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Abstract 

 

Heterogeneously catalyzed reactions are one of the most important chemical processes exploited 

for the production of a large number of modern-day products. They have been used extensively 

in petroleum cracking, fine chemicals synthesis, environmental remediation and synthetic 

chemistry. Owing to their substantially large surface area, sizeable assembly of active surface 

sites and the existence of quantum confinement effects, metallic nanostructures have been used 

as heterogamous catalysts for range reactions. However, unprotected metal nanoparticles are 

usually suffered from various technical limitations such as irreversible agglomeration, catalyst 

poisoning and limited life cycle. To overcome these technical drawbacks, catalysts are usually 

dispersed on chemically inert materials such as mesoporous Al2O3, ZrO2 and ceramics, and these 

materials are expensive. In the current paper, efforts have been made to develop a low-cost 

alternative catalytic material using bauxite residue, which is abundantly available. Considering 

these aspects, in the present work, we report hydrogenation of p-nitrophenol to p-aminophenol on 

bauxite residue supported silver nanoparticles. Supported silver nanoparticles are synthesized by 

chemical impregnation of nanosized silver particles on bauxite residue via reduction/precipitation 

technique. Phase and crystal structure of synthesized materials have been investigated by XRD. 

FTIR spectroscopy was employed to analyze the presence of surface molecules on the resultant 

material. SEM/TEM was used to investigate the morphology of the supported catalysts. 

Synthesized material has shown higher catalytic performance than unprotected Ag nanoparticles. 

Our investigation revealed higher catalytic activity of the Bauxite residue supported silver 

nanoparticles with possible potential for future industrial applications.  

 

Keywords: Bauxite residue, silver, catalysis, hydrogenation, p-nitrophenol. 

 

1. Introduction 

 

Bauxite Residue (BR) or red mud is the solid residue from alumina production in the Bayer 

process [1,2]. Approximately 2–3 tonnes of bauxite are needed to produce 1 tonne of alumina, so 

the amount of BR produced can be estimated by applying the ratio of 1.5 to alumina production 

data [3]. The global stock of BR was predicted to reach approximately 4 billion tons in 2019, with 

a production rate of 0.15 billion tonnes per year [4]. Around 2 tonnes of caustic insoluble residue 

known as ‘Bauxite Residue’ or ‘Red Mud’ is generated by the NALCO alumina refinery at 

Damanjodi, Orissa for every tonne of alumina produced.  

 

Aluminium metal is produced from aluminium oxide phases that constitute between 38 to 60% 

of the bauxite ore. The balance of bauxite is made up of Fe2O3, SiO2, TiO2 and other minor oxide 

phases. After the dissolution of bauxite in caustic soda, these impurities remain suspended until 
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separated by settling after being washed and are then pumped as a slurry to the nearby Bauxite 

Residue Area (or Red Mud Pond).  

 

BR poses environmental and disposal challenges. A major reduction in the quantity of BR 

deposited in storage areas is only possible through its utilization in one form or another. However, 

the inherent properties of BR poses difficulties for its bulk utilization. Prior to assessment of bulk 

utilization options for BR from the NALCO refinery, in-depth characterization is required. Rao 

et al. have reported the characteristics of sand residue from the NALCO refinery [5], but limited 

characterization of BR from this refinery has been published. BR has not been utilised in large 

quantities until now because of its alkalinity, technical and economic limitations, industrial 

conditions, public concerns  about its potential health effects, and market demand [6]. The 

chemical and mineral composition of BR varies widely depending on the bauxite’s origin and 

processing conditions, and consequently, no universal methods and standards are available for 

BR treatment [7,8]. 

 

BR storage areas occupy considerable land areas and may negatively impact local environments 

[9]. BR uses studied and applied to date include metal recovery, adsorbents, catalysts, building 

materials, and other applications [10].The BR utilization rate is less than 4% in China, so the 

majority of BR is left unutilized [11]. Although the safe disposal and storage of BR is an 

international issue and has been extensively researched, BR reuse appears a better alternative to 

the storage of BR and the risks it poses.  

 

BR can be considered a valuable material instead of a waste due to its many potential reuse 

applications. The abundance of BR has led to extensive research into possible uses [12]. These 

include: recovery of Al, Fe, and rare earth metals [13,14]; a sorbent for treatment of contaminated 

water [15,16]; sequestration of CO2 [17]; an additive to ceramics and building materials [18,19]; 

embankment construction [20]; and soil amendment [12,21–25], and all of these uses may play a 

role in reducing the storage of BR.  

 

Noble metal nanoparticles (NPs) have received intensive attention in recent years, because of their 

fascinating physical and chemical properties that are considerably different from those of their 

bulk counterparts. In particular, nanoscaled metallic silver is of great research interest due to its 

high performance and relatively low cost in catalysis of a variety of chemical reactions [26–28]. 

For example, the reduction conversion of p-NP with borohydride catalyzed by Ag nano-catalyst 

to 4-aminophenol (p-AP) is of industrial and environmental importance. However, the practical 

use of Ag NPs is hindered by their severe aggregation during the catalytic process, unavoidably 

decreasing the active surface area, and degrading long-term of performance.  

 

Considering the hazardous nature of p-NP, chemical industries are obliged to eliminate it from 

their effluent streams. Conventional methodologies for removal of p-NP from water such as 

coagulation, flocculation, ozonation, adsorption, and biological treatment are often chemically, 

energetically and operationally intensive, focused on small systems, and thus involve technical 

challenges during implementation and operation at large scale [29–34]. Catalytic reduction to 

amino-derivatives in the presence of suitable catalysts to eliminate the toxicity of p-NP is 

therefore considered one of the most preferred technologies.  

 

In this context, this study reports a simple and fast catalytic reduction method for p-NP using 

bauxite residue with silver metal-based nanocomposite (NC), a novel material using BR with 

silver nanoparticles (Ag NPs). Using UV-Vis spectroscopy, the reduction of p-NP by BR@Ag 

NCs was measured at up to 99% in just ten minutes. Both materials are much cheaper than 

conventional metallic NPs and hence may find potential application as hydrogenation catalyst.  
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2. Materials and Methods 

 

2.1 Materials 

 

BR was collected from the NALCO alumina refinery. Trisodium citrate, sodium borohydride and 

silver perchlorate hydrate were purchased from SIGMA - ALDRICH, USA. All reagents and 

chemicals were used as received, and only distilled water (DW) was utilized for all the 

experiments. 

 

2.2 Synthesis of BR 

 

For this study, representative raw BR from the NALCO refinery was washed with distilled water 

(DW) at least 5 times. It was left overnight on the filter paper to dry in an oven at 80 ℃. The dried 

BR was then ground in a mortar and pestle till a consistent smooth powder was achieved, followed 

by sonication for fifteen minutes. The powder was then weighed and stored in an airtight 

container. 

 

2.3 Synthesis of BR@Ag NCs 

 

A 50 mg sample of previously prepared BR was suspended in 97 mL of DW in a conical flask 

(CF) and sonicated for 15 min. The initial pH was recorded. After sonication, the CF was placed 

in an ice bath and stirred well until the temperature of the solution increased up to 4℃. Once the 

required temperature was attained, then 1 mL each of 3mM TSC, 1mM AgClO4 and 100mM 

NaBH4 was added sequentially with ten minutes between them. The solution was stirred 

vigorously at 600 rpm for 30 min and filtered using Whatman filter paper [1,2]. The brownish-

orange product retained on the filter paper was dried overnight at 80 ℃. The powder was removed 

and crushed well. The synthesized powder was weighed and kept in a desiccator [35,36].  

 

2.4 Characterization of Catalysts  

 

The bulk morphology of the NCs was investigated by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). Energy dispersive spectroscopy (SEM-EDS, JSM-

6510, JEOL, Japan) was used to identify the elements present in the NC system. Transmission 

electron microscopy (TEM) (Tecnai, G2 20 Twin, FEI, USA) was employed to investigate the 

morphology of NC particles. Phase and crystal structure of the NC material at various calcination 

temperatures was studied by X-ray diffraction technique (XRD, Xpert Pro, Panalytical, 

Netherland). FTIR spectroscopy (Spectrum-GX, Perkin Elmer, USA) was utilized to understand 

surface functionality. The presence of organic impurities in the sample may affect the catalytic 

efficiency of the NCs at later stages. 

 

2.5 Catalytic Reduction of p-NP 

 

The catalytic activity of the prepared BR@Ag NCs was investigated using the reduction of p-NP 

to p-AP in the presence of excess NaBH4 as a model reaction in a quartz cuvette and monitored 

by a UV/Vis spectrophotometer (Agilent,Cary 100) [37,38]. Briefly, the reaction procedure is as 

follows: 0.2 mM p-NP and 15 mM freshly prepared ice-cooled aqueous solution of NaBH4 were 

steadily mixed in a 1ml quartz cuvette. The solution changed from colourless to bright yellow 

instantly followed by the addition of different concentrations of BR@Ag (50, 100, 150, 200, 250 

ppm) into the solution. Following this, UV-Vis spectra of the solution (scanning range of 200-

800 nm) were recorded every 1 min. Considering the initial reaction time as t=0, a total of 10 min 

was required for the completion of the reaction, identified as a clear and colourless solution inside 

the cuvette. To interpret the repercussions of NaBH4 on catalytic reaction, even different control 
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reactions were also carried out. The catalytic conversion efficiency of p-NP to p-AP in the reaction 

process could be calculated using the formula:   

  (1) 

 

Where Ct is the concentration of p-AP measured at time ‘t’, and 

C0 is the initial concentration of p-AP measured at time zero.  

 

Here, the measured conversion efficiency of p-NP to p-AP is calculated as ≈99%.  

 

3. Results and Discussion 

 

3.1 Catalytic Reduction of p-NP 

 

Catalysis is the process of increasing the rate of a chemical reaction by adding a substance (the 

‘catalyst’), which is not consumed by the catalysed reaction and can continue to act repeatedly 

[39]. Interventions in the transfer of electrons from a donor molecule to an acceptor p-NP are 

done by the metallic NPs to catalyse the reaction process. Different heterogeneous catalysts are 

widely used and preferred in fine chemical industries considering their environmental 

compatibility. Specific active sites present on these heterogenous catalysts gives an advantage in 

increasing the process efficiency compared to that of metallic NPs. This tendency is supported by 

access to novel catalytic materials and contemporary methods of placing specific active sites onto 

catalyst surfaces. From this perspective, BR@Ag NCs could be a suitable candidate for the 

degradation of different organic pollutants, such as p-NP. Table 1 displays the ranges for common 

BR elemental constituents, although the values vary widely [40,41]. 

 

Table 1. Typical ranges of BR elemental composition. 

Elemental Oxide Percentage composition 

Fe2O3 5-60% 

Al2O3 5-30% 

TiO2 0-15% 

CaO 2-14% 

SiO2 3-50% 

Na2O 1-10% 

 

To understand the catalytic properties of BR@Ag NCs, the degradation of p-NP to p-AP by the 

NCs was examined. This degradation was in the presence of NaBH4, which serves as a reducing 

agent as well as a source of hydrogen for the catalytic reaction. The experiment was performed 

spectrophotometrically in a UV-Vis spectrometer [42,43]. The total reaction procedure was 

performed in a 1 mL quartz cuvette. The injection of different chemical reagents follows this 

sequence: (i) distilled water (ii) BR@Ag (iii) 4-NP (iv) NaBH4.  Before loading the catalyst, it 

was sonicated for 15 mins and was maintained uniformly at room temperature (298 K) to avoid 

any agglomeration. 

 

An aqueous solution of NaBH4 and p-NP displayed a clear peak at 400 nm. Upon adding NaBH4, 

the colourless solution of p-NP instantly turned a vivid yellow. The movement of peaks from 400 

nm to 300 nm of p-NP to p-AP respectively could be attributed to the formation of colourless p-

conversion efficiency of p-NP % =
C0    ̶   Ct

C0

 100

https://en.wikipedia.org/wiki/Reaction_rate
https://en.wikipedia.org/wiki/Chemical_reaction
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aminophenolate ions from pale-yellow coloured p-nitrophenolate ions [44]. Both the peaks were 

visible during the reaction, allowing the quantification of the ongoing p-NP to p-AP conversion.  

 

The high performance of this catalyst may be related to the optimum size of BR@Ag, not only 

limited to its pores or apertures, but also to the external surface, as well as the high loading of 

NaBH4. The distinctive morphology of the catalyst facilitates reactant molecules’ access to the 

catalytically active sites of BR@Ag NCs, resulting in the efficient catalytic reduction. The shape 

and peak positions of the product UV-Vis spectrum perfectly matches that of p-AP [37,42,45,46]. 

The reaction was complete within 10 mins after charging with 150 ppm of BR@Ag nano-catalyst 

at room temperature (298 K). Completion was determined by the colour change of reaction 

mixture in the quartz cuvette from yellow to colourless, along with the quantitative yield of the 

final product, as measured by absorption at 300nm in the UV-Vis spectra.  

 

No appreciable colour change occurred in either BR or Ag nanoparticle. In the ‘control’ case, 

when only p-NP and NaBH4 were added, there was no significant colour change in the cuvettes, 

indicating that without a prior stimulator (which acts as a chemical reaction accelerator) there can 

be minimal or zero contact interaction between nitroarenes and the hydride ions present. Equal 

distribution and loading of the catalyst and reactant molecules is also required. On completion of 

the reaction, the catalyst was separated and washed with DW. The results show that BR@Ag NC 

was able to properly catalyze the reaction. 

 

 
Figure 1. SEM-EDS image of BR@Ag NCs. 
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Figure 2. SEM-EDS spectra of BR@Ag NCs. 

 

In the case of the control reactions, the peak intensity at λmax= 400 nm remained unaltered in the 

absence of BR@Ag, indicating the absence of p-AP formation. The initial solution colour was 

also retained, verifying the absence of p-AP. Evolution of any corresponding peaks in the 

spectrophotometer was not observed when only BR@Ag was added, suggesting neither NaBH4 

nor BR@Ag NCs can act as an independent reductant in the whole reaction scheme. However, 

addition of only BR nanoparticles and NaBH4 separately in the p-NP reaction mixture resulted in 

a zero reduction. An explanation for this observation may be that iron oxide in the BR (Fe2O3: 5-

60 %) can act in the conversion of some of the BR to an amorphous Fe-B alloy while reacting 

with NaBH4. As a result, BR NPs divide into micron size metallic-Fe nodules, ultimately causing 

the active pores on its surface to become and remain inaccessible for this chemical transformation 

[47].  

 

The degradation of p-NP using Ag NPs has been already reported in the literature [26,48]. This 

was demonstrated in the high catalytic activity and the reducing properties of the BR@Ag and 

NaBH4 respectively, seen in these results. The successful adsorption of p-NP or the reacting 

species onto the catalyst seems to be demonstrated by the production of p-AP within a short 10 

mins period. The success of BR@Ag NCs in transforming p-NP to p-AP could be due to optimal 

particle size, maximum catalytic active sites, suitable porosity and/or the highly adsorbent nature 

of the catalyst.  

 

TheSEM image of BR@Ag NCs has been shown with its respective EDS data in Figure 1 and 2 

respectively. The image infers a uniform network exist in the components of BR with silver NPs. 

The synthesized BR@Ag NCs has an irregular surface and a non-spherical shape which may be 

due to agglomeration of particles. From the EDS spectra, we confirmed the presence of Ag NPs 

in the BR matrix where the weight percentage of Fe, Al, Ti, Ag and O in BR@Ag NCs was noted 

as 32.16, 7.83, 7.17, 0.043 and 40.64% respectively. This indicates the proper composite 

formation of Ag NPs on BR which resulted in the reduction of the reactant.  

 

3.2 Proposed Mechanism 

 

In this study, the reductant (NaBH4) concentration greatly exceeded (300 times) that of p-NP. An 

explanation of the catalytic process might start with an electron transfer in form of hydride ion 
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from the donor (NaBH4) to the acceptor compound (p-NP). As the borohydride anion is adsorbed 

on BR@Ag NCs surfaces, transfer of hydride ions occurs one by one from NaBH4 and reduces p-

NP molecules to form p-AP through intermediate compounds. The evolution of tiny hydrogen 

bubbles during the reaction reinforces the reduction reaction by stirring the solution. It is obvious 

that without a metallic catalyst, the initiating electron transfer step would be very slow, or in this 

case, might not proceed at all. It has been proposed that the rate of electron transfer occurring at 

the catalyst surface might be controlled through the following steps [49,50]: 

 

1. Adsorption of p-NP molecules and NaBH4 ions on BR@Ag surfaces. 

2. Interfacial electron transport, promoting instantaneous intermediate phenolate ions 

formation. 

3.  Final desorption of p-Aminophenol from the catalyst surface. 

 

From an application point of view, it is important to understand the effect of catalyst concentration 

to optimize catalyst concentration. Figure 3 shows the reduction of p-NP while varying the 

amount of BR@Ag NCs. Of the five concentrations added BR@Ag (50, 100, 150, 200, 250 ppm), 

150 ppm resulted in conversion to p-AP in the shortest time, although it appears to the optimum, 

all concentrations of BR@Ag NCs converted all p-NP in approximately 15 mins. In this case, 

higher priority is given on the specific amount of the catalyst as every concentration taken are 

able to degrade p-NP successfully. However, the timing factor plays a great role here where the 

optimized concentration degrades p-NP in 10 mins (other concentrations do in 15 min) can be 

attributed to the fact that at this particular concentration (150 ppm) there might be uniform 

interaction and proper channeling of electrons between catalyst- p-NP- NaBH4 molecules which 

accelerates the degradation time in shorter span. 

 

Besides, the experiment was performed at different concentrations of p-NP as shown in Figure 4, 

and the optimal concentration obtained was 0.1mM. It was observed that the degradation took 

longer for a 0.05mM concentration of p-NP. On the other hand, the 0.25mM p-NP case did not 

result in significant conversion and was similar to the controlled reaction (without BR@Ag NCs). 

In general (assuming all the factors are constant) as reactant concentration increases, there is a 

proportional increase in the reaction rate. In order to convert p-NP into p-AP, the catalyst BR@Ag 

NCs should first bind with p-NP. This is usually achieved simply by random collisions between 

the p-NP molecules and BR@Ag NCs as these particles diffuse around in solution. Having said 

that, as the p-NP concentration increases from lower levels the rate of the reaction increases, but 

the degree to which the rate increases become progressively less and less as more BR@Ag NCs 

are occupied in form of BR@Ag–p-NP complexes. Eventually, saturation of the catalyst is 

achieved, and no further catalytic degradation will occur with increasing p-NP concentration.   

 

In the control case where there is no BR@Ag catalyst, an almost a constant line having At/A0 

value ≈1 signifies that NaBH4 alone in the absence of the catalyst is a weak reducing agent. It 

does not reduce p-NP without a substrate to facilitate adsorption and electron transfer 

simultaneously. Complete p-NP degradation took place in just 10 mins with 50 and 100 ppm of 

catalyst.  

 

With this understanding of the reaction mechanism, it is interesting to compare the BR@Ag 

catalyst’s productivity with that of the individual BR@Ag components (BR and Ag) as catalysts. 

Figure 5, presents an optimized amount the nano-catalysts BR@Ag, BR and Ag. As they all have 

a different structural morphology, they can present different catalytically active sites at their 

surface. The results reveal that, of the 3 catalysts, efficient reduction of p-NP is only achieved 

with BR@Ag NCs within a 15 min timeframe. BR and Ag by themselves appear not to provide 

any significant catalytic activity. 
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Figure 3. UV/Vis kinetic data for the catalytic reduction of p-NP using different BR@Ag 

NC concentrations. Control case is NaBH4 added in the absence of catalyst. 

 

 
Figure 4. UV/Vis kinetic data for the catalytic reduction of p-NP at different p-NP 

concentrations. Control case is BR@Ag NCs in the absence of NaBH4. 

 

The absorbance value (At/A0≈ 1) of both BR and Ag NPs indicates agglomeration of these 

materials due to an increase in their inter-particle size post reaction. It is possible that this is 

because BR and Ag NPs are not well distributed in the p-NP solution, possibly exacerbated by 

the low catalytic degradation of p-NP. 

 

The prepared BR@Ag NCs has numerous advantages:  
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 p-NP gets easy access to the active catalytic sites,  

 the supported catalyst can be easily retrieved from the mixture at the end of reaction by 

simple centrifugation and lastly,  

 possibility of top-bottom up-scaling and feasible industrial utilization can smoothly 

occur. 

 

 
Figure 5. UV/Vis kinetic data for the catalytic reduction of p-NP using optimized 

concentration of different catalysts i.e., 150ppm. 

 

4. Conclusions 

 

In this study, an BR@Ag nanocomposite was prepared by facile sol-gel method and used as an 

efficient and stable heterogeneous catalyst for the reduction of p-NP. This NC exhibits high 

catalytic efficiency with 99% of p-NP reduced within 10 mins. The major advantages of BR@Ag 

NC include it being non-toxic, low cost and reusable. SEM-EDS suggested the presence of Ag 

NPs on the BR matrix. The optimal conditions found were a catalyst dosage of 150 ppm, p-NP 

concentration of 0.1 mM, which give a total reaction time of about 10 mins. Due to its high 

stability and renewable nature, BR@Ag NCs have been demonstrated as an efficient candidate 

for p-NP degradation. 
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