanate (MDI), which is an

important raw material and intermediate for the production

of dyes, medicines, pesticides and rubber chemicals [4].

The catalytic hydrogenation of nitrobenzene (NB) is used

in approximately 85 % of aniline production globally [5].

Both liquid and vapor phase hydrogenation methods are

employed using supported metal catalysts; and the liquid

phase reactions generally use organic solvents, such as

alcohols, acetone, benzene, ethyl acetate or aqueous acidic

solutions [6–9] as the reaction medium.

The conventional method via Fe-promoted reduction in

HCl (Béchamp reaction) is undesirable due to the low

selectivity of amine and the production of large quantities

of toxic waste, which require costly and difficult down-

stream separation [10]. Liquid phase hydrogenation using

conventional transition metal catalysts results in increased

conversion [11, 12] but reduced selectivity [13]. Moreover,

the common organic solvents used in liquid phase reactions

are volatile and toxic. Considering that toxicity refers to the

extent to which a material can damage an organism, the use

of toxic compounds in material synthesis, especially in
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drug design and similar applications, is extremely unde-

sirable. In addition, the liquid phase reduction of nitro-

benzene also results in the formation of poisonous reaction

intermediates such as nitrosobenzene, N-phenylhydroxyl-

amine, azoxybenzene, azobenzene and hydrazobenzene

[14, 15]. Au, Pt and Pd, among other catalysts, have been

successfully used in hydrogenation reactions [4]. Many

attempts have been made to improve the selectivity of

aniline [16–19]. The use of supported Au for the batch

liquid phase nitroarene reduction has resulted in high

selectivity to the amine [20].

Catalyst performance depends strongly on the synthesis

[21], Au particle size/shape [22] and support characteristics

[23]. Different catalytic responses have been observed for

supported Au on different oxides [24–28]. Wang et al. [29]

have correlated catalytic performances with critical surface

properties for reaction over Au on reducible (Ce0.62Zr0.38O2)

and non-reducible (Al2O3) supports in the gas phase hydro-

genation of p-chloronitrobenzene (p-CNB). Au/Al2O3 pro-

motes the exclusive production of p-chloroaniline (p-CAN),

i.e., 100 % selectivity with respect to –NO2 group reduction.

The application of Au to promote –NO2 group hydrogenation

was reported by Cardenas-Lizana et al. [30] in their study of

the gas phase hydrogenation of m-dinitrobenzene (m-DNB)

over Au catalysts, which yielded a time-invariant conversion

(for up to 5 h) and 100 % selectivity in terms of –NO2 group

reduction, i.e., no evidence of hydrodenitrogenation and/or

aromatic ring reduction [30]. The combined catalytic action

of Au with Mo2C for the gas phase hydrogenation of substi-

tuted nitroarenes resulted in a higher hydrogenation effi-

ciency for the conversion of p-CNB and m-DNB, exceeding

the performance of Au/Al2O3. The exclusive formation of the

partially reduced m-nitroaniline (m-NAN) was enhanced

over Au/Mo2C relative to Mo2C under conditions in which

Au/Al2O3 was non-selective in the hydrogenation of m-DNB

[31]. Gas phase hydrogenation of p-CNB to p-CAN over

oxide (Al2O3, TiO2, Fe2O3 and CeO2)-supported Au has been

reported to be highly selective [32–35]. The role of Au par-

ticle size in hydrogenation reactions appears to depend on the

nature of the reaction [36], the support [37] and even the

catalyst preparation method [38]. Although Au particles as

large as 20 nm can exhibit significant activity under optimum

reaction conditions [39], the general trend suggests that

smaller Au particles (\10 nm) yield higher hydrogenation

[28]. Catalyst deactivation in the gas phase hydrogenation of

nitroarenes over Pd/Al2O3 [40–42], Pd/hydrotalcite [5], Cu/

SiO2 [43] and Cu/Kieselguhr [44] has been reported and

ascribed to the deleterious effect of H2O as a by-product [5],

metal leaching [42] and coking [40, 41, 43, 44]. Not only the

particle size but also the nature of the support plays an

important role in catalysis [45–48]. The role of the support

may exceed that of a stabilizer of the Au dispersion or a

modifier of the Au electronic state. When gold is dispersed on

supports with a high surface area, its catalytic properties

change substantially. For supported gold catalysts, the

agglomeration of gold particles is a major cause of catalyst

deactivation. The porosity of the support plays an important

role in facilitating metal particle agglomeration [49, 50].

The main drawback associated with nitrobenzene

reduction via vapor or liquid phase hydrogenation is the

severe reaction conditions required, i.e., higher reaction

temperature or pressure respectively. Therefore, it is of

greater interest to improve the catalytic activity under mild

reaction conditions. Supported noble metals (Pt, Pd, etc.) or

Raney Ni are the most commonly employed hydrogenation

catalysts of nitrobenzene [4]. In most cases, high conver-

sion is attained, but 100 % selectivity to the amino com-

pound has not been commonly achieved [34].

In the present study, gold nanoparticles are immobilized

over cobalt-loaded SBA 15 support, where the porosity of

the support can contribute shape selectivity to the products.

As a representative hazardous aromatic nitro compound,

the selective reduction of nitrobenzene to aniline, an

important product, is investigated here. The nitrobenzene

reduction is conducted in a vertical down-flow fixed-bed

reactor over nanogold-incorporated cobalt-loaded SBA 15

catalysts. The catalysts have been characterized to identify

the catalyst with the best performance and the optimal

reaction conditions. The percentage gold loading is also

varied to achieve maximum conversion. The high conver-

sion acquired under mild conditions with Co/SBA 15

supported Au catalysts indicates that the cobalt doped SBA

15 materials are promising support materials for nanogold

dispersion.

2 Experimental

2.1 Preparation of SBA-15

The support, SBA 15 was prepared using a previously

reported method [51]. The preparation required 4.4 g of

Pluronic P123 (Aldrich, Maverage = 5,800 [EO20-PO70-

EO20]), 120 g of 2 M HCl (R&M Chemicals) and 9 g of

TEOS (Aldrich). The triblock copolymer P123 was dis-

persed in 30 g of distilled water and stirred for 1.5 h. 2 M

HCl was added to the resultant solution under stirring,

which was continued for 2 h. Finally, TEOS was added

dropwise, and the mixture was maintained at room tem-

perature for 24 h with stirring. The resultant heterogeneous

mixture was subjected to hydrothermal treatment at 100 �C

for 48 h under static conditions before recovering the solid

material. The crystallized product was filtered, washed

with distilled water and dried in air for 24 h and in an oven

at 70 �C overnight before being calcined at 450 �C for 8 h

to remove the template completely.
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2.2 Preparation of cobalt-loaded SBA 15

Cobalt loading was performed on SBA 15 by a simple

impregnation method. Cobalt nitrate hexahydrate (Ham-

burg Chemical GmbH) was dissolved in water. A prede-

termined amount of prepared SBA 15 was then added to

this solution, followed by heating at 80 �C under stirring to

remove the solvent. The amount of cobalt nitrate was

varied to obtain samples with different wt% (10–50 %) of

cobalt/g SBA 15. The concentrated sample was dried in

oven at 80 �C overnight. The dried sample was then cal-

cined at 400 �C for 5 h and designated as xCo/SBA 15,

where x indicates the % cobalt loading.

2.3 Preparation of Au doped Co/SBA 15

Aqueous chloroauric acid (2.1 9 10-3 M; Sigma Aldrich)

solution was heated to 70 �C. The pH of the solution was

adjusted to 8 by the drop wise addition of 0.5 M NaOH (R

& M Chemicals). The required amount of Co/SBA 15 was

added to the above mixture at constant pH and temperature

(8 and 70 �C respectively) under vigorous stirring. The

mixture was maintained under the above conditions with

stirring for an additional 2 h and then cooled, filtered and

washed with distilled water. The mixture was then dried at

80 �C overnight and calcined at 200 �C for 5 h. The sys-

tems were designated as nAu-xCo/SBA 15, where n and x

indicate weight percentage of gold and cobalt respectively.

2.4 Preparation of Co3O4 and Au doped Co3O4

For catalytic activity comparison, bulk Co3O4 and its Au

doped counterpart were also prepared using the conven-

tional precipitation method. First, 0.5 mol/L cobalt nitrate

hexahydrate solution was precipitated by ammonia. The pH

was maintained between 7.5 and 8.5, and the solution was

stirred for 4 h. The resulting precipitate was aged at room

temperature for 24 h before being filtered and washed with

water. The precipitate was dried at 80 �C overnight and

calcined at 400 �C for 5 h. Finally, 1 wt% Au was then

loaded using the method described in Sect. 2.3. The sys-

tems were designated as Co3O4ppt and 1Au–Co3O4ppt.

2.5 Catalyst characterization

The XRD patterns of the samples were recorded in the range

of 2h = 3–80� on a Bruker AXS D8 Advance diffractometer

at a scanning rate of 0.02�/s with Cu Ka radiation

(k = 1.5418). The FTIR spectra were recorded using a

Thermo Scientific Nicolet 6700 FT-IR spectrometer in the

wavelength range of 400–4,000 cm-1. The formation of

well-ordered mesopores of SBA 15 was confirmed using

TEM (Zeiss Libra 200). X-ray photoelectron spectroscopy

(XPS) was conducted using a Kratos XSAM X-ray photo-

electron spectrometer with a base pressure of 10-9 Torr. Mg

Ka X-ray radiation was used as the excitation source. The

binding energy of C 1s (284.5 eV) was used as the reference

to correct any charge offsets. Linear background subtraction

was performed, and the peaks in each spectrum were fitted

using a Gaussian function. The BET surface area and pore

volume were measured using a TriStar 3000 V6.04 A instru-

ment, using nitrogen physisorption at -195.800 �C. The

specific surface area was estimated using the BET method.

The pore size distribution and pore volume were determined

by the BJH method. All systems were activated at the calci-

nation temperature for 1 h before characterization. Elemental

analysis of 1Au-40Co/SBA 15 was done using Inductively

Coupled Plasma Atomic Emission Spectrometer (ICP—AES,

Thermo Electron IRIS INTREPID II XSP DUO).

2.6 Catalytic activity: hydrogenation of nitrobenzene

The catalytic hydrogenation of NB without the aid of any

solvent under H2 flow was carried out at atmospheric pres-

sure in a down-flow vertical fixed bed glass reactor

(length = 41 cm, i.d. = 1.4 cm) placed inside a double-

zone furnace. The reaction was performed to ensure negli-

gible heat/mass transport limitations, as described elsewhere

[52–54], with some specified features pertinent to this study.

The catalysts were activated at the calcinations temperature

for 1 h before being subjected to catalytic activity studies.

The temperature was continuously monitored by a thermo-

couple. The NB was fed into the reactor via an airtight glass

syringe and Teflon line using a microprocessor-controlled

syringe pump (New Era Pump Systems Inc. E905120) at a

fixed and calibrated flow rate. The product and the unreacted

NB were trapped and condensed by a water condenser. The

liquid samples were then analyzed using a gas chromato-

graph (SRI 8610 gas chromatograph) equipped with a

RESTEK RXi-1 ms column and an FID detector using N2 as

the carrier gas. The catalyst activity is presented in terms of

the percentage of NB converted.

3 Results and discussion

3.1 Material characterization

The wide-angle XRD patterns for different samples are

shown in Fig. 1. All catalyst systems exhibit a major peak

characteristic of spinel Co3O4 at 2h = 36.8�. The diffrac-

tion peaks at 2h = 19.0�, 31.3�, 36.8�, 44.80�, 59.2� and

65.1� can also be attributed to the spinel type cubic structure

of Co3O4 with an Fd3m space group [55]. The peak becomes

more intense and narrow as the percentage loading of Co

on SBA 15 increases, indicating the gradual growth of the
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Co3O4 crystallites. Based on the Scherrer equation, the

crystallite size of Co3O4 in 40Co/SBA 15 is found to be

14.8 nm. The diffraction peaks for metallic gold appear at

approximately 38.3�, 45� and 64.5� respectively, corre-

sponding to the (111), (200) and (220) lattice planes of the

face-centered cubic structure of gold, respectively [56]. Due

to the support interference and small particle sizes, the Au

peaks at 45� and 64.5� are not clearly visible. The Au

crystallite size is calculated from the peak at approximately

38.3�. From the data shown in Table 1, it can be noted that

all of the samples contained gold nanocrystallites ranging in

size from 8 to 15 nm.

The FT-IR spectra of the calcined SBA-15, nCo/SBA-15,

Au–Co/SBA 15 and Co3O4ppt between 400 and

4,000 cm-1 are presented in Fig. 2. In the spectrum of raw

SBA 15, the three peaks at 470, 799 and 1,090 cm-1 cor-

respond to the rocking, bending (or symmetric stretching)

and asymmetric stretching modes, respectively, of the inter

tetrahedral oxygen atoms in the SiO2 structure [57, 58]. The

broad band from 3,400 to 3,700 cm-1 is assigned to the

stretching frequencies of hydrogen-bound silanols as well

as adsorbed H2O. The absorption bands of spinel Co3O4 at

approximately 667 and 565 cm-1 are clearly observed in

the spectra of the 40Co/SBA 15 samples [59]. As it can be

observed, the IR peaks related to the stretching vibrations of

the functional groups of the SBA 15 are present in the

spectra of Co/SBA 15 and nAu–Co/SBA 15, indicating that

no structural deformation of the basic structure of SBA 15

occurred upon metal doping. Figure 3 shows the TEM

images of some representative systems. The grey region

represents for silica walls and the dark regions contain

spinel cobalt, on which the gold nanoparticles may be dis-

tributed. The Au particles on the top of Co3O4 were visible

whenever the Co species where present towards the edges of

SBA 15 support.
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40Co/SBA 15

SBA 15

Fig. 1 XRD patterns of the

prepared systems

Table 1 Au crystallite size and NB reduction data over different

catalysts under the selected conditions

Catalyst NB

conversion

(%)

Aniline

selectivity

(%)

Au

crystallite

size (nm)

No catalyst – – –

SBA 15 – – –

40Co/SBA 15 66.27 94.98 –

0.5Au–40Co/SBA 15 83.14 94.85 10.75

1Au–40Co/SBA 15 96.88 100 9.75

1.5Au–40Co/SBA 15 89.06 98.75 14.75

2Au–40Co/SBA 15 92.65 98.46 8.23

2.5Au–40Co/SBA 15 94.65 94.94 9.75

3Au–40Co/SBA 15 98.85 100 12.13

Coppt 17.27 94.92 –

1AuCoppt 47.17 95.98 19.31

Reaction conditions: catalyst weight = 0.2 g, temperature = 200 �C,

flow rate = 4 ml/h
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A comparative XPS study of bare 40Co/SBA 15 and

gold-doped 40Co/SBA 15 has been carried out. The XPS

spectra showed signs of the presence of cobalt, silicon,

oxygen, carbon and gold in the gold-loaded sample. The

carbon peak is the result of hydrocarbon layer contamina-

tion and is unavoidable in the XPS analysis [60]. In-depth

XPS analyses of the Au4f7/2, Co2p3/2, Si2p and O1s regions

were conducted to identify the chemical composition and

oxidation state. Spectral deconvolution was achieved using

a Gaussian-fitting procedure (Fig. 4a–c).

The XPS signals for cobalt arise from the 2p3/2 and 2p1/2

levels. The coexistence of Co2?/Co3? resulted in a main

peak at BE = 779.9 eV, supporting the existence of the

spinel phase of Co3O4 [61]. This observation supports the

existence of Co3O4 as the predominant cobalt phase in the

catalyst, as evident from the XRD and FTIR analyses. Sexton

et al. [62] reported a binding energy of 780.3 eV for Co2?

and 779.5 eV for Co3?. The two peaks centered at binding

energies of 530.1 ± 0.1 and 532.5 ± 0.2 eV correspond to

the Co–O bond in the spinel and the Si–O bond in SiO2

respectively [60]. The peak at 529.6 eV is due to the lattice

oxygen of cobalt oxides [63]. The BE at 103.5 eV is due to

SiO2. The Au 4f patterns are characteristic of the predomi-

nant metallic gold [64]. Large particles and/or composite

islands of metallic gold account for the existence of a peak at

83.6 eV [65]. However, in the case of the present 1Au–40Co/

SBA 15 system, this band is shifted to a higher BE of 84.6 eV

and is associated with smaller Au0 particles [65]. The peak at

85.1 ± 0.1 eV can be tentatively assigned to Au?1 species

[66–68]. In the literature, zero-valent [69] and cationic Au

[70] have been proposed to promote hydrogenation. In the

present study, we also attribute this phenomenon to the

presence of nanogold in the catalysts.

The adsorption-desorption isotherms for SBA-15, 40Co/

SBA-15 and some selected Au-loaded 40Co/SBA 15

samples are presented in Fig. 5a. All samples displayed

type IV isotherms, which are attributed to typical meso-

porous structures. Hysteresis loops, which are present in

conventional mesoporous silicas, were also found in the

present catalysts. SBA 15 exhibits a low-pressure hyster-

esis that extends to the lowest attainable pressures, indi-

cating the presence of micropores. The narrow pore size

distribution depicted in Fig. 5b confirms the regularity of

the pore diameter. The similarity in the adsorption-

desorption curves and hysteresis loops indicates that all of

the samples have similar pores.

The specific area, average pore volume and average pore

diameter of pure SBA-15, 40Co/SBA-15 and Au-loaded

Co/SBA 15 catalysts are listed in Table 2. Metal doping

resulted in the blockage of the support pores by cobalt

oxide, reducing the BET surface area and pore volume [71]

by making the pores inaccessible for nitrogen adsorption.

The leaching of Si from the matrix may be the cause of the

increase in the average pore diameter. After the deposition

of gold nanoparticles on cobalt-containing SBA-15, a

considerable expansion in the pore-size and a noticeable

decrease in the surface area were observed in addition to a

decrease in pore volume, which may result from the partial

degradation of the silica matrix [72].

3.2 Catalytic behavior

The hydrogenation of nitrobenzene over the Au–Co/SBA

15 catalysts resulted in the formation of aniline with very

high selectivity. No hydrogenation was observed without

the catalyst, indicating the absence of any uncatalyzed

4000 3500 3000 2500 2000 1500 1000 500

%
 T

ra
n

sm
it

ta
n

ce

SBA 15

Wavelength (nm)

40 Co/SBA 15

0.5Au-40Co/SBA 15

1Au-40Co/SBA 15

1.5Au-40Co/SBA 15

2Au-40Co/SBA 15

2.5Au-40Co/SBA 15

3Au-40Co/SBA 15

Co
3
O

4
ppt

Fig. 2 FTIR spectra of the

different catalysts
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reaction. No conversion was found over pure SBA 15,

which suggests that SBA 15 acts as an inactive support.

The effect of the reaction variables, including temperature,

catalyst amount and NB flow rate, as well as the effect of

the extent of nanogold incorporation on Co/SBA 15 was

thoroughly investigated. Preliminary tests were carried out

using 2 wt% Au-doped Co-loaded SBA 15 catalysts with

various Co loadings to study the influence of the

percentage of Co loading over SBA 15 on its catalytic

activity. The results, which are given in Table 3 reveal that

40 wt% Co over SBA 15 is the best support for nitroben-

zene hydrogenation reactions. Therefore, further studies

were performed with gold-doped 40Co/SBA 15 catalysts.

All catalysts promoted the exclusive –NO2 group hydro-

genation with no evidence of hydrodenitrogenation and/or

aromatic ring reduction. The effect of the reaction

Fig. 3 TEM images showing the dispersion of cobalt oxide and nanogold particles over the SBA 15 support
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parameters was investigated over 1Au–40Co/SBA 15. In

order to investigate the turn over number (TON) of the

reaction (moles aniline/moles Au) under various condi-

tions, elemental analysis of 1Au–40CoSBA 15 is carried

out and it is found that the amount of Au present is

7.3365 9 10-6 mol/g of the catalyst.

3.2.1 Effect of temperature

Temperature had a marked effect on activity. Figure 6

shows the influence of temperature on the hydrogenation of

nitrobenzene over the 1Au–40Co/SBA 15 catalyst. First,

the temperature was varied in the range of 200–400 �C in

50 �C intervals. As the temperature increased, the rate of

nitrobenzene conversion decreased. Therefore, we also

tested the activity under the low temperatures of 195 and

190 �C. The activity decreased at these temperatures; thus,

we selected 200 �C for further studies. Here, the best

reaction temperature is lower than the boiling point of

nitrobenzene. However, at this temperature, the product

aniline is vaporized and diffuses out of the catalyst as soon

as it is formed, freeing the active sites for further catalysis.

This phenomenon may be the cause of the improved

activity. Further increases in temperature yield reductions

in activity, which might be due to the low contact time as a

result of the ready diffusion of some of the reactants in the

out of the catalyst before successful reaction.

3.2.2 Effect of catalyst weight

The NB conversion initially increased with increasing

catalyst dosage, with the selectivity remaining at 100 %,

except at a high catalyst dosage of 0.25 g. The highest

conversion was obtained using 0.2 g of catalyst, beyond

which the conversion rate decreased (Fig. 7). Higher

amounts of the catalyst provided more active sites for

effective catalysis; however, this effect was saturated at a

catalyst loading of 0.2 g. Further increases in the catalyst

weight decreased the activity, possibly due to the restricted

movement of the reaction mixture out of the catalyst sur-

face. From the figure, it can be seen that use of 0.1 g cat-

alyst resulted in the highest turnover number for the

reaction. Based on the number of moles of Au required for

the effective formation of aniline, 0.1 g catalyst was found

to be the most desired catalyst dosage for the reaction.

3.2.3 Influence of flow rate

The catalysts/reactant flow rate was varied from 3 mL/h to

study its influence on NB conversion, TON and aniline

selectivity (Fig. 8). The selectivity remained at 100 % in

all cases studied, whereas the conversion decreased beyond

a flow rate of 4 mL/h. The decrease in conversion at higher

flow rates may be due to the reduced contact time [73]. We

had also calculated the moles of aniline formed over moles

of Au (TON); and it was observed that 4 mL/h is the best

flow rate for the effective reaction. Thus, we selected a

flow rate of 4 mL/h for further study.

3.2.4 Comparison of catalytic efficiency over Au-doped

systems

NB reduction was carried out over 40 %-Co-loaded SBA

15 systems with varying amounts of doped nanogold under

the following selected reaction conditions: catalyst weight,

0.2 g; NB flow rate 4 mL/h; reaction temperature, 200 �C.

All gold-doped samples showed good conversion of NB, as

shown in Table 1. The successful adsorption of the reac-

tants over the catalyst surface, porous nature of the support,

easy diffusion of the product etc. may be the reason for the

high selectivity towards aniline. The high activity may also

be attributed to the low particle size of nanogold, as well as

the ‘‘zero’’ oxidation state of the nanosized gold particles

and the presence of cationic Au as evident from XPS

analysis. The activity initially increased with the percent-

age of Au, followed by slight decrease in NB conversion

and then an increase to give a maximum conversion of

98.9 % over 3Au–40Co/SBA 15. To determine whether the

b Fig. 4 a The de-convolution XPS analysis of the O 1s, Si 2p and Co

2p core-level peaks for 40Co/SBA 15. b The de-convolution XPS

analysis of the O 1s, Si 2p, Co 2p and Au 4f core-level peaks for 1Au–

40Co/SBA 15. c XPS wide-angle spectra of 40Co/SBA 15 and 1Au–

40Co/SBA 15
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support, Co/SBA 15, plays an important role in the cata-

lytic activity, the reaction was also conducted over bare

spinel Co3O4 and its gold-doped counterpart, 1Au–

Co3O4ppt (XRD patterns confirmed the spinel structure

(Fig. 1). The activity was poor, and the gold-doped system

provided an even lower conversion than the active support

in the present study, i.e., 40Co/SBA 15. This confirms the

efficiency of the present catalyst supports for the effective

Table 2 Textural properties of

the supports and catalysts
System BET surface area (m2/g) Pore volume (cm3/g) Pore diameter (Å

´
)

SBA 15 683.99 0.9600 60.87

40Co/SBA 15 213.62 0.4476 70.37

0.5Au–40Co/SBA 15 131.32 0.4015 92.40

1Au–40Co/SBA 15 144.30 0.3848 84.95

1.5Au–40Co/SBA 15 113.95 0.3824 101.27

3Au–40Co/SBA 15 109.49 0.3648 99.49

Table 3 Preliminary studies to

obtain the best Co wt% on SBA

15 support for gold doping for

NB reduction

Catalyst weight = 0.2 g,

temperature = 200 �C, flow

rate = 4 mL/h

Catalyst Conversion Selectivity

No catalyst 0 0

SBA 15 0 0

2Au–10Co/SBA 15 65.27 98.21

2Au–20Co/SBA 15 60.32 97.76

2Au–30Co/SBA 15 80.41 96.32

2Au–40Co/SBA 15 92.65 98.46

2Au–50Co/SBA 15 80.77 98.44
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dispersion of nanogold, making it as a highly promising

catalyst for NB reduction.

4 Conclusions

The selective hydrogenation of NB to aniline over nano-

gold-doped cobalt-loaded mesoporous SBA 15 catalysts

was investigated in a fixed bed down flow reactor. The

selectivity for the desired product is 100 % with 98.9 %

conversion over the best catalyst, 3Au–40Co/SBA 15,

under the selected reaction conditions. Even the 1 %-gold-

loaded sample yielded 96.9 % conversion at a low reaction

temperature of 200 �C. The high catalytic performance of

the present catalysts is attributed to the efficient dispersion

of gold nanoparticles, as evident from XRD and TEM

analysis. XPS analysis revealed the presence of zero-valent

and cationic Au, which promote the hydrogenation reaction

over the prepared systems.
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