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SYNOPSIS 

 

Introduction 

Explosives are simply defined as substances that, when subjected to 

chemical and thermal shock, produce a significant amount of heat, gas, 

radiation, and shock waves [1,2]. Due to the various advantages, they offer, 

explosives have garnered a lot of attention over the years. Humans have 

used explosives for a variety of purposes, such as cannon propellant, 

mining, defense, and rocket propulsion. During testing, manufacturing, 

transport, and use of these explosives their contamination in the 

environment has increased significantly. A high amount of RDX and HMX 

contamination in soil and water has been observed all over the world [3–7]. 

Nearly, 1900 mg/kg and 900 mg/kg of RDX and HMX were present in the 

soil at the Louisiana Army Ammunition plant [8]. It was also observed that 

up to 3 mg/L of HMX concentration was present in the wastewater effluent 

[9]. RDX and HMX contamination can be a major threat to the environment 

and humans. Both RDX and HMX are toxic to humans; they can cause 

seizures, convulsions, a decrease in body weight, neuromuscular toxicity, 

dilation of kidney tubules, liver lesions, etc., [10–15]. United states 

environmental protection agency (USEPA) has categorized RDX as a group 

‘C’ carcinogen [16]. According to Agency for Toxic Substances and 

Disease Registry, USA, animal studies suggested RDX  causes 

neurological, reproductive, and kidney damage [17]. However, HMX is 

classified as non-carcinogenic to humans but can cause convulsions, 

histopathological liver lesions, dilation of kidney tubules, mydriasis, change 

in body mass, etc. in mammals [15,18,19]. As both the RDX and HMX are 

toxic to the environment there is a need to remediate the contaminated sites. 

Various treatment methods have been proposed for RDX and HMX removal 

such as incineration, alkaline hydrolysis, adsorption, UV-radiation, 

oxidative treatment, reverse osmosis, chemical hydrolysis, etc [1,20]. 

However, these physical and chemical treatment methods have some 
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drawbacks such as a lot of consumption of energy, and the generation of 

toxic and un-disposable waste, which encourages the search for cost-

efficient and eco-friendly technology. The microbial remediation 

technology has gained much attention in recent years. Various microbes 

such as Janibacter cremeus, Kinneretia asachharophila, Arthrobacter 

subterraneus, Bacillus aryabhattai, Clostridium sp., Pelomonas aquatica, 

Paenibacillus aestuarii, etc., are have been tested to remove RDX and 

HMX from the contaminated sites [21–24]. Sharma et al. 2020 studied the 

degradation of RDX under aerobic conditions using a microbial consortium 

of Paenibacillus aestuari and Arthrobacter subterraneus and observed an 

80.4% reduction in RDX concentration after 12 days [25]. However, Yang 

et al 2021 studied the effect of HMX on the Bacillus aryabhatti. They 

observed that exposure to HMX leads to a change in the expression of 254 

metabolites and the primary metabolic pathway was disoriented in the 

microbes [26]. 

However, the degradation efficiency of native microbes is not explored 

much. So, the goal of the current thesis was to study the degradation 

potential of different indigenous microbes. To achieve the goal, samples of 

soil and water were collected from an HMX manufacturing site in North 

India [27] and the identification and isolation of microorganisms were 

conducted by the CSIR-Institute of Microbial Technology (CSIR-

IMTECH), Chandigarh. Many different microorganisms were isolated and 

identified from the contaminated samples. Based on some preliminary 

explosive degradation studies, few potential microbes like Arthrobacter 

subterraneus (MTCC No. 12883, isolate no. S2-TSB-17), Bacillus 

toyonensis (isolate No. WS4-TSB-3, MTCC No. 12857), Paenibacillus 

dendritiformis (isolate No. S10-TSA-3, MTCC No. 12859), and Bacillus 

sonorensis (MTCC No. 12855, isolate no. S8-TS) were selected to achieve 

different objectives. To optimize the degradation process RSM was used 

which is a uses lower-order polynomial equations for developing, 

improving, and optimizing a process having numerous variables influencing 
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the response. The degradation of RDX and HMX in water was optimized 

using the response surface methodology. Various factors such as initial 

concentration, microbial inoculum size, and the degradation time were used 

as an independent factor to optimize the process. Further, the RDX and 

HMX degradation in soil sludge was carried out within the bioreactor 

system. The study was planned to explore the potential of native microbes 

to decontaminate RDX and HMX contamination during the in-vessel 

composting process.   

Objectives  

Major objective: Degradation of RDX and HMX in contaminated 

sludge and water with indigenous microbes isolated from an explosive 

contaminated site  

 

Minor objectives:  

➢ Biodegradation of RDX and possible pathway exploration. 

➢ Process development for the biodegradation of HMX using 

response surface methodology. 

➢ Bioreactor studies: Upscaled composting of actual RDX and 

HMX contaminated sludge. 

 

The current thesis is divided into six chapters. The first chapter provides an 

overview of RDX and HMX, their classification, fate & transport in the 

environment, alternative treatment strategies, and microbial remediation 

techniques. The design of the experiment, various procedures, and 

analytical strategies employed to achieve the objectives are briefly 

discussed in chapter 2. Furthermore, the breakdown of HMX and RDX by 

indigenous bacteria was observed in the aqueous phase and soil 

(contaminated sludge). The response surface methodology was used to 

optimize the experiments. The chapters 3 and 4 describe the data created 

during the breakdown of RDX and HMX. Further, in the follow-up chapter 

i.e., chapter 5, the soil sludge contaminated with RDX and HMX was 
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decontaminated using the in-vessel composting technology. A summary of 

the thesis and a conclusion are presented in the sixth chapter. 

Chapter contributions:  

Chapter 1 highlighted the history of explosives and their classification 

based on their chemical composition. Further, in the chapter, it is explained 

that the environmental fate of RDX and HMX is based on their physical and 

chemical properties. Also, various treatment technologies are available to 

reduce RDX and HMX contamination. But due to ecological concerns, the 

researchers are focusing on eco-friendly and low-cost technologies such as 

microbial remediation. In this chapter, it is discussed that various microbes 

are tested to degrade RDX and HMX under aerobic and anaerobic 

conditions. However, the potential of native microbes is yet to be explored.  

Chapter 2 describes the experimental design for each objective. The 

instrumentation used and analytical methods to measure microbial growth, 

nitrate release, nitrite release, HMX degradation, RDX degradation, 

scanning electron microscopy, mass spectroscopy, and compost 

characterization are briefly described in this chapter. The quantitative 

analysis of HMX and RDX degradation was observed using HPLC. Further, 

the breakdown of both the explosives was co-related with the release of 

nitrite and nitrate, and the different metabolites formed. As the third 

objective is in-vessel composting of actual soil sludge, compost 

characterization such as C: N ratio, phosphate, potassium, total organic 

carbon, and total Kjeldahl nitrogen is also described in this chapter.  

In Chapter 3 two indigenous microbes, Bacillus toyonensis (isolate No. 

WS4-TSB-3, MTCC No. 12857) and Paenibacillus dendritiformis (isolate 

No. S10-TSA-3, MTCC No. 12859), isolated from an explosive 

manufacturing facility in north India, have been investigated for their 

potential to degrade RDX in the aqueous medium. Additionally, RDX 

degradation has been improved in a 15-day study utilizing RSM at 

concentrations of 20, 40, and 60 mg/L. As shown in Figure 1 the 

transformation and degradation of the contaminant were shown to be 
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influenced by several variables, including the initial concentration of RDX, 

inoculum volume (2, 4, and 6 percent), and time of degradation (5, 10, and 

15 days). High-performance liquid chromatography (HPLC) was used to 

evaluate the samples, and mass spectroscopy (MS) was used to pinpoint the 

intermediate products. At an initial concentration of 40 mg/L, the maximum 

RDX removal of 81.6 ± 1.3%and 84.7 ± 0.9% was observed on day 15 for 

Bacillus toyonensis and Paenibacillus dendritiformis, respectively. 

Hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX), 4-nitro-2,4-

diazabutanal, bis(hydroxymethyl)nitramine, and nitrite were found to be 

intermediate products during the breakdown of RDX. According to the 

findings, both microorganisms are capable of degrading RDX in an aqueous 

medium and can be employed to scale up RDX degradation in explosive 

polluted sites. Furthermore, as HMX is also present as a co-contaminant 

with RDX, therefore in next chapter the HMX degradation and optimization 

has been performed. 

 

 

Figure 1. illustration of RDX degradation and optimization with Bacillus 

toyonensis and Paenibacillus dendritiformis. 

Chapter 4 describes the use of response surface methodology to optimize 

the variable process parameters for the HMX degradation in the aqueous 
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phase by a locally isolated bacterial strain, Bacillus toyonensis (isolate No. 

WS4-TSB-3, MTCC No. 12857), from an actual HMX-contaminated site 

in North India. In the current investigation, the link between initial HMX 

concentrations (2-6 mg/L), microbial inoculum size (2-6%), and 

degradation time (5-15 days) was established as shown in Figure 2. Results 

showed that on the fifteenth day, with an initial HMX concentration of 2 

mg/L and an inoculum size of 4 %, a total of 87.7 % degradation was 

obtained. A high regression coefficient (0.9878) further confirmed the 

predictability of the experimental results. The experiment's estimated 

concentrations of nitrite and nitrate confirm the HMX cyclic ring 

degradation. Findings suggest that Bacillus toyonensis may be able to break 

down HMX and be applied to microbial remediation of HMX-contaminated 

locations. Hence, the results obtained in Chapter 3 and 4 depicts the RDX 

and HMX degradation potential of native microbes in aqueous phase, 

therefore, in the upcoming chapter the degradation of both RDX and HMX 

in contaminated soil sludge has been performed. 

Figure 2. Illustration of different analyses performed during the 

optimization of the HMX degradation process. 
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In Chapter 5 Arthrobacter subterraneus (isolate no. S2-TSB-17) and Bacillus 

sonorensis (isolate no. S8-TSB-4) were native microbes that were isolated from 

the same contaminated site and were used in the current study to remediate highly 

contaminated sludge that contained HMX and RDX. This contaminated site was 

located in North India. As shown in figure 3 the explosive-contaminated sludge 

was composted inside the vessels using garden waste and cow manure as bulking 

agents in 12 separate bioreactors. 78.5% degradation of HMX was observed in 

reactor no. 2 with Bacillus sonorensis having a combination of 10% sludge, 70% 

cow manure, and 20% garden waste on the 80th day. While researching the 

breakdown process two secondary metabolites, bis(hydroxymethyl)nitramine and 

methylenedinitramine, were observed. Similar to this, on the 80th day, RDX 

degradation of 91.2 % was found in reactor number 11 with a consortium of 

Arthrobacter subterraneus and Bacillus sonorensis. Significant nitrate and nitrite 

ion release were observed during the investigation. It is already known that the 

breakdown of RDX and HMX results in the emission of nitrite/nitrate ions. The 

highest nitrate (reactor no. 2) and nitrite (reactor no. 11) release measurements 

were made on the 50th and 70th days, respectively, and were 24.02±0.05 mg/kg and 

30.65±0.99 mg/kg.  

Figure 3. Illustration of in-vessel composting of HMX and RDX contaminated 

sludge. 



xi 
 

Studies using scanning electron microscopy (SEM) confirmed the presence of 

bacteria attached to solid surfaces. No structural changes in the microbial cells 

were noticed due to contamination stress. The findings suggest that in-vessel 

composting supported by native bacterial species could be a promising technique 

for the treatment of explosively contaminated sludge at contaminated locations. 

Chapter 6 concludes the thesis outcomes and lists the future aspects. 

Treatment of HMX and RDX pollution using native microorganisms 

isolated from the HMX manufacturing site has been investigated under 

various circumstances. The following outcomes were observed during the 

study:  

➢ The highest levels of RDX removal were found on the 15th day for 

Bacillus toyonensis and Paenibacillusdendritiformis, respectively, 

and were 81.6 % and 84.7 %. The breakdown of hexahydro-1-

nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-1-nitroso-1,5-

dinitro-1,3,5-triazine (HNX), 4-nitro-2,4-diazabutanal, 

bis(hydroxymethyl)nitramine, and nitrite were discovered to 

produces intermediate compounds. The study's findings suggest that 

both microorganisms could be used to speed up the breakdown of 

RDX in explosive-contaminated locations and be able to do it in an 

aquatic environment. 

➢ According to the results of the current study, there is a positive 

correlation between the initial HMX concentration, the size of the 

microbial inoculum, and the rate of degradation. Results showed 

that at an initial HMX level of 2 mg/L, 87.7 % degradation was 

achieved on day 15 with an inoculum size of 4 %. According to the 

study's findings, Bacillus toyonensis may be able to break down 

HMX and be applied to microbial remediation of HMX-

contaminated locations. 

➢ During the in-vessel composting study, in reactor number 2, the 

highest HMX degradation utilizing Bacillus sonorensis and a 

mixture of 10% sludge, 70% cow manure, and 20% garden waste 

were observed on day 80. The two secondary metabolites 
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bis(hydroxymethyl)nitramine and methylene dinitramine were 

discovered while studying the breakdown process. Similar to this, 

reactor number 11 with consortia of Arthrobacter subterraneus and 

Bacillus sonorensis has RDX degradation of 91.2 % on the 80th day. 

During the research, significant nitrate and nitrite ion emission was 

seen. On the 50th and 70th days, respectively, the highest nitrate 

(reactor no. 2) and nitrite (reactor no. 11) release values were taken; 

they were 24.02 mg/kg and 30.65 mg/kg. The results suggest that 

treating explosive contaminated sludge in polluted areas through in-

vessel composting with the aid of native bacterial species may be a 

feasible solution. 
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Chapter 1 

1.1 Introduction  

Explosives are simply classified as compounds that store a high amount 

of potential energy in various forms and produce a great amount of heat, 

gas, radiation, and shock waves when subjected to chemical and thermal 

shock [1,2]. Explosives have been utilized by humans for a variety of 

purposes, including defense, mining, rocket propulsion, and cannon 

propellant. Although the usage of the explosive compound may be 

traced back to the 5th century AD, Arabs utilized Greek fire, which 

further evolved into the use of gunpowder in China and then to the 

development of nitro-glycerine in 1847. In addition, in 1867, Alfred 

Nobel discovered dynamite. However, during World Wars I and II, the 

necessity for a stable explosive compound led to the development of 

explosives like 2,4,6-trinitroglycerin, PETN (Pentaerythritol 

Tetranitrate), hexogen, 1,3,5-Trinitro-1,3,5-triazinane (RDX/ Royal 

Demolition Explosive), and octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetrazocine, Octogen (HMX/ High Melting Explosive) [1,3]. 

To date, various explosives are being produced, so there was a need to 

classify these compounds based on chemical composition for their 

identification and better understanding [2,4,5]. These different 

explosives have been categorized into different classes based on 

chemical composition (Figure 1.1). However, nitrogen-based 

explosives, on the other hand, are the most commonly utilized explosive. 

Nitrogen-based explosives have one or more nitro groups linked to the 

cyclic ring structure [4,5]. It is divided into subcategories based on the 

type of connection between the nitro-group and the ring structure, such 

as nitroaromatics, nitramines, nitrite esters, etc. 2,4,6-trinitrotoluene 

(TNT), picric acid, and methyl-2,4,6-trinitrophenyl-nitramine are 

examples of nitroaromatic compounds in which the carbon atom of an 

aromatic ring is directly connected to the nitrite group [6–8]. 
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Figure 1.1 Classification of explosives based upon chemical 

composition. 

 The nitrogen atom works as an electron acceptor in this family of 

molecules, allowing it to self-oxidize and release a large amount of 

energy [9]. Nitramine compounds, such as RDX and HMX, are another 

type of explosive with a nitrite-nitrogen connection within alicyclic 

rings. Another is nitrite esters, where the nitrite is bound to the oxygen 

atom found in the aliphatic chain, such as PETN [4].  

However, during world war I & II the production of nitramines such as 

RDX and HMX increased significantly. During their manufacturing, 

testing, transport, and use in different activities RDX and HMX causes 

contamination of the environment. Due to the extensive use, a high 

amount of RDX and HMX contamination in soil and water has been 

reported all over the world [10–13,14,15]. Nearly, 1900 mg/kg of RDX 

and 900 mg/kg of HMX were observed in the soil at the Louisiana Army 

Ammunition plant [15]. It was also observed that up to 3 mg/L of HMX 

concentration was present in the wastewater effluent [16]. The major 

cause of the contamination is an unexploded ordinance, which can lead 

to the further long-term contamination of soil and groundwater. Also, 

the waste produced during the manufacturing process of RDX and HMX 



3 
 

can lead to environmental contamination. The fate of these compounds 

in the environment is mainly dependent upon their physical properties 

of RDX and HMX. 

1.2 Physical properties of RDX and HMX-  

Nitramines such as RDX and HMX are the most used explosive 

compounds due to their high impact, lot of applications, and their stable 

nature. These compounds are manufactured by a process called modified 

Bachmann processes [14,17]. This process requires hexamine, glacial 

acetic acid, ammonium nitrate, and nitrator as raw materials. The only 

difference between RDX and HMX manufacturing is the temperature at 

which they are produced i.e., 75℃ and 45℃ for RDX and HMX 

respectively. The Physico-chemical properties of RDX and HMX are 

shown in table 1.1. RDX is a white, odourless, and crystalline powder 

having high stability and produces large amount of energy [18]. It is 

mostly used in munition testing, hand grenades, rocket propulsion, 

bomb-making, etc. Further, RDX is sparingly soluble in water (59.7 

mg/L), has low vapour pressure (4.0 x 10-9 (HSDB 2016), octanal water 

partition coefficient (0.86) and Henry law constant (2.0 x10-11). 

Therefore, it has low adsorption in soil and sediments and when released 

into the environment may exert harmful effects.  

Another important explosive is HMX is a white crystalline solid with a 

high melting point and low water solubility [19]. Similar to RDX, HMX 

also has low soil adsorption and can travel through soil layers. Further, 

it is exclusively used for military purposes as plastic bonded explosives, 

rocket propellent, etc. According to Patterson et al. 1976 B, 1×105 

kg/month of HMX was produced from 1969 to 1971 in the United States 

[20]. Kitchens et al. 1978 estimated that 61 kg/day was discharged from 

the AAP Holston manufacturing facility [21]. Gibbs and Popolato 1980 

suggested the maximum concentration of HMX in the air to be 1.5mg/m3 

[22]. It has also low water solubility, henry constant, and vapor pressure. 

Due to this, HMX also has a high probability to transport deep into the 

soil and contaminating underground aquifers. Garg et al. 1991 suggested 
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the movement of HMX is mainly based on the partition coefficient, 

which is a function of soil organic content [23].  

As both the physical properties of RDX and HMX suggest that they can 

travel through soil barriers and can contaminate groundwater. So, there 

is a need to assess the environmental risk associated with these 

contaminants. To assess the risk associated, fate and transport studies 

are required to be carried out. 

1.3 Fate and transport of RDX and HMX 

Figure 1.2 Schematic representation of fate and transport of RDX and 

HMX 
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Table 1.1 Physico-chemical properties and permissible limits of HMX 

and RDX 

 

Properties 

 

RDX 

 

HMX 

Synonyms  Cyclonite, 

hexogen, 

1,3,5-Trinitro-

1,3,5-

triazinane, 

Cyclonite, 

Hexogen 

Octogen, 

octahydro-

1,3,5,7-tetranitro-

1,3,5,7-

tetrazocine, 

Octogen, 

Tetramethylene-

tetranitramine 

Molecular weight  222.12 296.16 

State White, 

crystalline 

powder 

White, crystalline 

solid 

Boiling point  276°C-280°C 280°C 

Melting point  205.5°C 281°C 

Solubility (Water)  59.7 mg/L 5-6 mg/L 

Octanol-water partition 

coefficients 

0.87 0.16 

Henry’s law constant (25 °C) 2.0×10-11 

atm-cm 

cu/mole 

8.7X10-10 atm-cu 

m/mol 

Formulations  Semtex A, 

Semtex H, C-

4 

plastic bonded 

explosive, rocket 

propellent 

Analysis method  USEPA 8803 

A 

USEPA 8803 A 

Permissible 

limits 

(USEPA) 

Drinking 

water 

0.002 mg/L 0.04 mg/L 

Resident soil 6.1 mg/kg 8300 mg/kg 

Industrial soil 28 mg/kg 49000 mg/kg 

 

The fate and transport of RDX and HMX in the environment are 

depicted in figure 1.2. The understanding of the process of fate and 

transport of RDX and HMX requires knowing about their behaviour and 

mobilization in soil and water. As it is used and produced for several 

military purposes (including UXO), Whenever the RDX or HMX comes 

in contact with precipitation, they dissolve and infiltrate to the soil and 

reach the groundwater table [24–27]. Volatility of RDX and HMX is 

reported low, so they are supposed not to migrate into the atmosphere. 

However, the aerial transport of nitramine after post-explosion has been 

https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22Tetramethylenetetranitramine%22%5bCompleteSynonym%5d%20AND%2017596%5bStandardizedCID%5d
https://www.ncbi.nlm.nih.gov/pcsubstance/?term=%22Tetramethylenetetranitramine%22%5bCompleteSynonym%5d%20AND%2017596%5bStandardizedCID%5d
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studied. It was observed that the distribution is mainly based on wind 

direction, wind speed, and distance [28]. Various physical properties and 

properties of the matrices, such as the presence of cation/anion, organic 

content, partition coefficient, and distribution coefficient affect the 

transport of these compounds. The very low distribution coefficients 

(Kd) and partition coefficients (Kow) of RDX and HMX show that they 

interact with organic molecules and minerals in the soil [26]. The effect 

of soil organic content on the distribution coefficient and adsorption was 

studied earlier. It was observed that the distribution coefficient of both 

RDX and HMX were higher in organic matter-rich soil (8.7 L/kg and 

3.1 L/kg, respectively) rather than the clay-containing soil (3.4 L/kg and 

1.2 L/kg, respectively). Also, during the sorption study higher amount 

of RDX (15%) was found in colloidal fraction rather than HMX (9%). 

Colloidal transport has an important role in the explosive sorption 

process [29].  Further, functional groups (X-NO2, X = Carbon or 

nitrogen), cations, and anions have an important role in RDX and HMX 

transport in soil [30]. Sulfate and chloride ions majorly contribute to the 

transport of RDX and HMX compounds [31]. Also, the effect of 

exchangeable cations (K+, NH4+, Ca++) on the sorption of RDX, HMX, 

and TNT has been studied earlier. It was observed that the presence of 

cations does not affect the adsorption of RDX and HMX in aquifer soil, 

however, the sorption of TNT can be increased by many folds [24]. 

Further, the effect of depth and the organic content/cation exchange 

capacity on the adsorption of RDX has been explored. It was observed 

that Kd of RDX at the surface was 0.36 however, at a certain depth it 

changed to 0.076. This shows that RDX has more tendency to bind at 

surface soil rather than soil present at a certain depth. It is due to the 

difference in the amount of organic fraction present surface and depth 

[32]. The interaction of RDX and HMX with soil has been demonstrated 

earlier. In a study, the effect of burnt soil and normal soil was studied. It 

was observed that more RDX and HMX were adsorbed in burnt soil due 

to a reduction in pores and the presence of charcoal [33]. In another 

study, transport of RDX and HMX was observed and compared with 

TNT and DNT in volcanic soil. It was observed that the adsorption of 
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TNT and DNT (kf = 2.6 and 2.7 cm3/g, respectively) was higher as 

compared to RDX and HMX (kf = 1.5 and 1.8 cm3/g, respectively). In 

contrast, the half-life and mobility of RDX and HMX in the soil were 

higher than the other two compounds[30].Further, the fate and transport 

of solute in the soil also depend upon different factors associated with 

the soil such as porosity, cation exchange capacity, organic matter, etc 

[34–37]. 

Further, the adsorption of HMX and RDX on the surface and subsurface 

was also evaluated using Freundlich equations. Unlike other explosives, 

Sorption isotherms of both RDX and HMX are liner, which shows a 

non-specific and non-saturated sorption process [38–40]. A Low Kd 

value indicates high infiltration capacity through the soil which can lead 

to groundwater contamination. The isotherms linearity explains that the 

movement of explosives is not dependent on initial concentration. 

However, adsorption and limited transformation lead to the long-term 

equilibrium of the system [41]. Furthermore, to see the transport of RDX 

from soil to groundwater different mathematical models were applied. 

To simulate the trend in the movement of RDX at the military facility, 

ARAMSTM was applied which is the combination of three different 

mathematical models. It was observed that with a load capacity of 

1kg/year for 10 years, the dissolution and degradation of RDX would be 

very slow in soil and water. Also, this model can help in predicting the 

spread of RDX and its concentration at different time intervals [42].  

Furthermore, the transport of RDX and its degradation products has 

already been studied earlier in volcanic soil. In column and batch 

experiments with RDX, it was observed that there was no difference 

between the RDX and its by-products transport properties (i.e., MNX, 

DNX, and TNX). The observed values for Kd and retardation factor were 

in the range of 0-0.70 L/kg and 1.0-1.8 respectively. However, no abiotic 

degradation was observed within the system [43]. In another saturated 

column study, the transport of RDX, TNT, and comp B (mixture of RDX 

and TNT) was checked as compared to each other. It was observed that 

the mobility of RDX was higher than TNT. However, the mobility of 
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both the pure compound separately and in comp B was nearly similar. 

HYDRUS_1D was used to simulate the transport process and it was 

observed that sorption and dissolution of RDX was the rate-limiting step 

[44]. In another study, the effect of fractured and pristine soil was also 

evaluated on the transformation and transport of RDX and HMX. 

Fractured soil has a higher adsorption affinity for RDX and HMX. Also, 

the degree of transformation in fractured soil is high, due to the lattice 

defect of minerals that act as an electron donors to break the ring 

structure [45]. The fate and transport of RDX and HMX is an important 

parameter to assess the environmental risk factor associated with both 

compounds. As RDX and HMX can be toxic to the environment and 

human health. However, the challenge to assess the risk of explosives to 

wildlife is to know the exposure limit, toxicity information, and its 

interpretation. 

1.4 Toxicity of RDX and HMX 

RDX and HMX have a harmful effect on human health and the 

environment. The harmful effect of these nitramines has been studied 

earlier. Most likely they tend to negatively affect human beings, the 

environment, and wildlife near military bases and manufacturing 

facilities. Large surface area is being controlled for military operations, 

which results in overtaking of populated habitates for many wildlife 

species. According to a United states department of defense report 330 

threatened and endangered wildlife species were covered in military 

installations. Apart from it, during world wars, I and II huge quantities 

of unexploded explosives and their by-products have been spread all 

over the war zones [1]. Several governmental agencies all over the world 

such as USEPA, ASTDR, etc. are working to establish the threshold 

toxicity limits for different explosives in soil and water [46]. 

Further united states environmental protection agency (USEPA) has 

categorized RDX as a group ‘C’ carcinogen [47]. Apart from this, RDX 

toxicity has been studied in small mammalian species such as rats and 

rabbits. The major observable effect was seizures in the test species. The 
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reason behind seizures was studied by Williams et al. 2011, that RDX 

has a binding affinity for the GABAA receptor which is a neuronal 

inhibitory receptor present in the brain. RDX blocks chloride channels 

present in the receptor, leading to high activity of excitatory neurons 

which leads to a seizure [48]. RDX is also known to change the gene 

expression in brain cells [49,50]. In another study to track the fate of 

RDX in the body, radio-labeled RDX was fed to rats. It was observed 

that a small amount of RDX was present in the excretory products, also 

the majority of radioactivity was expired which suggests the metabolism 

of RDX in the body [51]. The cytochrome P450 present in the liver was 

responsible for the metabolism of RDX under anaerobic conditions [52]. 

Also, metabolism under anaerobic conditions was higher than in aerobic 

conditions due to the competition between oxygen and RDX to bind to 

the enzyme. The presence of oxygen reduces the binding capacity of 

RDX to P450. Apart from this RDX can also get accumulated in 

muscles, brain, liver, and heart [46]. However, to check the toxicity of 

RDX in birds, amphibians, and reptile various studies have been 

performed. It was observed that RDX can cause a decrease in body 

weight, hematological disorder, neuromuscular toxicity, reduced growth 

rate, reduced survival, and accumulation in the brain [53–55]. 

However, HMX has been classified as non-carcinogenic to humans, it is 

reported to be toxic to some animals. It can cause convulsions, 

histopathological liver lesions, dilation of kidney tubules, mydriasis, 

change in body mass, etc. in mammals [53,56,57]. However, very few 

studies have focused on the toxicity of HMX to date. It has been 

observed that during oral feeding of HMX to rats there was the 

deposition of HMX in the brain, liver, and kidney [58].  HMX has been 

observed to affect body weight in many test animals and leads to 

degeneration of the liver, and an increase in eosinophils in the thymus 

and liver [57]. As both the RDX and HMX can be toxic to the abiotic 

and biotic environment there is a need to remediate the contaminated 

sites. Various treatment methods have been proposed for RDX and 

HMX removal from contaminated sites.  
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1.5 Treatment methods of RDX and HMX 

Figure 1.3 Hierarchical representation of commonly employed RDX 

and HMX treatment techniques. 

1.5.1 Abiotic remediation of RDX and HMX 

As explained in earlier sections, unplanned and unsystematic disposal 

and unattended explosives present in the environment can create human 

and wildlife toxicity concerns. It is necessary to remediate the 

contaminated sites. Various physical and chemical methods have been 

proposed and developed such as incineration, alkaline hydrolysis, 

adsorption, UV-radiation, oxidative treatment, reverse osmosis, 

chemical hydrolysis, etc [1,59]. Open burning and incineration are the 

most commonly employed techniques to treat RDX and HMX 

contamination. In open burning, brisance (heat or mechanical shock) is 

applied to the contaminants for its remediation, but it can lead to 

environmental concerns [59,60]. Another method is incineration which 

has two phases (i.e., incineration and condensation). Skilled workers and 

proper systems are required to operate the process. Even the final 

produced such as ash is tough to dispose off and can lead to 
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environmental contamination. The advanced oxidation process is 

another explosive treatment method used nowadays[61–63]. Bhanot et 

al. 2021, showed the removal of HMX from the wastewater by an 

oxidation process. They observed the complete removal of HMX. The 

whole degradation process follows the first-order reaction kinetics [64]. 

Another important method to remediate RDX/HMX contamination is 

based on the use of iron-dependent catalysts.  

1.5.2 Iron-dependent remediation of RDX and HMX 

The use of zerovalent iron to remove redox-sensitive pollutants from the 

contaminated zone has already been established. It generally utilizes Fe0 

barriers to treat contaminants by serving as an electron donor and 

reducing the chemical structure. During soil slurry treatment of RDX 

(510 mg/kg) the total removal observed was nearly 99% within 24 hrs. 

Understanding the Fe0-dependent removal of RDX requires a better 

understanding of thermodynamic stability under different Eh and pH 

conditions of soil [65]. Singh et al. 1999 showed the effect of electrical 

conductivity (-130 to +150 mV) and pH (2-10) on the RDX degradation 

in soil and water. They observed that RDX(20 mg/L) was efficiently 

removed (95%) from the aqueous phase at Eh of -150 mV, 7 pH in 4 hrs 

[65]. In another study by Scott & Hoag, 2006 the effect of pH on RDX 

degradation in groundwater was studied with the help of radical 

produced by Fe (III)-EDTA activated persulphate. It was observed that 

an acidic environment (3pH) causes the production of radicals. 

However, at neutral pH, no reactions were observed due to the buffering 

action of the system. Apart from this, the effect of complex organic 

species was also explored using RDX degradation [66]. FeII catechol and 

thiol complexes were shown that they were efficient in removing RDX 

and its by-products from the solution. They have also shown that the 

concentration of ligands and pH of the solution has a positive impact on 

the degradation process followed by first-order kinetics. The ring 

cleavage was initiated by a single electron transfer from the complex to 

RDX [66]. As the shelf life of zero-valent Fe0 is very low, modifications 

in the elementary treatment process are required. Gong et al 2015 
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developed a novel bimetallic zero-valent composite with iron (Fe) and 

bismuth (Bi). Bi/Fe0 complex was observed to be effective in the 

treatment of RDX under anaerobic conditions. Due to the presence of 

Bi, the electron generation was increased from the complex which 

supports higher degradation efficiency for RDX degradation [67]. 

However, the used catalyst is difficult to dispose of after use, so there is 

a need to explore other disposal methods. 

1.5.3 Alkaline hydrolysis of RDX and HMX 

Alkaline hydrolysis is another RDX and HMX treatment method. It uses 

a proton deletion mechanism in the presence of various alkali under 

different conditions to remediate RDX or HMX from the contaminated 

soil and water. Hydrolysis of RDX and HMX has been performed at the 

10-12 pH range and the formation of different metabolites was reported. 

Metabolites such as formaldehyde, nitrate, acetic acid, nitrous oxide, etc. 

have been the end products of the process [68]. Also, the mass balance 

for the process is proven to be efficient with a recovery rate of 94 and 

90 % for carbon and nitrogen. This efficiency was proven to be 

temperature-dependent and follows pseudo-first-order kinetics [69].  

However, treatment with lime RDX and HMX are known to be 

remediated by 74 and 57 % by the end of 21 days. In another study, the 

remediation of RDX at 300℃ and pH13 was observed. It was observed 

that the RDX was remediated completely from the wastewater with the 

pseudo-first-order rate constant of 16×1012 [70]. However, various 

studies have focused on the remediation of RDX and HMX [23,71–75], 

but all the processes took place under extreme conditions which require 

sophisticated instrumentation and also lead to the production of toxic 

intermediate products. So, the focus of various researchers has been 

diverted to the development of green technologies such as biological 

treatment processes.  
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1.5.4 Bioremediation of RDX and HMX  

1.5.4.1 Phytoremediation of RDX and HMX 

Phytoremediation is a cost-effective, environmentally friendly 

technique that is employed to treat various contaminants present in the 

soil, water, and sediments. It uses processes such as photo-stabilization, 

rhizo-filtration, phytodegradation, etc. to remediate the contaminants 

[76–82]. Many plants have been shown to remediate RDX and HMX 

from the ecosystem. The treatment of HMX contamination in the lagoon 

at the Milan ammunition plant, Tennessee has been shown to remediate 

by the phytoremediation process [83,84]. Various plants have been 

known to reduce HMX contaminations at contaminated sites such as 

Myriophyllum aquaticum, Triticum aestivum, Poplar plant, alfalfa 

Medicago sativa, Paspalum notatum, etc. [84–88]. The downflow 

constructed wetlands have been shown to remediate RDX runoff. 

However, phytoremediation has a limitation of toxicity to plants, the 

more time required, and the area to be covered. The RDX was able to 

get accumulated in plant tissues and different nitroso-derivatives were 

shown to be present during the treatment process [86]. However, the 

phytoremediation technique has another disadvantage, in that it requires 

a large surface area, bioaccumulation of the parent and intermediate 

products, and un-useful products (food or ornamental) [87]. So, the new 

eco-friendly method that is microbial degradation has gained much more 

attention as compared to phytoremediation. 
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  Figure 1.4 The microbial uptake and metabolism of RDX/HMX. 

1.5.4.2 Microbial remediation of RDX and HMX 

As shown in figure 1.4 the microbes can uptake the RDX and HMX for 

their metabolic growth. It has been observed that microbes can use RDX 

and HMX as a source of carbon and nitrogen during their growth. As 

microbial remediation is getting much more attention these days various 

researchers have tried to degrade the RDX and HMX with different 

microbes. Some of the recent works on microbial remediation of RDX 

and HMX are shown in table 1.2. 

Various microbial species are known to degrade RDX and HMX under 

aerobic and anaerobic conditions such as Clostridium sp. strain EDB2, 

Methylobacterium sp. (strain BJ001), Klebsiella pneumoniae SCZ1, 

Desulfovibrio strain midref-29, Bacillus toyonensis, Pelomonas 

aquatica, Planomicrobium flavidum, Bacillus aryabhattai, etc [89–96]. 

Microbial community analysis has been done at the air force bombing 

range, where various microbes such as Mesorhizobium sp., Rodococcus 

sp. Rhizomium sp., Williamsia sp., etc were reported to be present. 

Various identified microbial species were having the potential to 
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degrade RDX from the contaminated site [97]. Apart from this, it was 

also observed that RDX and HMX readily change the soil microbial 

community having Gammaproteo bacteria and Sphingomonadaceae as 

major microbial species present. The presence of these explosives leads 

to reduced dehydrogenase activity and soil microbial respiration; 

however, organic acid and phosphotransferase system pathways were 

the most enriched pathways. Apart from it, lipid and carbohydrate 

pathways were inhibited during explosive exposure. This suggests that 

the presence of HMX and RDX can lead to a change in the metabolic 

process of the microbial community [98]. 

However, in earlier studies, it has been demonstrated that RDX can be 

degraded anaerobically by Rhodococcus strain. They have observed 

different intermediate products such as MEDINA and NDAB formed 

during the process [99]. Williamsia and Gordonia sp. were also able to 

utilize RDX as a source of nutrients for their growth and completely 

utilized it [100]. Sharma et al. 2020 studied the degradation of RDX 

under aerobic conditions using a microbial consortium of Paenibacillus 

aestuari and Arthrobacter subterraneus and observed an 80.4% 

reduction in RDX concentration after 12 days [101]. Waisner et al. 2002 

studied the potential of native microbes to degrade RDX under aerobic 

and anaerobic conditions. They observed the maximum degradation 

under aerobic conditions with the consortium of microbes isolated from 

the soil [102]. Another microbial species i.e., Clostridium bifermentans 

can aerobically degrade RDX into different end products such as 

formaldehyde, CO2, nitrous oxide, etc. through different intermediate 

products such as MNX and DNX [103]. Ronen et al (2008) studied the 

metabolism of RDX in a contaminated unsaturated vadose zone at a 

coastal aquifer. They observed that the soil has a majority of 

proteobacteria having RDX degradation potential. Furthermore, they 

observed that the degradation rate was higher at the surface than in deep 

soil. Also, RDX was observed to be mineralized and form CO2 through 

the formation of 4-nitro-2,4-diazabutanal as an intermediate product 

[104]. In another study, the effect of RDX on cell metabolism was 
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observed in Klebsiella sp. isolated from sewage. Klebsiella sp. was able 

to remove 81.9% of RDX within 24 hrs. However, the cell structure was 

changed which can be due to the destruction of cell membrane/cell wall 

proteins. Also, RDX was able to up regulate 193 different metabolites 

and disrupt the galactose metabolism pathway [105].  

The HMX present in the soil was degraded by an indigenous microbe 

i.e.  Janibacter cremeus immobilized on calcite. They have observed 

that HMX was readily degraded under anoxic conditions even at a very 

high concentration (3000 mg/kg).   Also, the formulation was efficient 

and have a high shelf life (180 days). The metabolites formed during the 

HMX degradation were nitroso-derivatives of HMX (two-electron 

reduction pathway), 5-hydroxy-4-nitro2,4-diazapentana (denitration 

step). This metabolite can ultimately convert to formaldehyde [106]. 

However, Yang et al 2021 studied the effect of HMX on the Bacillus 

aryabhatti. They observed degradation was 90.5% at 5 mg/L initial 

concentration under aerobic conditions. However, they observed that 

exposure to HMX leads to a change in the expression of 254 metabolites 

and the primary metabolic pathway was disoriented in the microbe. 

Also, the degradation product of HMX can participate in cell 

metabolism pathways such as amino acid, nucleoside sugars, and purine 

formation [89]. The anaerobic granules taken from the UASB reactor 

were observed to degrade HMX up to 99.04% in 16 days. It was 

observed that the adsorption of HMX in granules played an important 

role in the degradation process. However, the accumulation of nitrite 

negatively affects the degradation process. On the contrary the presence 

of a suitable carbon source the degradation process is known to enhance. 

The Major microbe participating in HMX degradation was observed to 

be acetogenic bacteria [107]. Pichia sydowiorum MCM Y-3 (Yeast) 

isolated from the soil is also known to thrive in HMX contaminated 

wastewater. It was observed that in the fixed-film bioreactor, the 

presence of this indigenous microbe the HMX was known to degrade up 

to 28-50%. Apart from this, nitrate and acetate were also co-metabolized 

during the process and removed up to 50-70% [108]. Further, the 
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degradation of RDX and HMX with municipal anaerobic sludge was 

studied. It was observed that microbes present in explosive 

contaminated soil were less efficient as compared to the microbes 

present in municipal anaerobic sludge. The reduction of both the 

compounds was through the formation of their respective nitroso-

derivatives. However, when both the explosives are present RDX is the 

preferred electron acceptor as compared to HMX [109]. However, the 

environmental fate of RDX and HMX has been studied earlier. They 

observed that the degradation of these nitramines follows two different 

pathways, one is the sequential reduction pathway, and another is the 

enzymatic cleavage of carbon and nitrogen bond. The sequential 

reduction pathway produces nitroso-derivatives of the compound; 

however, C-N bond cleavage pathway involves ring cleavage and 

eventually conversion to carbon-di-oxide and nitrous oxide [110]. 

Further, the effect of TNT on RDX and HMX degradation has been 

studied. The degradation of explosives in a mixture is a tough process, 

as TNT can inhibit the degradation of RDX and HMX. The mechanism 

of TNT inhibition exerts a cytotoxic effect on the microbial community 

which degrades RDX and HMX. [111]. The aerobic degradation of 

HMX in water was observed using manure and soil. The degradation 

rate constant was -0.144 /day and -0.0382/day was observed for manure 

and the combination of manure and soil. Different nitroso-derivatives 

were observed during the degradation process which confirms the 

breakdown of HMX with the native microbes [112]. Bio-slurry 

degradation of RDX and HMX using anaerobic sludge was done and it 

was observed that 45 days was required for RDX degradation while 

HMX removal took 35 days more to completely mineralize. The limiting 

step in this process was the mass transfer from the solid to the liquid 

phase. Here also the degradation took place through the formation of 

nitroso-derivatives of individual compounds [113].  
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Table 1.2 Microbes degrading RDX and HMX  

Microbe  Degradation 

product 

Experiment

al conditions  

Outcomes  Ref.  

 

RDX degradation 

In-situ Nitroso 

derivatives  

Aerobic  Degradation below 

detection levels (i.e., 

0.1ug), waste 

glycerol enhances the 

degradation rate.  

[114] 

Anaerobic 

dehalogenating 

consortium 

methylene 

dinitramine, 

Nitroso 

derivatives,  

Anaerobic  Degradation below 

detection levels (i.e., 

0.1µg), presence of 

co-contaminant and 

carbon doner helps in 

bioremediation of 

RDX.  

[115] 

Native micro-

organisms  

Mono nitroso 

derivative of 

RDX  

Aerobic 90% RDX 

degradation, waste 

glycerol helps in the 

bioremediation 

process.  

[116] 

Janibacter 

cremeus 

Nitroso 

derivatives, 5- 

hydroxy-4-nitro-

2,4-diazapentanal 

Anaerobic 73% RDX 

degradation, eggshell 

can act as bio carrier  

[117] 

Kinneretia 

asachharophila 

methylenedinitra

mine (MEDINA) 

and 4-nitro-2,4-

diazabutanal 

(NDAB) 

Aerobic 

conditions  

75% RDX 

degradation, water-

dispersible granules 

help in the survival 

of microbes  

[118] 

Arthrobacter 

subterraneus and 

Paenibacillus 

aestuarii 

Nitrate and nitrite Aerobic  80 % RDX 

degradation, the 

microbial consortium 

has higher 

degradation 

compared to 

individual species 

[101] 

 

Janibacter 

cremeus 

 

Trinitroso-RDX, 

diamino-RDX, 

trimino-RDX, bis- 

(hydroxymethyl) 

nitramine and 

methylenedintram

ine 

 

Aerobic  

 

88 % RDX 

degradation, Nitro 

reductase enzyme 

was found to play a 

major role 

 

[119] 

Pelomonas 

aquatica 

Nitrite  Aerobic  80% RDX 

degradation, water-

[120] 
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dispersible granules 

formulation enhances 

degradation 

efficiency  

Microbacterium 

esteraromaticum 

N-methyl-N, N0 -

dinitromethanedia

mine, 

and 

methylenedintram

ine, 

Aerobic  60-70% RDX 

degradation, water 

dispersible granule 

exhibits 8% 

enhanced removal 

efficiency  

[121] 

 

Bacillus 

toyonensis and 

Paenibacillus 

dendritiformis 

 

Hexahydro-1-

nitroso-3,5-

dinitro-1,3,5 

triazine (MNX), 

Hexahydro-1,3-

dinitroso-5- nitro-

1,3,5-triazine 

(DNX), 4-Nitro-

2,4-diazabutanal, 

Bis(hydroxymeth

yl)nitramine and 

nitrite 

 

Aerobic  

 

81-84% RDX 

degradation, 

indigenous isolates 

have potential to 

remediate RDX 

[122] 

 

Pelomonas 

aquatica 

 

Nitrosoderivatives 

of RDX, 

methylenedinitra

mine (MEDINA), 

diamino 

derivative of 

RDX, etc.  

 

Aerobic  

 

86% degradation of 

RDX, Co-

metabolism of RDX 

and HMX by 

indigenous microbes 

 

[91] 

 

HMX degradation 

Bacillus 

aryabhattai 

 Aerobic  ~90% HMX 

degradation 

Differential 

expression of 254 

genes 

[89] 

Rumen fluid 

consortium 

Nitroso-

derivatives of 

HMX 

Anaerobic  ~80 % degradation 

The consortium 

performs better than 

individual species  

[123] 

Clostridium sp. 

strain EDB2 

Nitrate, nitrous 

oxide, 

formaldehyde 

Anaerobic  ~ 46% degradation  

Released nitrite ion 

helps in chemotaxis 

of microbes during 

HMX degradation 

[96] 

Sheep rumen 

fluid  

Methylenedinitra

mine (MEDINA) 

Nitroso-

derivatives of 

HMX 

Anaerobic  ~55% degradation  

Prevotella enriched 

rumen fluid is 

capable of 

detoxifying HMX 

[124] 

Methanogens and 

acetogen 

 Anaerobic ~95% degradation [125] 
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Electron donors such 

as ethanol and 

propylene glycol can 

increase degradation 

microcosm 

culture 

Nitroso 

derivatives 

(MNX, DNX and 

TNX) 

Aerobic  Enhancing oxygen 

uptake by microbes 

increases HMX 

degradation with 

high degradation 

rates 

[126] 

M.Morganii, 

P.rettgeri, and 

C.freundii 

Nitroso 

derivatives  

(MNX, DNX, and 

TNX) 

Aerobic 

followed by 

O2 depleted 

conditions  

50-60% degradation 

RDX inhibit 

transformation of 

HMX 

[127] 

Methanogenic 

mixed culture  

Nitroso 

derivatives  

(MNX, DNX, and 

TNX) 

Anaerobic  22-53% degradation, 

The introduction of 

Hydrogen donors 

increases the 

degradation rate 

[128] 

Pelomonas 

aquatica 

Nitroso 

derivatives, 

bishydroxymethyl 

nitramine, 

MEDINA, 

nitrosoamine, 

hydrazinyl 

derivatives 

Aerobic  78% degradation 

Co-metabolism of 

HMX and RDX, 

degradation pathway 

involves single e- 

transfer ring cleavage  

[90] 

Bacillus 

toyonensis 

Nitrate and nitrite  Aerobic Nearly 87 % 

degradation of HMX 

was observed, and 

microbial 

degradation 

efficiency was 

affected by initial 

concentration and 

inoculum size.  

[92] 

 

As various studies have been performed to study the degradation of 

RDX and HMX. Also, different metabolites present have been observed 

during the degradation process. Now it is important to identify and know 

the degradation pathway for both the RDX and HMX.  
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1.6 Metabolic pathways for RDX and HMX degradation  

Various metabolic pathways have been proposed for the RDX and HMX 

under aerobic and anaerobic conditions. Figure 1.5 shows the metabolic 

degradation pathway for RDX in microbes. The metabolic conversion 

of RDX and MNX under anaerobic conditions. The conversion of both 

the compounds takes place via a de-nitration process which 

subsequently leads to the formation of nitrite, nitrate, NDAB, 

formaldehyde, nitrous oxide, etc. Denitration is an important pathway 

for aerobic degradation of RDX. Denitration process is accompanied by 

a ring cleavage step [129]. In another study, the RDX degradation has 

been shown to lead to the formation of 4-nitro-2,4-diazabutanal. The 

process is known to be catalyzed by cytochrome p450 2B4 present in 

the Rhodococcus sp. via two single-electron transport processes 

releasing the nitro group from the ring structure. Later it was discovered 

that the p450 enzyme was encoded by the XplA gene which helps 

NADPH as an electron donor [52]. This enzyme has known to catalyze 

an oxidative and reductive transformation of various environmental 

pollutants such as agrochemicals, steroids, fatty acids, and xenobiotic 

compounds. However, under anaerobic conditions, the denitration step 

occurs by single-electron transport catalyzed by c-type cytochrome 

[130]. Under anaerobic conditions single denitration, single hydration, 

and single ring cleavage steps are observed which is different compared 

to the aerobic process. Also, the end product formed during the process 

is MEDINA in contrast to NADB produced in aerobic conditions. 

Microbial remediation of RDX has been suggested earlier. The 

degradation of RDX under anaerobic conditions with the microbes 

present in the ovine rumen was studied. It was observed that different 

metabolites such as nitroso-derivatives of RDX, methylenedinitramine, 

and pentahydro-1,3-dinitro-1,3,5- Furthermore, the metagenomic 

analysis of ovine rumen showed the presence of different RDX-

degrading genes such as xenA, xenB, diaA, etc. Clostridium, which is 

predominantly present in the ovine rumen does have diaA gene which 
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reduces RDX to a simpler form. Also, Pfam family of genes was 

observed to be present in the ovine rumen. The RDX degradation is 

regulated at the transcriptomics level in the microbial cell [131]. In 

another study, the degradation of RDX with municipal anaerobic sludge 

was studied. They observed that two different pathways were followed 

during the degradation. In one pathway de-nitration of RDX occurred 

and forms nitroso-derivatives (MNX, DNX, and TNX) which can 

further mineralize into hydroxylamino derivative of RDX and then to 

formaldehyde and methanol. However, in another pathway, the 

enzymatic hydrolysis of the RDX ring leads to the ring cleavage product 

formation such as methylenedinitramine and 

bis(hydroxymethyl)nitramine. Methylenedinitramine can further 

undergo degradation to either form formaldehyde and formic acid or 

nitrous acid and water [132]. 

 

Figure 1.5 Schematic representation of RDX metabolism pathway [129-

131] 
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The microbial community present at the contaminated site can have the 

potential to remediate HMX contamination. Community analysis done 

in Hawaii showed the presence of different phylogenetic clusters using 

16s rRNA analysis. Clostridiales were observed to degrade HMX upto 

26 % in 308 days. The mineralized products of HMX observed were 

nitrite, and formaldehyde, via the formation of methylenedinitramine 

[93]. Similar to RDX degradation, degradation of HMX can also occur 

through the reduction process by forming mono nitroso derivatives of 

HMX. HMX was degraded by a fungal species through a similar 

pathway but sequential dehydration of HMX did not occur and the ring 

cleavage started just after the mononitroso derivative formation and 

leads to the formation of NADB [133].  Figure 1.6 explains the 

degradation mechanism of HMX by microbes. Mono, di, tri- nitroso 

derivatives of HMX have been reported to be produced during the HMX 

degradation process. Recently, Nagar et al. 2020, has observed the 

degradation of HMX with Pelomonas aquatica in the aqueous phase. 

Products observed were mono-nitroso derivatives which were further 

reduced to N-nitroso-aminomethylene nitramine through ring cleavage 

[91]. Further, the ring cleavage occurs through single nitrite elimination 

which leads to the formation of methylenedinitramine, and N, N’-

bishydroxymethyl-methylene dinitramine [93,130,134].  

Xanthine oxidase which is metallo-flavoprotein is known to decompose 

HMX into simpler products. It starts the reaction with a single N-

denitration step and breaks HMX into nitrite, formaldehyde, 4-nitro-2,4-

diazabutanal (NDAB), ammonium, methylenedinitramine (MDNA), etc 

[135]. However, various studies have been done to know the metabolic 

degradation pathway for RDX and HMX still there is a need to further 

explore the degradation pathway under aerobic conditions and different 

kinds of metabolites formed. Also, various research gaps are yet to be 

filled.  
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Figure 1.6 Schematic representation of HMX degradation pathway [91, 

134,135] 

1.7 Gaps in research and opportunities for investigation  

Different research gaps that are present in the RDX/HMX degradation 

study are represented in Figure 1.7. Degradation of RDX and HMX 

depends upon various environmental factors such as the presence of 

oxygen, nutrient conditions, contaminated matrix (soil or water), native 

microorganisms, initial concentration, and degradation time. Variations 

in these factors could have a direct impact on the degradability rate and 

half-life of RDX and HMX. Further, the potential of native microbes in 

the removal of RDX and HMX is yet to be explored. The metagenomic 

analysis of the contaminated sites could help in isolating and identifying 

microbes with higher efficiencies. As native microbes can have higher 

tolerance toward high HMX and RDX concentration, they can be useful 

during the in-situ remediation of both compounds.  
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To enhance the degradation of both the compounds first step is to 

optimize the independent factors that affect the degradation process. 

Factors such as microbial biomass, initial concentration of explosive, 

duration of exposure, pH, and temperature mainly affect the degradation 

process. So, to implement the microbial degradation process at a large 

scale there is a need to optimize these variables. In addition, many 

studies have shown the degradation of RDX and HMX under anaerobic 

conditions. As the anaerobic degradation process could lead to 

incomplete degradation and the generation of harmful intermediate 

products. So, there is a need for understanding and conducting aerobic 

degradation studies which could result in complete mineralization of 

RDX and HMX. However, very few studies have focused on the 

degradation of these compounds in aerobic conditions.  

Apart from this, nowadays the microbial techniques to efficiently 

remove the RDX and HMX at very high concentration are still a point 

of research interest. Various techniques have been employed such as 

land farming, reactor systems, incineration, catalytic treatment, etc. but 

none of them are proven to be cost-efficient, eco-friendly, and less toxic 

end-generating methods. Thus, there is need to develop efficient 

bioreactor techniques which should be eco-friendly to remediate the 

RDX and HMX. In this work, the authors have tried to build an in-vessel 

composting bioreactor to efficiently remove the RDX and HMX 

contamination. These bioreactor studies can be directly implemented at 

field contaminated sites. Further, as the degradation process starts, there 

is the formation of different intermediate metabolites, which can be 

toxic to humans and the environment. So, there is a need to identify 

different metabolites formed during the aerobic degradation of RDX and 

HMX. Based on different research gaps analyzed author has a 

hypothesis, which has different objectives. 
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Figure 1.7 Various research gaps in the RDX and HMX 

bioremediation studies  

1.8 Hypothesis to carry out the present study 

As with the notion that the native microbes can have a high tolerance 

and higher degradability rate, novel and native microbes from the actual 

contaminated sites can be isolated and explored for RDX and HMX. 

Also, the degradation under aerobic conditions needs much more 

attention as it can be a possible tool to completely mineralize RDX and 

HMX, without generating toxic end products. Apart from this, another 

important part is the optimization of different factors associated with the 

degradation process. Factors such as initial concentration of RDX and 

HMX, degradation time, microbial biomass, species, etc. can be the rate-

limiting factors during RDX and HMX degradation. So, there is a need 

to optimize these various factors simultaneously with the degradation 

process. Apart from this, the major part is the technique involved in the 

degradation process. Various physical processes employed are not cost-

efficient, so there is a need to devise a method that will be eco-friendly 

as well as cost-efficient. Compositing is one of the techniques, that uses 

microbes as a toxic product remediator. These microbes utilize the waste 

products and convert them into simpler forms that can be used as a 
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fertilizer during plant growth. The Overall thesis theme representing 

objectives of the study are shown in Figure 1.8. So based upon all the 

above hypothesis the following objectives were selected-  

1. Biodegradation of RDX and possible metabolic pathway 

exploration 

2. Process development for the biodegradation of HMX using 

response surface methodology 

3. Bioreactor studies: up-scaled composting of actual RDX and 

HMX contaminated sludge  

 

 

Figure 1.8 Overall thesis theme representing objectives of the study 
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Chapter 2 

Material and Methods  

 

2.1 Experimental Plan     

This chapter involves various methodologies used to achieve different 

objectives discussed in the introduction section. Figure 2.1 depicts a 

schematic overview of the experimental design and analytical 

methodologies. In brief, the aim was to use native bacteria to clean up RDX 

and HMX contamination because they can tolerate higher explosive 

concentrations. Microbes studied were isolated from soil and water samples 

that had been collected from the HMX manufacturing facility in North 

India. The CSIR-Institute of Microbial Technology (CSIR-IMTECH), 

Chandigarh supported with the identification and isolation of microbes. The 

tainted samples yielded a variety of microorganisms. However, Bacillus 

toyonensis (isolate No. WS4-TSB-3, MTCC No. 12857), Paenibacillus 

dendritiformis (isolate No. S10-TSA-3, MTCC No. 12859) Arthrobacter 

subterraneus (MTCC No. 12883, isolate no. S2-TSB-17) and Bacillus 

sonorensis (MTCC no. 12855 isolate no. S8-TSB-4) were used to complete 

different objectives as they were found potential degraders in preliminary 

studies. As shown in Figure 2.1, isolated microorganisms were employed to 

decompose RDX and HMX in aqueous and soil-sludge environments. The 

Bacillus toyonensis and Paenibacillus dendritiformis were used to study the 

aqueous phase degradation of RDX and HMX. However, the Arthrobacter 

subterraneus and Bacillus sonorensis were used for the degradation of RDX 

and HMX in soil sludge.  
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Figure 2.1 Schematic representation of experimental framework for RDX 

and HMX degradation with native microorganisms. 

2.2 Microbial growth  

As discussed earlier microbial identification and isolation was done by 

CSIR-IMTECH, Chandigarh, from contaminated samples and obtained in 

lyophilized form for further research. Various microbial species were 

isolated and identified out of which, Bacillus toyonensis, Paenibacillus 

dendritiformis, Arthrobacter subterraneus, and Bacillus sonorensis were 

revived in tryptic soya broth (TSB, HIMEDIA, LQ508) and preserved on 

agar slants at 4 °C before use. The composition of TSB is shown in Table 

2.1. Afterward, the microbes were sub-cultured in a minimum salt medium 

(MSM) (Table 2.2) [1] for three generations to acclimatize them to nutrient-

limited conditions. During the entire duration of the experiment, 

microorganisms were cultivated at 32±2 °C in shaking flasks (120 rpm) to 
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reach an optical density of 1.2 (1 mL ≈108 cells/mL). These adapted and 

revived microbes were further used for the aqueous phase and composting 

studies. 

Table 2.1 Composition of tryptic soya broth (TSB) medium  

Compound g/1000 mL 

Casein peptone 17.0  

Soya peptone  3.0  

Sodium chloride  5.0  

Potassium phosphate dibasic 2.48  

Dextrose 2.48  

  

Table 2.2 Composition of minimal salt medium [1] 

Compound  

 

g/1000 mL 

 

Potassium phosphate dibasic (K2HPO4)  1.74  

Potassium phosphate monobasic (KH2PO4) 1.44  

Magnesium sulfate (MgSO4.7H2O)  0.06  

Glycerol 0.92  

Glucose  0.90  

Succinic acid  0.58  

Ammonium chloride 0.05 

Trace elements [CaCl2 (2.7 mg), H3BO3 (6.18 mg), 

CuSO4.5H2O (0.625 mg), MnCl2.4H2O (3.95 mg), 

ZnSO4.7H2O (1.43 mg), FeSO4 (69.5 mg), CoCL2.6H2O 

(1.78 mg) in 250 ml of distilled water] 

 1 mL 

 

2.3 Aqueous phase degradation study 

In the aqueous phase study, degradation of HMX and RDX was observed 

with previously revived microbes. For the degradation study, the MSM 

medium was spiked with the specific concentration of RDX or HMX. To 

get the desired concentration (2, 4, and 6 mg/L for HMX and 20, 40, and 60 

mg/L for RDX), MSM was spiked with 1000 mg/L RDX/HMX stock 

solutions, prepared in acetonitrile. Following spiking, the solutions were left 

open under aseptic conditions in laminar airflow chamber for 18 hours to 

allow the solvent (acetonitrile) to evaporate [2]. Afterward, the 

microorganisms were inoculated into the spiked medium and incubated at 
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32±3 °C in an orbital shaker at 120 rpm. Bacillus toyonensis was used for 

both HMX as well as RDX degradation while Paenibacillus dendritiformis 

was used only for RDX. Both the RDX and HMX degradation experiments 

were carried out in 250 mL Erlenmeyer flasks. Each combination, which 

included MSM medium, contaminant, and microbial culture, had a total 

volume of 100 mL. The growth of microbes was monitored as optical 

density (O.D) at 600 nm using UV–visible spectrophotometer (Perkin 

Elmer, Model Lambda 650S) [3,4].  

 

2.3.1 Optimization of RDX/HMX degradation  

To optimize the degradation process, experiments were designed, and the 

data were analyzed using the DESIGN EXPERT ® VERSION 12 (Stat-

Ease®, Minneapolis). It's a statistical tool that uses lower-order polynomial 

equations to develop, improve, and optimize a process with multiple 

variables impacting the result. The whole study had been optimized using 

response surface methodology (RSM). RSM reduces the number of 

alternative outcomes, which saves time and costs during testing [6-9]. The 

Box–Behnken design (BBD) model was used in this study which is a 

multivariate mathematical model for 3-level factorial design. Relationships 

between several independent and dependent parameters were explored 

during microbial degradation to better understand their inter-relationships 

[5]. The factors which were considered during the study were the initial 

concentration of RDX or HMX, inoculum size, and the time of degradation. 

Different combinations (total 17) obtained from the response surface 

methodology were operated during the study in triplicates. Further to 

statistically validate the data Box Behnken design was used as a second-

order polynomial model [3,6].  The number of experimental set up is 

defined as, 

N = k (k - 1) + C₀                        (1) 

where ‘C₀’ is the central point and ‘k’ is the number of factors selected 

during the study. Microbial culture of 1.2 O.D (1 mL = 108 cells) was used 
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as an inoculant in the explosive spiked medium. Afterward, the flasks were 

incubated in an orbital shaker at a temperature of 32±3 ℃ at 120 rpm. The 

entire experiment was performed under aerobic conditions and sampling 

was done at specific time intervals (5, 10, and 15 days) to analyze % 

degradation of HMX/RDX, nitrite and nitrate production, and metabolites. 

Cotton plugs were used to ensure aerobic biodegradation conditions in each 

flask. As it aids in the optimization of process parameters, the RSM results 

can be used to scale up the degrading process.  

 

2.4 Composting   

Various ways to remediate RDX and HMX contamination in soil have been 

proposed and tried by different researchers, but only a few studies have 

concentrated on soil-sludge decontamination. To operate, traditional 

technologies like incineration necessitates complex instruments and a lot of 

energy. As a result, these processes are inefficient and produce waste like 

ash, which is difficult to dispose-of. Composting, a green technology that is 

eco-friendly, cost-effective, and requires no fuel or energy during the 

process, is receiving a lot of acceptance as a solution. During the procedure, 

there is a chance that contaminants will co-metabolize with the bulking 

agents. Bulking agents, which are also waste materials with high organic 

content and are readily available, can be used to improve the product's 

quality during composting. So, to remediate contaminated sludge (HMX 

and RDX) in-vessel composting study was designed.  

 

2.4.1 In-vessel composter design 

For the composting of the sludge, 3 L composting bioreactors constructed 

of acrylic and molded into a cylindrical shape were designed and 

manufactured. The entire experimental setup is depicted in figure 2.2. 

Twelve different reactors were used during the study with different 

combinations of explosive sludge, microbes, and cow manure. Also, these 

reactors were connected to air compressors through air flow meters. The 
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airflow was kept at 50 mL/min. Each day, the airflow was maintained for 8 

hours. Each vessel's moisture was maintained at 60 ±10 % by adding 

autoclaved water to compost weekly and it was checked using a hygrometer 

(Hanna HI9565, US). The temperature in the reactors was  32±3 ℃, and the 

compost was rotated once a week to maintain aerobic conditions [10]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Schematic diagram for in-vessel composting reactors 

 

2.4.2 Composting materials 

 Explosive contaminated sludge and soil samples were collected from an 

HMX manufacturing facility in north India. Large particles were hand-

picked from sludge that had been dried in the air. Cow manure was gathered 

from cattle shed in Delhi, air-dried, and pre-composted in the open air to 

remove any volatile compounds. Garden debris was collected from the 

laboratory's garden which consisted primarily of grass trimmings, 

Azadirachta indica leaves, and a little number of other leaves [10].  
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2.5 Analytical methods 

2.5.1 HPLC analysis 

To observe the reduction in the concentration of  RDX and HMX during the 

study; samples were extracted using EPA 8330B standard methods [2]. In 

aqueous phase extraction, the contaminated water samples were extracted 

using acetonitrile. Briefly, 5 mL of the experimentally treated sample was 

taken and mixed with 5 mL of HPLC grade acetonitrile. The solution was 

vortexed properly and centrifuged at 10000×g for 10 min. The supernatant 

was filtered through a 0.45 µm Teflon membrane filter. The filtrate was 

further analyzed using HPLC. 

 

The solid-phase extraction of explosives from the compost samples, which 

was done as per the standard protocol described by USEPA 8330 B [2]. 

Briefly, the samples collected were air-dried. Afterward, they were properly 

homogenized and passed through a mesh (2 mm) to remove larger particles. 

2 g of sample was taken in an amber-colored sonication vial and mixed with 

10 mL of HPLC grade acetonitrile. The suspension was mixed properly and 

ultrasonicated for 18 hrs at 18 ℃. Then, the samples were allowed to settle 

down for 30 min. 5 mL of the resulting supernatant was taken from the tube 

and mixed with 5 ml of calcium chloride (5 g/L). The solution was filtered 

through a 0.45 µm Teflon membrane filter and analyzed using HPLC.  

 

The filtrate obtained from the extraction process was further subjected to 

HPLC as per standard method USEPA 8330B [2]. The filtrate obtained was 

fed into the autosampler section of the HPLC (Flexer, Perkin Elmer, 

Waltham, MA, USA). The HPLC was equipped with a C-18 reverse-phase 

column (3µm, 150 mm x 4.6 mm) and a photodiode array (PDA) detector 

(254 nm). The mobile phase was an acetonitrile and water (50:50) mixture. 

The sample run time was 10 min, and the injection volume was 50-100 µL. 

Peaks were identified and quantified using the retention time and UV profile 

of standard compounds.  
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2.5.2 Nitrite analysis  

As it is important to observe the release of nitrite during the degradation 

process. The nitrite estimation was done by a  colorimetric method  [11]. 

Briefly, 1 ml of the collected sample was centrifuged and used for nitrite 

analysis. 600 µL of the sample was initially mixed with 150 µl of 

sulphanilamide (5g sulphanilamide mixed in 26 mL HCl and volume 

adjusted to 500 mL). After 5 min incubation, 150 µl of N-(1-

naphthyl)ethylenediamine dihydrochloride (0.5 g per 500 mL distilled 

water) was added and the solution was further incubated for 20 min. After 

the incubation, 2.1 mL of distilled water was added to the reaction mixture 

and its absorbance was recorded at 540 nm (Perkin Elmer, Model Lambda 

650S, Waltham, MA, USA). The calibration curve was plotted using 

sodium nitrite (1.23 gm/L sodium nitrite = 250 ug/ml available nitrite).   

Additionally, either during RDX or HMX degradation nitrite may tend to 

convert into nitrate or nitrate may be directly released as a degradation 

product. So, its estimation also signifies the degradation process.  

Figure 2.3 Standard curve for nitrite. 
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2.5.3 Nitrate analysis  

Nitrate was estimated using the spectrophotometric method [12]. Briefly, 1 

mL of centrifuged sample supernatant was taken in a clean tube. Then 5 mL 

of 1 N HCl was added to the sample and incubated for 5 min.  The 

absorbance of sample was taken at 220 nm. However, to reduce the 

interference due to organic matter the absorbance at 220 nm is reduced by 

absorbance at 275 nm. The calibration was done using potassium nitrate as 

a standard (0.721 g/L potassium nitrate = 100 µg/mL available nitrate). 

Further to identify different secondary metabolites formed during the 

degradation process mass spectroscopy was performed for the different 

samples at different intervals of time. 

 

 

Figure 2.4 Standard curve for nitrate 

 

2.5.4 Mass spectroscopic analysis 

The microTOF-Q (Bruker Daltonics, Billerica, Massachusetts, USA) MS 

system was used to perform the studies, which used atmospheric pressure 

chemical ionization in the positive ion (ES+) mode [3,6]. The sample 

preparation method was similar to that described for the HPLC sample 

preparation method in section 2.5.1. However, the filter used was 0.22 µm 
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Teflon filter.  To separate RDX or HMX and their degradation products, the 

C-18 column was employed. The sample run time was 5 minutes and the 

flow rate was 1 mL/min. 0.1% formic acid, 50% acetonitrile, and 49.9% 

triple distilled water made up the solvent system. The acquired peaks were 

analyzed using the system software and metabolites already described in the 

literature.  

 

2.5.5 Scanning electron microscopy (SEM) analysis 

The effect of RDX and HMX contamination on microbial cells was 

observed through scanning electron microscopy (SEM) analysis of samples. 

The samples for SEM were prepared in different steps such as fixation, 

dehydration, and post-fixation [13]. In brief, a small amount of sample (0.1 

g) was taken and incubated overnight with 3% glutaraldehyde. After the 

incubation, samples were pelleted using a centrifuge (10000×g, 10 min) and 

washed 2-3 times with triple distilled water. After washing, the samples 

were dehydrated using ethanol. Initially, 35% of ethanol solution was mixed 

with pelleted sample, vortexed, and incubated for 5 min. Then the sample 

was centrifuged at 10000×g for 10 min and the pellet was collected. The 

dehydration process was carried out with a series of ethanol concentrations 

i.e., 35%, 50%, 75%, 95%, and 100%. Further, the pelleted sample was 

postfixed with hexamethyldisilazane (HMDS) and incubated for 30 min. It 

was spread onto a glass slide using the drop cast method and allowed to dry. 

The slide was placed in a sputterer to coat the sample with gold film and 

was analyzed using SEM (Supra55 Zeiss, Oberkochen, Germany). The 

instrument was operated at 10–12 mA current under vacuum with a voltage 

of 5 kV to increase the image quality.  

The SEM images of isolated microbes are shown in figure 2.5 (A, B, C, and, 

D) 
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Figure 2.5 Scanning electron microscopic (SEM) images of microbes.  

A. Paenibacillus dendritiformis (isolate No. S10-TSA-3, MTCC No. 

12859)  B. Arthrobacter subterraneus (MTCC No. 12883, isolate no. S2-

TSB-17) C. Bacillus sonorensis (MTCC no. 12855 isolate no. S8-TSB-4) 

D. Bacillus toyonensis (isolate No. WS4-TSB-3, MTCC No. 12857) 

 

2.5.6. Total Kjeldahl nitrogen analysis (TKN) 

As the nitrogen content is indicative of the quality of the compost, nitrogen 

analysis was done using a nitrogen analyzer (Pelican Equipment, 

KelPlusEmVa, Chennai, India) as per manufacturers' protocol. Briefly, 0.1 

g of sample was taken in the tubes and mixed with 10 ml of concentrated 

H2SO4 and 3 g mixture of potassium sulfate and cupric sulfate (10:1). 

Afterward, the tubes were placed on the heater with the manifolds on so that 

the fumes are not released into the atmosphere. The distilled boric acid was 

titrated with 0.1 N HCl. 

TKN (%) =
14.01×N×(T.V−B.V)×100

S.wt ×1000
      (2) 
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Where T.V is titrated volume of sample, B.V is titrated volume of blank, N 

is the normality of acid and S.wt is sample weight.  

 

2.5.7 Total organic carbon analysis (TOC) 

Total organic carbon (TOC) present in the compost is another important 

parameter for monitoring the composting process. The analysis was done as 

per Walkley and Black method  [14]. Briefly, 1 g sample was put in a muffle 

furnace at 550°C for 8 hrs in a dried and pre-weighed crucible. The crucible 

was allowed to cool down (in a vacuum desiccator) post-treatment and 

weighed. Afterward, the TOC of the sample was calculated as follows: 

𝐴sh% =
Wt. of sample after ignition × 100

Wt of sample before ignition 
 

         (3) 

 

organic carbon = (100 − Ash%)/1.724 

         (4) 

2.5.8. Compost characterization  

The other parameters essential for the characterization of compost such as 

phosphate, potassium, moisture, and C: N ratio [12]. In brief, the phosphate 

and potassium estimation were carried out by Hach Spectrophotometric 

methods. Initially, the compost extract was prepared using Mehlich 2 

extractant.  2 gm of soil was mixed with 20 mL of Mehlich extractant. Then 

after 5 min of shaking, the mixture was filtered and subjected to further 

analysis. The potassium analysis was done using the turbidimetric method 

(8049 methods). Further, the phosphate analysis was done using the 

phosver3 method (8048). Another major parameter is temperature and 

moisture which were measured using a hygrometer instrument (Hanna 

HI9565, United States). The C:N ratio was calculated based on the TOC and 

TKN ratio of the compost.  
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2.6 Conclusions 

The instrumentation, analytical approach, and experimental plan used in the 

current thesis are described in this chapter. The study's main focus is on the 

utilization of native microbes in the treatment of RDX and HMX in water 

and soil. As a result, these methodologies are used in the next chapters to 

provide fascinating findings. 
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Chapter 3  

Biodegradation of RDX and possible 

metabolic pathway exploration 

 

3.1 Introduction  

Explosives are energetic nitrogen-based compounds with high potential 

energy. This category includes RDX, also known as hexahydro-1,3,5-

trinitro-1,3,5-triazine, which is primarily employed for military 

purposes. Manufacturing, testing, training, demilitarisation, open 

burning, and waste discharge are all examples of military activities that 

have contaminated the soil and groundwater in the nearby region [1,2]. 

Furthermore, it has been established that RDX has a reasonably stable 

ring structure and the presence of electron-withdrawing nitro groups 

makes it less resistant to degradation in nature [3]. Since RDX has a low 

soil adsorption coefficient, it has a high risk of contaminating 

groundwater near military sites, testing facilities, and combat zones 

[1,4]. Since RDX is relatively mobile in the soil and degrades slowly, it 

poses serious environmental concerns [5]. As RDX is water-soluble (60 

mg/L at 25 °C), it may get mixed into underground reservoirs and 

migrate to remote locations, posing a risk to the environment and human 

health. The USEPA has proposed a lifetime drinking standard of 2 µg/L 

for RDX [6]. 

RDX has been proven to be a harmful substance in previous research, 

and it is designated as a group 'C’ human carcinogen by the USEPA [7]. 

It can produce seizures, convulsions, nausea, vomiting, and other 

symptoms [8–10]. It has the potential to harm the neurological system 

and the liver. In a variety of species, RDX can easily pass through the 

blood-brain barrier, change the expression of several brain genes, and 

cause dramatic seizure-like responses [11–14]. As a result, RDX 

polluted locations must be remedied to preserve human health and 

ecosystems. Thermal decomposition [15,16], photolysis [17], and 

catalyst treatment [18] are the most common methods for RDX clean 
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up. Traditional methods are not cost-effective and environment friendly 

because they necessitate complex instrumentation and produce 

additional by-products, such as ash, which is difficult to dispose of. The 

other option, microbial remediation, is earning a lot of attention these 

days. It is environmentally friendly, cost-effective, and considerably 

simpler to establish and carry out. RDX breakdown has been observed 

in a variety of microorganisms. Klebsiella pneumonia, a bacteria 

isolated from anaerobic sludge, can degrade RDX chains into methanol, 

CO2, formaldehyde, and nitrous oxide by forming intermediates like 

methylene di-nitramine [19]. RDX is reported to be aerobically 

degraded by Phanerochaete chrysosporium, which produces 4-nitro-

2,4-diazabutanal (NDAB) as an intermediate product, which can be 

mineralized entirely into CO2 and N2O [20,21]. Clostridium 

bifermentans may break down RDX aerobically into formaldehyde, 

methanol, and CO2 via the intermediate products hexahydro-1-nitroso-

3,5-dinitro-1,3,5-triazine (MNX) and hexahydro-1,3-dinitroso-5-nitro-

1,3,5-triazine (DNX) [22]. Even though many studies have been 

conducted to better understand the RDX degradation process, the 

majority of them have focused on anaerobic degradation. As a result, 

this work was aimed to investigate the aerobic degradation of RDX and 

optimize the parameters that can influence the degradation process. 

Response surface methodology (RSM) was used to optimize the process 

[23–26]. RSM has also been applied by some previous researchers to 

enhance dye and explosive/pollutant removal from the medium [27–30]. 

Hence, this study was designed with the primary goal of determining the 

RDX degrading potential of two microbes, Bacillus toyonensis (isolate 

No. WS4-TSB-3, MTCC No. 12857) and Paenibacillus dendritiformis 

(isolate No. S10-TSA-3, MTCC No. 12859), which were isolated from 

an actual explosive contaminated site and have yet to be investigated for 

optimization. The interaction of RDX degradation with independent 

factors (starting RDX concentration, inoculum volume, and time) was 

also investigated. For RDX degradation investigation, identification of 

metabolites, and understanding of the mechanism, mass spectroscopy 

(LC-MS/MS) was used. Figure 3.1 shows a schematic presentation of 
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highlighted section from the overall thesis theme addressed in the 

present chapter. 

 

Figure 3.1 Schematic representation of RDX degradation study  

3.2 Materials and methods  

3.2.1 Chemicals 

RDX with a purity of higher than 99.9% was taken from an explosive 

manufacturing plant in north India. Other chemicals utilized were of 

analytical grade and came from standard suppliers. 

3.2.2 Microbial culture  

Standard procedures were used to prepare microbial cultures as 

described in section 2.2 (Chapter 2). Briefly, aqueous phase degradation 

of RDX was done using Bacillus toyonensis (isolate No. WS4-TSB-3, 

MTCC No. 12857) and Paenibacillus dendritiformis (isolate No. S10-

TSA-3, MTCC No. 12859). Lyophilized microbes obtained from 

IMTECH, Chandigarh were first revived in TSB and then sub-cultured 

in MSM [31]. Further, an RDX degradation study was performed as 

described in section 2.3 [32–34]. RDX spiked MSM was inoculated with 

the microorganisms and cultured in an orbital shaker at 120 rpm at 

32±3°C. 

3.2.3 Experimental setup   

As described in section 2.3.1, different combinations, are made with 3 

independent variables i.e., the initial RDX concentration (20–60 mg/L), 
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time duration (5–15 days), and inoculum volume (2–6%) were observed 

(Table 3.1).  

 

Table 3.1 Different levels and ranges used during the experiment 

 

Table 3.2 Different runs for optimization of parameters for RDX 

degradation 

RDX concentration 

(mg/L) 

Inoculation volume 

(%) 

Time 

(Days) 

20 2 10 

20 4 5 

20 4 15 

20 6 10 

40 2 5 

40 2 15 

40 4 10 

40 4 10 

40 4 10 

40 4 10 

40 4 10 

40 6 5 

40 6 15  

60 2 10  

60 4 5  

60 4 15  

60 6 10  

 

During the experiment, total 17 combinations for Bacillus toyonensis 

(isolate No. WS4-TSB-3) and Paenibacillus dendritiformis (isolate No. 

Parameters  Upper limit (+1) Lower limit (-1) 

Concentration RDX (mg/L)  60 20 

Inoculum volume (%) 6 2 

Time of degradation (days) 15 5 
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S10-TSA-3) were created, as shown in table 3.2. All combinations were 

created with Box Behnken Design (DESIGN-EXPERT® VERSION 12 

program, Stat-Ease, Minneapolis, MN, USA). The flasks were incubated 

at 32±3 °C at 120 rpm for 15 days and samples were collected at specific 

intervals (5, 10, and 15 days) and used to analyze different parameters.  

 

3.2.4. Analysis  

Reduction in the concentration was analyzed using HPLC as described 

in section 2.4. Nitrite was analyzed as discussed in section 2.5.4. Briefly, 

600 µl of the sample was mixed with 150 µl of sulphanilamide and then 

incubated for 5 min. Afterward, 150 µl of NEDD was added to the 

mixture and again incubated for 20 min. The absorbance was recorded 

at 540 nm (Perkin Elmer, Model Lambda 650S, Waltham, MA, USA). 

Mass spectroscopic (MS) analysis was also performed to analyze the 

metabolites formed during the degradation process. The MS was done 

as described in section 2.5.2. The acquired peaks were analyzed using 

the system software and metabolites already described in the literature. 

 

3.3. Results and discussion 

3.3.1 Degradation of RDX 

Degradation of RDX during the experiment can be observed in 

Figure 3.2 (A & B) with Bacillus toyonensis (isolate no. WS4-TSB-3). 

The Maximum RDX degradation achieved with this microbe was 

81.7±1.3% with 40 mg/L initial RDX concentration and 6% inoculum 

volume on 15th day. This was followed by 78.7±1.1 and 77.01±0.8% 

RDX degradation at 20 mg/L and 60 mg/L, respectively with 4% 

inoculum volume on 15th day. Minimum degradation was 74.2±0.3% 

achieved at 40 mg/L initial RDX concentration and 2% inoculum 

volume. Figure 3.2.A shows the interactive effect of initial RDX 

concentration and time on RDX degradation. It was observed that with 

increase in time, there was increase in RDX removal. However, at higher 

RDX concentration (60 mg/L) removal efficiency was much lower, 

which can be due to toxic effect of RDX on Bacillus toyonensis (isolate 

no. WS4-TSB-3). Figure 3.2.B shows the interactive effect of inoculum 
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volume and RDX concentration on RDX degradation. It was observed 

that Bacillus toyonensis (isolate no. WS4-TSB-3) showed increased 

removal of RDX with increase in inoculum volume. The whole set of 

data for RDX degradation with Bacillus toyonensis (isolate no. WS4-

TSB-3) was subjected to two-way analysis of variance (ANOVA) as 

shown in Table 3.3. The p-value (0.0002), F- value (23.6) and R2 (0.9) 

of the model shows that the data was significant and best suited for the 

quadratic model. Figure 3.3 presents data between actual versus 

predicted value, which shows that there was very less dispersion of data 

between experimentally obtained and predicted values by the model. 

Also, very low standard deviation (2.2) was observed for the model, 

which confirms the suitability of the model. All the parameters were 

fitted for second order polynomial equation as follows- 

Y = 73.07 + 1.94 A + 0.9663 B + 10.43 C + 1.88 AB - 3.32 AC + 1.07 

BC - 2.02 A2 - 4.32 B2- 2.43 C2                            (1) 

 

Similarly, in figure 3.4 (A & B), it was observed that with Paenibacillus 

dendritiformis (isolate no. S10-TSA-3) in media, there was also a 

reduction in RDX concentration with time. With the increase in 

inoculum volume, increased degradation of RDX was observed. At the 

end of 15th day, maximum (84.7±0.9%) RDX degradation was observed 

at 40 mg/L initial concentration with 6% inoculum volume, which was 

followed by 78.1±1.1% at 20 mg/L concentration and 2 % inoculum 

volume. The maximum degradation achieved was nearly 1.2 times 

higher than the minimum degradation (71.7±1.1) observed at 20 mg/L 

concentration with 4 % inoculum volume on 15th day. 

However, degradation in the control (unmodified media) due to abiotic 

factors was 0.8 and 1.1% for Bacillus toyonensis (isolate no. WS4-TSB-

3) and Paenibacillus dendritiformis (isolate no. S10-TSA-3) 

respectively, which is negligible as compared to test samples. RDX 

degradation with Planomicrobium flavidum, Rhodococcus strain, 

Phanerochaete chrysosporium, Clostridium bifermentans, 

Paenibacillus aestuarii and Arthrobacter subterraneus having 
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degradation efficiency of more than 80% was observed by other 

researchers in 30-40 days [27,35–37]. 

 

 

 

 
 

Figure 3.2 (A) 3-D model plot for the degradation of RDX under 

varying initial concentration (mg/L) and time (days) with Bacillus 

toyonensis. (B) 3-D model plot for the degradation of RDX under 

A. 

B. 
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varying initial concentration (mg/L) and inoculum volume (%) with 

Bacillus toyonensis. 

 

Table 3.3 ANOVA of Quadratic model for percent degradation of RDX 

with Bacillus toyonensis 

Source Sum of  

Squares 

df Mean 

Square 

F-

value 

p-value 
 

Model 1103.52 9 122.61 23.64 0.0002 Signi

ficant 

A-RDX 

concentration 

30.11 1 30.11 5.81 0.0468 
 

B-Inoculum 

volume 

7.47 1 7.47 1.44 0.2692 
 

C-Time 870.49 1 870.49 167.8

3 

< 

0.0001 

 

AB 14.18 1 14.18 2.73 0.1423 
 

AC 44.02 1 44.02 8.49 0.0226 
 

BC 4.62 1 4.62 0.891

2 

0.3766 
 

A² 17.14 1 17.14 3.30 0.1119 
 

B² 78.58 1 78.58 15.15 0.0060 
 

C² 24.86 1 24.86 4.79 0.0647 
 

Residual 36.31 7 5.19 
   

Lack of Fit 36.31 3 12.10 
   

Pure Error 0.0000 4 0.0000 
   

Cor Total 1139.83 16 
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Figure 3.3 Actual versus predicted graph for the RDX degradation with 

Bacillus toyonensis. 

Figure 3.4.A shows the 3-D plot for interaction of initial RDX 

concentration and time during the RDX degradation. It was observed 

that with the increase of both the variables, there was increase in RDX 

degradation. Even, increase in initial RDX concentration does not have 

negative impact on the degradation efficiency of microbes. This 

observation implies that Paenibacillus dendritiformis (isolate no. S10-

TSA-3) can survive and performs better at higher concentration of RDX 

(60 mg/L). Similarly, Figure 3.4.B shows the effect of inoculum volume 

on RDX degradation. It was observed that there was higher degradation 

of RDX with 6 % inoculum volume. To validate the model, two-way 

ANOVA was performed, and it was observed that the model was 

statistically significant (Table 3.4). Obtained p-value (0.0003), F-value 

(21.6) and R2 (0.9) were significant and shows that the model best suited 

for quadratic model. 
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Figure 3.4 (A) 3-D model plot for the degradation of RDX under 

varying initial concentration (mg/L) and time (days) with 

Paenibacillus dendritiformis. (B) 3-D model plot for the degradation of 

RDX under varying initial concentration (mg/L) and inoculum volume 

(%) with Paenibacillus dendritiformis. 

 

A. 

B. 
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Figure 3.5 shows the difference between actual and predicted values, 

which shows that there was very less variation between experimentally 

obtained values and values predicted by the model for RDX degradation. 

All parameters were fitted for second order polynomial equation as 

follows- 

Y = 63.74 + 2.02 A + 1.99 B + 15.94 C + 0.9850 AB + 0.3925 AC - 

0.7525 BC - 5.01 A2 + 7.73 B2 - 3.42 C2   (2) 

Similar results for ANOVA were obtained in earlier studies by other 

authors also. Mohanty & Jena, (2018) obtained similar results during the 

optimization of butachlor remediation with Enterobacter cloacae [38]. 

Sharma et al. (2021) observed a similar two-way ANOVA results during 

the remediation of RDX in aqueous phase with the consortium of 

microbes [27]. 

3.3.2. Release of nitrite during RDX degradation  

It is well established that nitrite ions are released during the degradation 

of RDX. Ring cleavage of RDX starts with the denitration-hydration 

step, with the formation of NADB and formaldehyde resulting into the 

release of nitrite ion [36,39]. Similar observations were made during this 

study. As RDX degraded, there was change in the nitrite concentration 

in the medium with both the microbes in their respective combinations. 

Figure 3.6.A shows the change in nitrite concentration for Bacillus 

toyonensis (isolate no. WS4-TSB-3) with respect to RDX concentration 

and time. Maximum concentration of nitrite release (0.3±0.01 mg/L) 

with Bacillus toyonensis was observed on 10th day with 60 mg/L 

concentration and 6% inoculum volume, which was followed by 

0.3±0.01 mg/L at 60 mg/L RDX concentration and 4% inoculum 

volume. Similarly, Figure 3.6.B shows the nitrite release during the 

RDX degradation with Paenibacillus dendritiformis (isolate no. S10-

TSA-3). 
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Table 3.4 ANOVA of Quadratic model for percent degradation of RDX 

with Paenibacillus dendritiformis. 

Source Sum of 

Squares 

df Mean 

Square 

F-value p-value 
 

Model 2489.85 9 276.65 21.68 0.0003 Signif

-icant 

A-RDX 

concentration 

32.76 1 32.76 2.57 0.1531  

B-Inoculum 

volume 

31.72 1 31.72 2.49 0.1588  

C-Time 2032.03 1 2032.03 159.28 < 

0.0001 

 

AB 3.88 1 3.88 0.3042 0.5984  

AC 0.6162 1 0.6162 0.0483 0.8323  

BC 2.27 1 2.27 0.1775 0.6861  

A² 105.79 1 105.79 8.29 0.0237  

B² 251.75 1 251.75 19.73 0.0030  

C² 49.25 1 49.25 3.86 0.0902  

Residual 89.30 7 12.76    

Lack of Fit 89.30 3 29.77    

Pure Error 0.0000 4 0.0000    

Cor Total 2579.15 16     

 

Maximum nitrite release was observed on 10th day, which was 0.2±0.01 

mg/L at 60 mg/L RDX concentration and 2% inoculum volume. It was 

observed, that with increase in RDX concentration there was increase in 

the release of nitrite. Also, with the degradation of RDX, there was 

increase in nitrite concentration till 10th day, and afterward it started 

decreasing. Decrease in the nitrite concentration can be due to its 

utilization by microbes or conversion into nitrate [40,41]. 
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Figure 3.5 Actual versus predicted graph for the RDX degradation with 

Paenibacillus dendritiformis. 

To validate, the data was subjected to two-way ANOVA. For nitrite 

release it was observed that microbes, Bacillus toyonensis (isolate no. 

WS4-TSB-3) and Paenibacillus dendritiformis (isolate no. S10-TSA-3) 

has significant p-value (<0.0001 & 0.0009), F-value (34.5 and 14.9) and 

R2 (0.9 and 0.9 respectively) which statistically validate the model for 

both the microbes (Table 3.5). Correction total (sum of square) for both 

the microbes shows that the model has high reproducibility and less 

variation around the mean. Statistically similar results were obtained by 

Chaudhary et al. (2019) during their optimization of tannery wastewater 

remediation with Aspergillus fumigates [42]. Garg et al. (2015) found 

similar ANOVA results during the optimization of decolorization of 

different dyes with Pseudomonas strain [43]. 
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Figure 3.6 (A) Response surface plot (3-D plot) showing the 

interactive effect of RDX concentration (mg/L) and time (days) on 

nitrite release with Bacillus toyonensis. (B) Response surface plot (3-D 

plot) showing interactive effect of RDX concentration (mg/L) and time 

(days) on nitrite release with Paenibacillus dendritiformis. 

 

A. 

B. 
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Table 3.5 ANOVA of Quadratic model for the release of nitrite during 

RDX degradation. 

Factor Bacillus toyonensis Paenibacillus 

dendritiformis 

p-value < 0.0001 0.0009 

F-value 34.52 14.88 

R2 0.97 0.95 

Cor-total 0.0624 0.0236 

Std. dev 0.0140 0.0130 

 

3.3.3 Degradation pathway  

It is already known that during the microbial degradation process, the 

cyclic structure of RDX tends to break into intermediate products. To 

understand and elucidate the RDX degradation pathway for both the 

microbes, mass spectroscopy of the samples was done at different 

intervals of time i.e., 5th day and 10th day in the combination having 

highest degradation. Positive ESI (Electron spray ionization) revealed 

the presence of different metabolites in the samples. The peaks obtained 

were at m/z values of 224.07 and 191.05 on 5th day samples and 140.66 

and 179.97 on 10th day samples (Figure 3.7. A, B, C and D). To identify 

the metabolites, molecular weight (m/z ratio) of the obtained peaks were 

compared with the metabolites reported in earlier studies [37,39,44–47]. 

The peaks 224.07 and 191.05, were identified as Hexahydro-1-nitroso-

3,5-dinitro-1,3,5-triazine (MNX, C3H6N6O5, M+NH4, mol. wt. 224.07 

Da) and Hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX, 

C3H6N6O4, M+NH4, mol. wt. 191.05 Da), respectively. The presence of 

MNX and DNX during the study suggests that the RDX degradation 

occurred by single nitrite elimination pathway in which, the transfer of 

a single electron to nitramino group leads to the RDX ring cleavage. 

Further, on 10th day the peaks observed were 140.66 and 179.97 (m/z) 

which were identified as Bis(hydroxymethyl)nitramine (C2H6N2O4, 

M+NH4, mol. wt. 140.66 Da) and 4-Nitro-2,4-diazabutanal (C2H5N3O3, 

M+Na+K-H, mol. wt. 179.97 Da) respectively. Subsequent studies have 
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shown that both 4-nitro-2,4-diazabutanal and 

Bis(hydoxymethyl)nitramine are the de-nitration ring cleavage products 

of RDX. Also, earlier studies have shown that, MNX can get 

transformed into 4-nitro-2,4-diazabutanal [48]. Further, Halasz & 

Hawari (2011) showed that DNX, 4-nitro-2,4-diazabutanal and 

Bis(hydoxymethyl)nitramine can undergo degradation and forms CO2, 

and nitrous oxide, formaldehyde and ammonia as end products [49]. It 

was observed that the metabolites identified for both the microbes were 

similar. This shows that both the microbes follow the same degradation 

pathway. Based on the findings mentioned above the RDX degradation 

pathway was proposed which is shown in Figure 3.8.  

Figure 3.7 Mass Spectra of metabolites formed during RDX 

degradation. A. Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX, 

C3H6N6O5, M+NH4, mol. wt. 224.07), B. Hexahydro-1,3-dinitroso-5-

nitro-1,3,5-triazine (DNX, C3H6N6O4, M+NH4, mol. wt. 191.05), C. 

Bis(hydroxymethyl)nitramine (C2H6N2O4, M+NH4, mol. wt. 140.66) 

and D. 4-Nitro-2,4-diazabutanal (C2H5N3O3, M+Na+K-H, mol. wt. 

179.97) 
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Figure 3.8 Proposed pathway for biodegradation of RDX with Bacillus 

toyonensis and Paenibacillus dendritiformis 

3.4 Conclusions 

Two microbial species obtained from an explosive polluted location 

were used in this work to investigate the decomposition of RDX. Both 

species were discovered to be capable of removing RDX from 

contaminated water. At a dose of 40 mg/L, the maximal degradation 

recorded with Bacillus toyonensis (isolate No. WS4-TSB-3, MTCC No. 

12857) was 81.6±1.3%, and with Paenibacillusden dritiformis (isolate 

No. S10-TSA-3, MTCC No. 12859) was 84.7±0.9%. 

The three-dimensional graph depicted the optimization of process 

parameters for RDX degradation as well as the interaction between the 

independent variables. Each variable has a direct and beneficial impact 

on RDX degradation, as shown in these graphs. The model for RDX 

breakdown obtained with both microorganisms demonstrated great 
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repeatability and statistical significance. MNX, DNX, 4-Nitro-2,4-

diazabutanal, and bis(hydroxymethyl)nitramine were found as 

intermediary metabolites during the breakdown of RDX. These 

metabolites can be mineralized into CO2, NH4, formaldehyde, and 

nitrous oxide after a further breakdown.  

The study concludes that Bacillus toyonensis and Paenibacillus 

dendritiformis were both have good potential of eliminating RDX. Also, 

Chapter 3 concludes that the bacteria recovered from the polluted site 

are capable of decomposing explosives like RDX from the aqueous 

phase. 
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Chapter 4 

Process development for the biodegradation of 

HMX using response surface methodology 

 

4.1 Introduction 

HMX (octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine, Octogen) is 

extensively utilized in military applications. It may get into the 

environment during the manufacturing, transportation, usage, and 

demilitarization operations. In previous studies, HMX is shown to be 

toxic to mammals [1,2]. Convulsions, nausea, and loss of consciousness 

have been reported in mammalian species exposed to HMX [3]. In 

numerous animal studies, HMX has been shown to impact the liver and 

central nervous system, accumulate in the kidney, liver, brain, and heart, 

and even induce mortality and histopathological abnormalities [4]. 

However, the United States Environmental Protection Agency (USEPA, 

1998) has categorized HMX as non-carcinogenic [5]. Due to low 

adsorption and high mobility in the soil, HMX can lead to contamination 

of groundwater [6,7]. It can limit soil microbial diversity, resulting in 

lower natural degradation capability of such contaminants, affecting the 

soil profile and suitability for farming in locations near military bases 

[8]. High level of HMX contamination has been observed all over the 

world [9]. USEPA has set a lifetime safe drinking water limit of 0.4 

mg/L for HMX [10]. 

Various approaches have been proposed for treating HMX 

contamination of soil and water. Iron-dependent depletion [11], catalytic 

transformation [12], incineration, and oxidation are general ways for 

HMX treatment [13]. However, conventional treatment processes are 

not cost-efficient, as they waste a lot of energy, and produce toxic end 

products such as non-reusable catalysts, effluents, and ash as residual 

waste [14,15]. Nowadays, many researchers have focused on microbial 
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degradation process, as an environmentally benign and cost-effective 

method [16–20]. Under aerobic conditions, Nagar et al. (2018) 

investigated the breakdown of HMX by Planomicrobium flavidum [21]. 

Phanerochaete chrysosporium was found to degrade HMX (600 nmol) 

within 25 days of incubation [22]. As, many of the microbes have been 

shown to remove HMX, but to the best of our knowledge, there have 

been no literature on the breakdown of HMX by Bacillus toyonensis. 

Furthermore, as the degradation of HMX is species-specific and must be 

optimized to scale up the process. 

Response surface methodology (RSM) can be used to optimize various 

process parameters. It is a statistical tool for designing, improving, and 

optimizing a process with several variables influencing the response that 

employs lower-order polynomial equations. RSM minimizes the overall 

number of possible possibilities, saving time and resources during 

testing [23–26]. The Box–Behnken design (BBD) model, which is a 

multivariate mathematical model for 3-level factorial design, was 

employed in this work. In earlier studies, RSM has been used to study 

the removal of chromium ions with the help of a cyanobacterial species 

[27]. Sangwan et al. (2015) used RSM to investigate the effect of pH, 

concentration, and degradation time on the removal of TNT [20]. 

The objective of this work is to optimize the process parameters 

involved in the degradation of HMX using Bacillus toyonensis, which 

was isolated from an actual HMX-contaminated site. To the best of our 

knowledge, this is the first investigation of a novel bacterial strain i.e., 

Bacillus toyonensis (isolate No. WS4-TSB-3, MTCC No. 12857) to 

investigate HMX degradability. The experiment was designed, and the 

data were analyzed using the DESIGN-EXPERT ® VERSION 12 

program (Stat-Ease®, Minneapolis). During the microbial degradation 

of HMX, relationships between numerous independent and dependent 

factors were investigated to better understand the interaction influence. 

Figure 4.1 shows a schematic presentation of highlighted section from 

the overall thesis theme addressed in the present chapter. 
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Figure 4.1 Schematic representation of HMX degradation study in 

overall thesis theme. 

4.2 Materials and methods  

4.2.1 Chemicals  

Commercial grade HMX was obtained from the HMX manufacturing 

facility in North India with a purity of greater than 99.5%.  Chemicals 

for high-performance liquid chromatography (HPLC) were purchased 

from Sigma-Aldrich, while other analytical grade chemicals were 

purchased from other established suppliers. 

4.2.2 Microbial culture  

The microbes were cultured as explained earlier in section 2.2, chapter 

2 [26]. Briefly, Bacillus toyonensis was revived in tryptic soya broth 

(TSB). Further, before cultivating microbes into modified minimal salts 

medium (MSM) containing HMX, microbes were sub-cultured for three 

generations in MSM. 

The degradation study was performed as per discussed in section 2.3 

(Chapter 2). Briefly, MSM was spiked with stock solution (1000 mg/L) 

and the desired concentration of HMX i.e., 2, 4, and 6 mg/L were 

obtained. Flasks were kept open for 18 hours in an aseptic laminar 

airflow chamber to evaporate the acetonitrile and avoid any interaction 

with the medium composition [21,28]. Bacterial growth was measured 
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at regular intervals by monitoring the absorbance at 600 nm (Perkin 

Elmer, Model Lambda 650S). 

4.2.3 Experimental setup  

The experimental setup was prepared as discussed in section 2.3.1. In 

brief, HMX concentration (2–6 mg/L), degradation time (5–15 days), 

and inoculum size (2–6%) were used as the variables during the study 

(table 4.1). A total of 17 runs (table 4.2) were operated, which were 

prepared using Box–Behnken design (DESIGN EXPERT ® VERSION 

12, Stat-Ease®, Minneapolis). Flasks were inoculated and incubated in 

an orbital shaker at 32±3 °C and 120 rpm. The entire study was carried 

out in an aerobic environment. Samples were taken at specified intervals 

of time (5 days), to assess optical density (O.D), nitrite release, nitrate 

content, and HMX degradation. 

Table 4.1 Different levels and ranges used during the experiment  

 

4.2.4 Analysis 

Samples were analyzed using HPLC for HMX degradation according to 

standard procedure 8330A, mentioned in section 2.5.1 [28].  

Further, nitrate and nitrite in the samples were evaluated using a Hach 

spectrophotometer (DR1900) by cadmium reduction method. 

Employing NitraVer 5_8192 LR powder pillow and NitriVer 3_8507 

DR900 powder pillow provided by Hach (Colorado, United States) 

nitrate, and nitrite release were observed at a wavelength of 270 nm and 

540 nm, respectively. 

Parameters  Upper limit (+1) Lower limit (-1) 

Concentration HMX (mg/L)  6 2 

Inoculum volume (%) 6 2 

Time of degradation (days) 15 5 
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Table 4.2 Different runs for optimization of parameters for HMX 

degradation  

 

 

 

 

 

 

 

 

 

 

4.3. Results and discussion  

4.3.1 Growth of Bacillus toyonensis in MSM spiked with HMX 

Growth of microbes was monitored by measuring optical density at 

different time intervals. Figure 4.2 shows growth of Bacillus toyonensis 

at varying HMX concentration and inoculum size with different 

intervals of time. It is clear from Figure 4.2 (A, B, C) that initially 

microbes were in lag phase till 2nd day for all the combinations. After 2 

days, microbes attained exponential phase showing acclimatization to 

the presence of HMX and may be started utilizing it as a nitrogen source. 

Bacillus toyonensis at concentrations, 2 and 4mg/L showed continuous 

growth till 15th day while at 6mg/L microbes attained stationary phase 

after 7th day. Maximum optical density (0.239) was observed at 2 mg/L 

HMX concentration with 6% of inoculum size on 15th day, which is 

nearly double as compared to the lowest growth observed in 6 mg/L 

HMX concentration with 2% inoculum on 15th day. Higher growth of 

RDX 

concentration 

 

(mg/L) 

Inoculation 

volume 

 

(%) 

Time 

 

 

(Days) 

60 4 5 

20 4 15 

20 4 5 

40 2 5 

40 6 15 

40 4 10 

40 2 15 

60 4 15 

60 6 10 

40 4 10 

40 4 10 

40 6 5 

40 4 10 

20 2 10 

60 2 10 

20 6 10 

40 4 10 
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microbes can be correlated with the degradation of HMX whereas lower 

growth can be explained by the toxic effect of HMX at 6 mg/L 

concentration. It was also observed that the initial inoculum size tends 

to affect the growth of Bacillus toyonensis in the medium. When 

concentration of HMX was kept constant with varying initial inoculum 

size, there was a gradual change in the optical density on 15th day and 

nearly 20% higher growth of microbes was observed with 6% inoculum 

size (0.239) as compared to 2% (0.198). The higher growth of microbes 

can be correlated with higher degradation of HMX in the medium, which 

shows their interdependency on each other. 

4.3.2 Degradation of HMX 

Different responses for the different runs observed during the HMX 

degradation are shown in Table 4.3. Degradation of HMX during the 

experiment is shown in Figure 4.3. A maximum 87.7% reduction was 

achieved at 2 mg/L initial HMX concentration with 4% inoculum size 

on 15th day. It was followed by 79.5% and 74.1% respectively with 6 

mg/l and 4 mg/l initial concentration of HMX on 15th day. In Figure 4.3, 

the 3-D model plot shows the interactive effect of different selected 

variables on HMX removal. Range of responses can be estimated and 

maximized by analyzing the plot and tracking the efficiency of optimum 

value for variable. 

From Figure 4.3 it was observed that, when time factor was kept 

constant (15th day) change in HMX removal can be observed with 

changing cell inoculum size. It was also observed that on increasing the 

initial inoculum size, there was an increase in percent degradation of 

HMX. Degradation of 65.5 and 79.5% was observed with 2 and 6% 

inoculation size, respectively on 15th day at 4 mg/L initial HMX 

concentration. 
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Figure 4.2 Growth of Bacillus toyonensis with varying inoculum size 

(2–6%) at initial HMX concentration of (A) 2 mg/L, (B) 4 mg/L, and 

(C) 6 mg/L. 
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Similarly, Figure 4.4 shows increase in HMX removal with the increase 

in time period at constant microbial inoculum size. Degradation of 58.2 

and 79.5% was observed on 5th and 15th day respectively with 4 mg/L 

concentration and 6% volume of microbial suspension. Similarly, Figure 

4.5 shows the effect of microbial inoculum size and time. It was 

observed that both the factors positively affect the % degradation of 

HMX. These observations made from figures 4.3, 4.4 and 4.5 supports 

the fact that on varying time as well as initial volume of suspension, 

there was effect on HMX removal efficiency i.e., with increasing time 

of exposure and initial microbial inoculum, there was increase in the 

removal of HMX with Bacillus toyonensis. In a similar study by An et 

al. (2010), 96.42% reduction in the concentration of HMX with the use 

of mesophillic anaerobic microbial granules is reported [29]. Similarly, 

under denitrifying conditions Singh et al. (2009) showed that 

Pseudomonas species can efficiently remove HMX from the medium 

[30]. 

Table 4.4 shows the analysis of variance for the obtained experimental 

data. The P-value (<0.0001), R2 value (0.9878) and F-value (62.97) for 

degradation of HMX also suggested that the obtained data was accurate 

and significant. Similar findings have also been reported in previous 

studies during the optimization of different process parameters [31]. 

Adjusted R2 (0.9721) explains total variation in degradation of HMX 

with different variables and shows its agreement with predicted R2. 

Figure 4.6 shows the predicted versus actual values plot, which explains 

the dispersion of data for % removal of HMX.  Variations between the 

predicted values were measured by functions used for the model and 

actual values determined by actual experimentation [32]. Small value of 

standard deviation for the model (1.65) explains a better relationship 

between different variables and response. 
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Table 4.3. Different runs for optimization of parameters for HMX 

degradation and responses 

 

 

 

A: 

concentration 

 

 

(mg/L) 

B: 

volume of 

microbial 

suspension 

(%) 

C: 

time 

 

 

(day) 

Degradation 

 

 

 

(%) 

Nitrite 

release 

 

 

(mg/L) 

Nitrate 

release 

 

 

(mg/L) 

4 4 10 57.0±1.89 1.2±0.14 

 

1.1±0.15 

 

4 2 5 54.3±3.19 

 

0.58±0.05 

 

0.2±0.02 

 

4 4 10 58.2±1.89 

 

1.01±0.14 

 

1.3±0.15 

 

6 2 10 70.7±2.61 

 

1.23±0.13 

 

1.3±0.23 

 

2 2 10 72.3±2.60 

 

0.43±0.18 

 

0.35±0.01 

 

4 6 15 79.5±3.76 

 

0.73±0.25 

 

1.15±0.16 

 

4 4 10 55.7±1.89 

 

1.3±0.14 

 

1.2±0.17 

 

6 6 10 72.6±3.53 

 

1.06±0.12 

 

1.4±0.22 

 

2 4 5 61.2±1.47 

 

0.4±0.143 

 

0.2±0.22 

 

6 4 15 74.0±7.39 

 

1.18±0.22 

 

1.51±0.31 

 

4 6 5 58.2±5.30 

 

0.38±0.034 

 

0.34±0.03 

 

6 4 5 68.1±7.70 

 

0.44±0.14 

 

0.49±0.04 

 

2 4 15  87.6±4.46 

 

0.12±0.01 

 

0.36±0.02 

 

4 4 10 57.2±1.89 

 

1.35±0.14 1.2±0.15 

4 4 10 58.2±1.89 1.0±0.18 

 

1.1±0.15 

2 6 10 77.6±1.75 

 

0.73±0.14 

 

0.43±0.08 

 

4 2 15 65.5±8.47 

 

0.68±0.13 1.11±0.28 
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Figure 4.3 Percent degradation of HMX with varying initial HMX 

concentration (mg/L) and microbial suspension volume (%) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4 Percent degradation of HMX with varying initial HMX 

concentration (mg/L) and time (days) 
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Figure 4.5 Percent degradation of HMX with varying microbial 

suspension volume (%) and time (days) 

 

All the parameters were fitted for second order polynomial equation as 

follows- 

 

Y =56.63 − 1.67A + 3.14B + 8.09 C − 0.8646AB − 5.13AC+ 2.52BC+ 

12.55A2 + 4.18B2 + 3.61C2 

                 (1) 

Where, Y is % degradation, A, B and C are coded values for initial 

concentration of HMX, volume of inoculum size and time of 

degradation, respectively. 
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Table 4.4. ANOVA of quadratic model for % degradation of HMX 

df degree of freedom 

 

        

 

 

 

 

 

 

 

 

 

 

Figure 4.6 Actual versus predicted graph for % HMX degradation 

 

Source Sum of 

Squares 

df Mean 

Square 

F-

value 

p-value  

Model 1545.03 9 171.67 62.97 < 0.0001 Significant 

A-

concentration 

22.27 1 22.27 8.17 0.0244  

B-volume of 

microbial 

suspension 

78.91 1 78.91 28.94 0.0010  

C-time 523.62 1 523.62 192.0

5 

< 0.0001  

AB 2.99 1 2.99 1.10 0.3298  

AC 105.35 1 105.35 38.64 0.0004  

BC 25.42 1 25.42 9.32 0.0185  

A² 628.02 1 628.02 230.3

4 

< 0.0001  

B² 62.24 1 62.24 22.83 0.0020  

C² 45.07 1 45.07 16.53 0.0048  

Residual 19.08 7 2.73    

Lack of Fit 14.78 3 4.93 4.58 0.0877 not 

significant 

Pure Error 4.30 4 1.07    

Cor Total 1564.12 16     
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4.3.3 Release of nitrite in different treatments 

 

Increased nitrite ion levels in the medium can be further correlated with 

degradation of HMX. It is well confirmed in literature that during HMX 

degradation, nitrite is released as a by-product and get converted into 

methylenedinitramine (MEDINA) [21,33,34]. Previous studies has also 

shown than microbes utilize HMX as a carbon and nitrogen source and 

produce various products such as formaldehyde, CO2, 4-Nitro-2,4-

diazabutanal and nitrous oxide  (N2O) [22,35,36]. 

 

Figure 4.7 shows that at constant inoculum size (4%), concentration of 

nitrite in solution increased with increase of initial HMX concentration 

from 5th day (0.38 mg/L) to 10th day (1.3 mg/L) and then decreased down 

to 0.73 mg/L at 15th day which may be due to its transformation into 

nitrate  [37] or utilization of nitrite by microbes. Nitrite release was 

found maximum at 4 mg/L (1.3 mg/L) and minimum at 2mg/L (0.43 

mg/L) concentration, which shows the effect of initial concentration of 

HMX on the nitrite release. Similarly, in figure 4.8 and figure 4.9 it was 

observed that initial HMX concentration, microbial suspension and time 

positively affects removal of nitrite. It has been already established that 

during the degradation of HMX, there is hydrolytic and hydroxylation 

of the rings, which leads to the sequential release of nitrite [21,22,36]. 

During HMX degradation, nitrite concentration found to be varying with 

different independent variables in the current study.  

Fitting the experimentally obtained data in Box-Behnken design 

indicated that quadratic model was significantly applicable to show the 

relationship between different independent variables to their response. 

Analysis of variance is shown in Table 4.5, which shows the statistical 

significance of variables and their interactions with response in terms of 

high regression values (R2 = 0.9566) (Table 4.6), F-value (17.15) and 

low p-value (0.0006). P value < 0.05 for A, C, AC, A², C² concludes 

them as significant model terms. 
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Figure 4.7 Nitrite release (mg/L) with varying initial HMX 

concentration(mg/L) and time (days) 

 

Figure 4.8 Nitrite release (mg/L) with varying initial HMX 

concentration(mg/L) and varying microbial suspension volume (%) 
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Figure 4.9 Nitrite release (mg/L) with varying microbial suspension 

volume (%) and time (days) 

 

These model terms have positive relationship with nitrite production 

during HMX degradation, while other terms showed negative impact but 

not significant. Correction total (sum of squares = 2.28) obtained from 

the model showed high reproducibility of the data and less variation 

around mean of observations whereas residual value (0.0988) showed 

the variations, which were still unexplained from the model. From this 

statistically significant data, it was observed that model can be applied 

for the optimization of nitrite release during HMX degradation. Similar 

results were obtained by earlier researchers during the optimisation of 

different process parameters [38]. All the parameters were fitted for 

second order polynomial equation as follows: 

𝑌 = 1.16 + 0.2787 𝐴 − 0.0025𝐵 + 0.1137𝐶 − 0.1175𝐴𝐵

− 0.2550𝐴𝐶 + 0.0625 𝐵𝐶 − 0.1785 𝐴2 − 0.1210𝐵2

− 0.4485𝐶2 

                  (2) 
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Where, Y is % nitrite release; A, B and C are coded values for initial 

concentration of HMX, volume of microbial suspension and time of 

degradation, respectively. 

Table 4.5 ANOVA for Quadratic model for nitrite release 

Source Sum of 

Squares 

df Mean 

Square 

F-

value 

p-

value 

 

Model 2.18 9 0.2420 17.15 0.0006 significant 

A-

concentra

tion 

0.6216 1 0.6216 44.04 0.0003  

B-volume 

of 

microbial 

suspensio

n 

0.0000 1 0.0000 0.0035 0.9542  

C-time 0.1035 1 0.1035 7.33 0.0303  

AB 0.0552 1 0.0552 3.91 0.0884  

AC 0.2601 1 0.2601 18.43 0.0036  

BC 0.0156 1 0.0156 1.11 0.3277  

A² 0.1342 1 0.1342 9.50 0.0177  

B² 0.0616 1 0.0616 4.37 0.0750  

C² 0.8470 1 0.8470 60.00 0.0001  

Residual 0.0988 7 0.0141    

Lack of 

Fit 

0.0099 3 0.0033 0.1489 0.9252 not 

significant 

Pure 

Error 

0.0889 4 0.0222    

Cor Total 2.28 16     

df  degree of freedom 

 

Table 4.6 Fit statistics of the model 

 

Model R2 Adjusted 

R2 

Predicted 

R2 

Mean Std. 

deviation 

CV % 

% 

Degradation 

of HMX 

0.9878 0.9721 0.8445 66.40 1.65 2.49 

Nitrite release  0.9566 0.9008 0.8693 0.8100 0.1188 14.67 

Nitrate 

release 

0.9739 0.9402 0.6950 0.8671 0.1154 13.31 
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4.3.4 Conversion of nitrite to nitrate  

During the process of HMX degradation, nitrite gets converted into 

nitrate with help of different microbial enzymes through oxidation 

process [4,14,30]. Effect of different variables (inoculum size, exposure 

time and initial HMX concentration) on nitrate production during HMX 

transformation is shown with model graphs. In Figure 4.10, it is showed 

that at constant volume of inoculum size with increasing time of 

degradation and increased concentration of HMX, there is an increase in 

nitrate release. Nitrate concentration increased from 0.34 to 1.15 mg/L 

from 5th to 15th day at 4 mg/L HMX concentration with 6% inoculum 

size. The maximum nitrate was observed at 15th day (1.51 mg/L) with 6 

mg/L HMX initial concentration. Similarly, in figure 4.11 and 4.12 

shows the positive impact of inoculum size, initial concentration and 

time on the nitrite formation in the medium. With the increase in either 

inoculum size or initial concentration, there was an increase in nitrate 

concentration with respect to time.  

The significance of variables and their interaction with response at 

different probability levels is explained by ANOVA. Table 4.7 shows 

that after fitting the data with the model, a quadratic model with 

significant F-value (28.97) and P-value (0.0001) was obtained. The 

terms of the model are explained on the basis of P-value, which should 

be less than 0.05 for the model. The significant model terms having less 

P-value (0.05) are A, C, AC, A2 and C2, which have positive effect with 

the variable-variable interaction. Correction total (sum of squares = 

3.57) explains that the variation around the mean was less and the model 

was significant for the response. So, ANOVA explains the significance 

of model, which can be applied to optimize nitrate release during the 

HMX degradation process. All the parameters were fitted for second 

order polynomial equation as follows- 

Y= 1.15 + 0.4200A + 0.0450B + 0.3625C + 0.0050AB + 0.2150AC - 

0.0250BC - 0.1700A2 - 0.1100B2 - 0.3400C2    

                                                       (3) 
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Where, Y is nitrate release; A, B and C are coded values for initial 

concentration of HMX, volume of microbial suspension and time of 

degradation, respectively. 

 
Figure 4.10 Nitrate release (mg/L) with varying initial HMX 

concentration (mg/L) and microbial suspension volume (%) 

 

 
 

Figure 4.11 Nitrate release (mg/L) with varying initial HMX 

concentration (mg/L) and time (days) 
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Figure 4.12 Nitrate release (mg/L) with varying microbial suspension 

volume (%) and time (days) 

 

Table 4.7. ANOVA for Quadratic model for nitrate release 

Source Sum of 

Squares 

df Mean 

Square 

F-value p-value  

Model 3.47 9 0.3860 28.97 0.0001 significant 

A-

concentration 

1.41 1 1.41 105.93 < 0.0001  

B-volume of 

microbial 

suspension 

0.0162 1 0.0162 1.22 0.3066  

C-time 1.05 1 1.05 78.91 < 0.0001  

AB 0.0001 1 0.0001 0.0075 0.9334  

AC 0.1849 1 0.1849 13.88 0.0074  

BC 0.0025 1 0.0025 0.1877 0.6779  

A² 0.1441 1 0.1441 10.82 0.0133  

B² 0.0658 1 0.0658 4.94 0.0617  

C² 0.5306 1 0.5306 39.83 0.0004  

Residual 0.0932 7 0.0133    

Lack of Fit 0.0652 3 0.0217 3.11 0.1510 not 

significant 

Pure Error 0.0280 4 0.0070    

Cor Total 3.57 16     

df  degree of freedom 
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4.4. Conclusions  

In this study Process development for the biodegradation of HMX using 

response surface methodology was carried out. RSM was used to 

optimize HMX degradation process parameters like degradation time, 

inoculum size, and initial HMX concentration with outputs such as 

percent degradation, nitrite, and nitrate release. It aided in the 

optimization of broad experimental domains during the HMX 

degradation process by Bacillus toyonensis. It was discovered that the 

initial HMX concentration, time, and inoculum size are the variables that 

had the most impact on HMX degradation, nitrite release, and nitrate 

conversion. On the 15th day, the maximum (87.7%) breakdown of HMX 

was achieved at 2 mg/L concentration with a 4% volume of microbial 

inoculum size.  ANOVA using various significant values (e.g., p-value, 

F-value, R2, etc.) revealed the model's significance and also explained 

the effect of each variable on the various responses.  

The study's findings reveal that Bacillus toyonensis was able to survive 

and withstand high HMX concentrations and found to be effective at 

removing HMX from the aqueous phase. As a result, it's critical to see 

if Bacillus toyonensis can break down RDX. The model obtained for 

each response can be utilized to optimize the degradation process and 

product release. Bacillus toyonensis, which was isolated from an actual 

HMX-contaminated location, appears to be a viable candidate for HMX 

degradation. HMX is a higher homolog of RDX, so RDX is always 

present as an impurity during the manufacturing of HMX. A substantial 

amount of wastewater is created during the manufacture of these 

compounds, which contains RDX and HMX residues. Hence, the results 

obtained in Chapter 3 and 4 depicts the RDX and HMX degradation 

potential of native microbes in aqueous phase, therefore, in the 

upcoming chapter the degradation of both RDX and HMX present in 

contaminated soil sludge has been studied by performing in-vessel 

study. 
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Chapter 5  

Bioreactor studies: up-scaled composting of 

actual RDX and HMX contaminated sludge 

5.1 Introduction 

The nitrogen-containing energetic chemicals hexahydro-1,3,5-trinitro-

1,3,5-triazine (RDX) and octahydro-1,3,5,7-tetranitro-1,3,5,7-

tetrazocine (HMX) are mostly employed for military objectives.  HMX 

is made by nitrating hexamine with nitric acid and ammonium nitrate in 

the presence of acetic acid as a catalyst. Since HMX is a higher analog 

of RDX, RDX is always present as an impurity during HMX production.  

A substantial amount of wastewater containing RDX and HMX residues 

is released during the manufacture of these explosives. After completing 

the process of neutralization, this wastewater is typically discharged into 

unlined lagoons or pits, resulting in the formation of polluted sludge 

sediments [1,2]. Prior to final disposal at dumping sites, this sludge is 

not treated any further generally. Because RDX and HMX have a low 

soil adsorption coefficient, they may contaminate the groundwater table 

[3,4]. These contaminants pose a significant concern to humans, other 

species, and the environment due to their slow biological decay and 

toxic nature [5,6]. HMX exposure can cause liver, central nervous 

system, and kidney malfunction [7,8]. The US Environmental Protection 

Agency (USEPA), on the other hand, has categorized RDX as a group 

'C human carcinogen [5,9]. Seizures, convulsions, vomiting, and nausea 

are all possible side effects that may occur due to  RDX exposure [5,10]. 

Different researchers have developed and tested several techniques to 

remediate RDX and HMX contamination in water and soil, but only a 

few studies have concentrated on sludge decontamination. Incineration 

[11,12], composting [13,14], and aqueous thermal decomposition are 

some of the procedures that entail explosive sludge treatment [12]. To 

operate, traditional technologies such as incineration require complex 

sensors and a lot of energy. As a result, these processes are inefficient 
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and produce wastes such as ash and other toxic emissions, which are 

difficult to dispose off [15]. Composting, a green technology that is eco-

friendly, cost-effective, and requires no fuel or energy during the 

process, is receiving a lot of attention as a solution to these concerns. 

During the process, there is also the possibility of contaminant co-

metabolism with the bulking agents. Bulking agents, which are also 

waste materials with high organic content and are readily available, can 

be used to improve the product's quality after composting. The 

Louisiana Army Ammunition Plant composted explosive-contaminated 

sediments, removing 98% of total explosives during the process [14]. 

HMX and RDX have half-lives of 42 days and 30 days, respectively. 

Emery and Faessler (1997) described the development of a composting 

approach to remediate explosive pollution at the Umatilla Army Depot 

Activity (UMDA) [2]. They discovered that the composting method was 

inexpensive as well as effective. Clark and Boopathy (2007) 

investigated land-farming for explosive polluted soil and observed the 

efficient removal TNT and RDX. [16]. Composting procedures for the 

treatment of oily sludge, municipal garbage, and polycyclic aromatic 

hydrocarbons have also been established and are well understood [17–

19]. Various studies have looked into microbial remediation of 

explosives in soil and water [20,21], and it appears to be a viable 

approach for treating explosive-contaminated sludge as well. 

So, this study was designed with an objective of determining the 

potential of two unexplored native microbes, Arthrobacter subterraneus 

(MTCC no. 12883, isolate no. S5-TSB-17) and Bacillus sonorensis 

(MTCC no. 12855, isolate no. S8-TSB-4) isolated from an explosive 

contaminated site, to decontaminate actually RDX and HMX 

contaminated sludge using an in-vessel composting technique in an 80-

days experiment. The decrease in concentration of contaminants, the 

mechanism of degradation, and the half-life of both chemicals during 

the composting process were investigated. Figure 5.1 shows the 

bioreactor study for RDX and HMX removal from soil sludge in overall 

thesis theme addressed in the present chapter. 
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Figure 5.1 Schematic representation of bioreactor study for RDX and 

HMX removal from soil sludge  

5.2 Materials and methods 

5.2.1 Composting materials and chemicals 

The actually contaminated sludge samples were collected from the 

contaminated location and subjected to initial physio-chemical analysis 

(table 5.1) using standard methods, as stated above in section 2.4.2 

(chapter 2). Cow dung was obtained from cattle shed in Delhi and air-

dried before using for composting. The laboratory collected garden 

waste (grass trimmings, Azadirachta indica leaves, and other leaves) 

were used as bulking agents during composting. 

5.2.2 In-vessel reactor design 

The in-vessel bioreactors were designed and fabricated as discussed in 

section 2.4.1. In brief, a total of 12 acrylic bioreactors were 

manufactured with a 3 L capacity. To maintain aerobic conditions, each 

reactor was connected to an air compressor through a moisture vessel 

and airflow meters. The airflow maintained was 50 mL/ min for 8 hrs 

each day (80 days). Also, the moisture was maintained at 60±10% using 

autoclaved water. The temperature of the reactors was maintained at 
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32±3 °C and the compost was turned weekly to maintain aerobic 

conditions. 

5.2.3 Microbial culture  

As explained earlier in chapter 2 sections 2.1 and 2.2 soil and water 

samples were collected and sent to the Chandigarh-based Institute of 

Microbial Technology (IMTECH). Arthrobacter subterraneus (isolate 

no. S2-TSB-17) and Bacillus sonorensis (MTCC no. 12855 isolate no. 

S8-TSB-4) were chosen for this study after preliminary screening of the 

numerous microbial species isolated and identified from sludge. The 

bacteria were also revived as detailed in section 2.2. Microbes were 

revived in TSB at 32±2 °C and 120 rpm in a shaking flask. The bacteria 

were cultivated until their optical density (OD) reached 1.5 OD (1 mL = 

1012 cells/mL). Following that, 10 mL of microbial suspension was used 

to seed reactors 2 to 9. A consortium of microbes under study was 

employed in reactors 10–12, which was generated using 10 mL broth of 

each species. As indicated in table 5.2, many combinations with variable 

compositions of contaminated sludge, cow dung, and garden waste were 

made with both bacteria. The dry weight of all composting ingredients 

was calculated. For 80 days, the entire experiment was carried out under 

aerobic conditions. 

5.2.4 Analysis  

The HPLC analysis of RDX and HMX was done as mentioned in section 

2.5. Mass spectroscopic analysis (microTOF-Q, Bruker Daltonics, 

Billerica, Massachusetts, USA) was done (Section 2.5.2) to identify 

metabolites formed during RDX and HMX degradation. The analysis 

was done using positive electron spray ionization (+ve ESI). C-18 

column was used to separate RDX and HMX degradation products. The 

mobile phase was 0.1% formic acid, 50% acetonitrile, and 49.9% triple 

distilled water with a flow rate of 1 mL/min and 5 min run time. 

Nitrite and nitrate analysis was done as mentioned in sections 2.5.4 and 

section 2.4.5 respectively. The absorbance of nitrate and nitrite was 

taken at 220 nm and 540 nm respectively, using a UV-



111 
 

spectrophotometer (PerkinElmer, Model Lambda 650S, USA). Further, 

for the characterization of compost initial and final content of potassium 

and phosphate was estimated. The analysis was done as mentioned in 

section 2.4.8. As the carbon to nitrogen ratio is an important parameter 

that helps in plant growth. The was calculated based upon TKN and 

TOC ratio as mentioned in sections 2.4.6 and 2.4.7. Other parameters 

such as temperature and moisture were measured using a hygrometer 

(Hanna HI9565, US).  

SEM analysis was carried out for the compost samples to observe the 

changes in microbial structure. SEM analysis was performed as 

mentioned in section 2.5.3. In brief, a pinch of the compost sample (0.1 

g) was incubated overnight with 1 mL of 3% glutaraldehyde. Then the 

samples were washed and dehydrated with distilled water and ethanol 

solution (35, 50, 75, 95, and 100%). After dehydration, the sample was 

post fixed with hexamethyldisilazane (HMDS) for 30 min. Using the 

drop cast method the sample was spread on a glass slide, which was 

further coated with gold film using a sputterer. The slides were analyzed 

using SEM (Supra55 Zeiss, Oberkochen, Germany) operated at 10-

12mA (5kV) under a vacuum.  

5. 3 Result and discussion  

5.3.1 Change in physico-chemical properties of compost  

Physico-chemical properties of the actual explosive contaminated 

sludge obtained from manufacturing site are shown in table 5.1. It was 

observed that there was high concentration of HMX (95594.4 ± 2.3 

mg/kg) and RDX (9638.4 ± 5.9 mg/kg) in the sludge. The moisture, 

nitrate, phosphate, potassium and pH of the sludge were 51.13±2.0%, 

6.25±0.1 mg/kg, 29.9±0.4 mg/kg, 22.1±0.4 mg/kg and 3.50±0.02, 

respectively. Table 5.2. shows different combinations of contaminated 

sludge, cow manure and garden waste with both the microbes used in 

the study. 
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Table 5.1 Initial physico-chemical parameters of explosives 

contaminated sludge 

Parameters Explosive contaminated sludge 

pH  3.50 ± 0.02 

E.C  0.5 ± 0.1mS 

Moisture  51.13 ± 2.0 % 

Nitrate  6.25 ± 0.1 mg/kg 

Phosphate 29.9 ± 0.4 mg/ kg 

Potassium 22.1 ± 0.4 mg/kg 

C:N ratio 25.6 ± 3.7 

HMX concentration 95594.4 ± 2.3 mg/kg 

RDX concentration  9638.4 ± 5.9 mg/kg 

 

Different physico-chemical parameters were studied to assess the 

properties of compost, which are given in table 5.3. The initial pH of 

sludge was acidic having a value of 3.5±0.02, whereas after mixing with 

the bulking agents it got increased towards alkalinity with a value from 

6.86 to 8.49 for different combinations. During the process of 

composting, pH got inclined towards neutrality ranging from 6.96 to 

7.23 for all the combinations. The initial phosphate and potassium 

concentration in the compost were in the range of 20.1±0.1 to 27.2±0.1 

mg/kg and 15.2±0.2 to 20.3±0.4 mg/kg, respectively. The phosphate and 

potassium concentrations were decreased on 80th day in each 

combination. Decrease in phosphate and potassium concentration can be 

due to their up-take by microbes for growth and metabolism. The initial 

C:N ratio was in the range from 23.3 to 39.8 for different in-vessel 

reactors. Whereas, at the end of 80 days the final C:N ratio of the 

compost in each combination was in the range of 20.5 to 35.9. The initial 

Total Kjeldahl Nitrogen (TKN) values for different combinations were 

0.7 to 1.3%, which were increased at the end of 80th day from 0.8 to 
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1.5%. Increase in TKN shows the release of nitrogen containing 

compounds into the compost, which are accessible to microbes. 

Table 5.2. Different combinations of explosive sludge, cow dung, 

garden waste, and microbes during the composting process 

In-

vessel 

reactor 

no. 

Sludge 

(%) 

Cow 

manure 

(%) 

Garden 

waste 

(%) 

Microbes 

 

1 100 

(control) 

0 0 No microbes inoculated 

2 10 70 20 Bacillus sonorensis (B.S.) 

3 20 60 20 Bacillus sonorensis (B.S.) 

4 30 50 20 Bacillus sonorensis (B.S.) 

5 50 30 20 Bacillus sonorensis (B.S.) 

6 10 70 20 Arthrobacter subterraneus (A.S) 

7 20 60 20 Arthrobacter subterraneus (A.S) 

8 30 50 20 Arthrobacter subterraneus (A.S) 

9 50 30 20 Arthrobacter subterraneus (A.S) 

10 10 70 20 Arthrobacter subterraneus and 

Bacillus sonorensis (A.S. + B.S.) 

11 20 60 20 Arthrobacter subterraneus and 

Bacillus sonorensis (A.S. + B.S.) 

12 30 50 20 Arthrobacter subterraneus and 

Bacillus sonorensis (A.S. + B.S.) 

 

However, TOC of different reactors increased from 22.8 - 30.7% (initial 

day) to 21.89 - 39.28% (final day). This can be due to the release of 

carbon metabolites during the microbial growth. The whole experiment 

was performed with three replicates 
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Table 5.3. Initial and final physico-chemical characterization of different waste combinations during in-vessel composting (n=3) 

In-

vessel 

Reactor 

no. 

pH Phosphate (mg/kg) Potassium (mg/kg) TKN 

(%) 

TOC 

(%) 

C:N ratio 

Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final 

 

1 3.50±0.02 3.53±0.02 

 

29.9±0.4 12.34±0.2 

 

22.1±0.4 

 

11.34±0.4 

 

0.9±0.1 

 

0.9±0.1 

 

22.8±0.2 21.89±0.1 25.62±3.7 24.63±4.0 

 

2 7.42±0.02 6.96±0.02 

 

21.3±0.4 10.0±0.2 

 

19.8±0.2 

 

15.25±0.4 

 

0.9±0.1 

 

1.3±0.2 

 

30.7±0.2 39.28±0.4 34.51±5.1 30.91±6.3 

 

3 6.86±0.04 7.02±0.02 

 

22.4±0.2 
 

6.77±0.2 

 

17.3±0.4 

 

15.23±0.2 

 

0.7±0.0 

 

1.2±0.1 

 

27.9±0.1 38.94±0.2 39.85±0.2 32.66±3.6 

 

4 7.30±0.02 7.15±0.01 

 

25.7±0.5 
 

7.43±0.1 

 

16.9±0.4 

 

11.67±0.2 

 

0.8±0.1 

 

1.2±0.2 

 

27.8±0.2 25.40±0.5 35.26±5.8 21.82±5.6 

 

5 7.43±0.04 

 

7.10±0.02 

 

26.2±0.2 
 

3.55±0.4 

 

16.2±0.1 

 

13.27±0.2 

 

0.7±0.1 

 

0.8±0.0 

 

25.5±0.1 28.73±0.5 37.16±7.3 35.91±0.7 

 

6 7.26±0.04 7.08±0.01 

 

22.9±0.4 
 

8.45±0.2 

 

18.5±0.2 

 

9.35±0.1 

 

1.2±0.2 

 

1.5±0.1 

 

27.3±0.4 31.33±0.4 23.35±5.1 20.96±1.6 

 

7 7.52±0.02 7.11±0.02 

 

23.6±0.1 9.27±0.1 

 

17.9±0.4 

 

15.22±0.1 

 

0.9±0.1 

 

1.2±0.2 

 

25.9±0.1 30.52±0.5 29.12±4.4 26.10±5.6 

 

8 7.39±0.02 7.23±0.02 

 

25.5±0.2 10.59±0.1 

 

17.1±0.1 

 

12.34±0.4 

 

0.8±0.1 

 

1.3±0.2 

 

26.4±0.1 37.27±0.8 33.50±5.7 29.29±5.7 

 

9 7.62±0.04 

 

7.07±0.01 

 

27.2±0.1 10.19±0.2 

 

15.2±0.2 

 

10.56±0.2 

 

0.8±0.1 

 

0.9±0.1 

 

24.7±0.4 24.09±0.4 31.31±5.0 27.13±4.7 

 

10 7.60±0.02 7.12±0.02 

 

20.1±0.1 
 

8.96±0.2 

 

20.3±0.4 

 

8.97±0.4 

 

1.3±0.2 

 

1.5±0.1 

 

30.4±0.4 30.69±0.5 23.91±3.4 20.53±1.5 

 

11 8.49±0.04 7.08±0.04 

 

24.2±0.2 
 

9.06±0.4 

 

18.6±0.2 

 

16.34±0.1 

 

0.9±0.1 

 

1.3±0.1 

 

28.1±0.2 35.54±0.1 31.58±4.6 27.50±3.1 

 

12 8.14±0.02 7.01±0.01 

 

25.9±0.1 11.22±0.1 

 

15.2±0.2 

 

15.23±0.1 

 

0.8±0.1 

 

1.1±0.1 

 

27.3±0.2 33.49±0.7 34.63±5.7 30.74±4.5 



115 
 

5.3.2 Degradation of HMX and RDX during in-vessel composting 

Degradation pattern of HMX and RDX during the in-vessel composting 

of sludge over a time period of 80 days is given in Figure 5.3 and 5.5, 

respectively. 

5.3.2.1 Degradation of HMX 

Figure 5.3 revealed that with the increase in time, there was significant 

reduction in HMX concentration for each composting reactor as 

compared to the control. However, in each reactor the rate of 

degradation with time was different. The reactors inoculated with 

Bacillus sonorensis (reactor 2-5) showed that with increase of sludge 

concentration, there was decrease in HMX removal efficiency. The 

degradation on 80th day in reactors 2, 3, 4 and 5 were 78.5±0.12%, 

62.01±0.08%, 59.9±0.06% and 49.6±0.06%, respectively. However, for 

reactor 6 to 9 which were inoculated with Arthrobacter subterraneus the 

maximum degradation observed was 74.7±0.17% in reactor no. 7 with 

20% explosive sludge and 80% bulking agents. Further, the reactors 

inoculated with consortium of microbes (reactor 10, 11 and 12) showed 

low HMX degradation values (62.7±0.03, 63.8±0.14 and 56.1±0.23%, 

respectively) on 80th day. This may be due to the fact that the microbes 

did not interacted positively with each other to remove significant 

amount of HMX in the compost. Maximum HMX degradation 

(78.5±0.12%) was observed with Bacillus sonorensis (isolate no. S8-

TSB-4) in combination having 10% sludge, 70% cow manure and 20% 

garden waste in reactor no. 2. It was followed by 74.7±0.17% HMX 

reduction with microbe, Arthrobacter subterraneus (isolate no. S2-TSB-

17) with combination of 20% sludge, 60% cow manure and 20% garden 

waste in reactor no. 7. The minimum degradation observed was 

48.5±0.37% with isolate no. S2-TSB-17 having 10% sludge, 70% cow 

manure and 20% grass cuttings in reactor no. 6, which was approx. 37% 

lesser than the maximum degradation. In other composters, degradation 

was in the range of 48.5 to 78.5%. HMX removal was higher at lower 



116 
 

sludge concentration which may be due to lower toxicity at lower 

concentrations 

 However, as the microbe, Bacillus sonorensis performs better at lower 

HMX concentration (10% sludge), Arthrobacter subterraneus works 

better at 20 and 30% sludge concentration. Further for the consortium of 

microbes, the degradation at 10 and 20% sludge concentrations were 

significant as compared to 30% sludge. Earlier studies shows that cyclic 

ring of nitramines (HMX & RDX) is less stable in nature and got 

breakdown in other intermediate products by different mechanisms. 

Single nitrite ion (NO2
-) elimination is one of the routes. The reduction 

in concentration of RDX and HMX was observed with formation of 

nitrite ions. During in-vessel composting, microbes utilized nitrogen and 

carbon present in the explosive sludge as a source of nutrition for their 

growth. The nitro-reductase enzymes are known to break complex ring 

structure into simpler secondary metabolites before complete 

mineralization.  

 

Figure 5.2 Degradation of HMX in different combinations of 

contaminated sludge. The asterisk sign shows a significant level of the 

p-value (*** indicates p-value ≤ 0.0005 and ** indicates p-value ≤ 

0.005 on the 80th day). 
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It was observed that the degradation of HMX/RDX and microbial 

growth for individual microbes at 50% sludge concentrations were very 

low may be due to more toxicity at higher concentration. Williams et al. 

(1992) performed the composting of soil contaminated with explosives 

under thermophilic and mesophilic conditions. They observed that the 

RDX and HMX were decreased below the detection level from the initial 

concentration, 17900 mg/kg and 2390 mg/kg in the compost in 153 days 

with the help of indigenous microbes present in the compost [22]. US 

Army Environmental Center (1993), has done windrow composting of 

explosive contaminated soil under aerated conditions and observed 

76.6% removal of HMX from the initial concentration (199.5 mg/kg) 

[23]. Authors obtained similar results during the study. Further, there 

was negligible degradation of 2.8% in HMX concentration in control 

which may be due to photolysis of the contaminants. It also showed that 

the microbes played an important role in degradation of contaminants 

during the study. ANOVA (single factor) was performed to check the 

significance of degradation efficiency between reactors on 80th day. The 

ANOVA was performed between different reactors and the reactor 

having least degradation (reactor 6). A p-value less than 0.0001 was 

observed for reactor 2, 3, 4, 7, 8, 10 and 11 and a p-value less than 0.01 

was observed for reactor 9 and 12 indicating significant degradation of 

HMX in these reactors. The combination with maximum degradation 

was further evaluated for half-life of HMX during the composting 

process. Pseudo first order kinetic model was applied which is 

represented in Eq. (1). 

ln A = - kt + ln A0      (1) 

Where, A is concentration after incubation, A0 is the initial 

concentration of HMX, t1/2 is the time for 50% HMX degradation and k 

is the degradation rate. The observed rate of degradation (k) and half-

life (t1/2=0.693/K) of the selected combination was 0.0223 day-1 and 31 

days, respectively with the correlation coefficient (R2) of 0.99 (figure 

5.4). The high half-life of HMX shows, it is recalcitrant in nature. Garg 
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et al. (1991) have done a sludge composting study and found that the 

half-life of HMX was nearly 42 days [12]. 

 

Figure 5.3 The degradation kinetics for HMX degradation in reactor 

no. 2 

5.3.2.2 Degradation of RDX 

RDX was present in the sludge as a co-contaminant of HMX and its 

degradation was also evaluated during the composting process as shown 

in figure 5.5. It was observed that both microbes were well adapted to 

utilize RDX during composting process. The reactor number 2, 3, 4 and 

5 inoculated with Bacillus sonorensis showed a degradation of 

77.36±0.95%, 81.09±1.02%, 80.60±0.79% and 56±0.17%, respectively 

at a concentration of 10, 20, 30 and 50% sludge concentration. 

Maximum degradation achieved with Bacillus sonorensis was 

81.09±1.02%, in reactor number 3 with 20% explosive sludge 

concentration. Similarly, the reactor number 6, 7, 8 and 9 seeded with 

Arthrobacter subterraneus showed a maximum degradation of 81.96 ± 

0.77% in reactor no. 8 which was 54.56% higher than the minimum 

degradation in reactor no. 9. The maximum reduction observed in RDX 

concentration was 91.2±0.80% in reactor no. 11 having 20% sludge, 

60% cow manure, 20% garden waste in presence of both the microbes. 

The presence of both microbes has positive impact on the removal of 
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RDX. During RDX degradation, both the microbes performed very well 

at 10, 20 and 30% sludge concentration whereas, 50% sludge 

concentration tends to decrease the degradation efficiency, which can be 

due to high toxic effect of RDX on microbes. The degradation achieved 

was more with RDX in comparison with HMX. It may be due to the high 

concentration of HMX in contaminated sludge. The concentration of 

HMX was nearly 9-10 times higher as compared to the RDX 

concentration in explosive sludge (Table 5.1). It is well proven that 

quantity and concentration of the contaminant plays an important role in 

microbial degradation. So RDX degradation observed was more as 

compared to HMX.  

. 

Figure 5.4 RDX degradation in different combinations of contaminated 

sludge. The asterisk sign shows a significant level of the p-value (*** 

indicates p-value ≤ 0.0005 and ** indicates p-value ≤ 0.005 on the 80th 

day).  

Apart from this, based on the equation 1, half-life for RDX degradation 

was calculated for the combination having maximum degradation. The 

rate constant (k) for the RDX in the combination having 20% sludge, 

60% cow manure, 20% garden waste with both the microbes was found 
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0.0327 day-1 with a half-life (t1/2) of 21 days with the correlation 

coefficient of 0.95 figure 5.6. Further, negligible degradation of 4.3% 

RDX was observed in control which showed that the indigenous 

microbes present in the sludge were unable to uptake and mineralize the 

RDX and were not effective. ANOVA single factor was performed and 

significant RDX degradation was achieved for reactor no. 2, 3, 4, 5, 6, 

8, 10, 11 and 12 with a p-value of less than 0.0001 and reactor no. 7 with 

a p-value less than 0.01.  

 

Figure 5.5 The degradation kinetics for RDX degradation in reactor no. 

11 

The findings of the work were in line with the previous studies done by 

the US Army Environmental division in 1993, where windrow 

composting of soil contaminated with explosives was carried out. Also, 

Griest et al. (1991) studied static pile composting for the explosive 

contaminated soil and found up to 97% reduction in the RDX 

concentrations [24].  Similar degradation efficiency was observed for 

Pseudomonas fluorescens, Rhodococcus sp., Gordonia sp. and 

Willamsia sp. during the RDX degradation in soil [25,26]. 

Some intermediate products peaks were also observed while 

quantifying the concentration of remaining explosives using HPLC. The 

samples showing those peaks were chosen and subjected to mass 
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spectroscopic analysis using LC-MS/MS to elucidate the HMX 

degradation intermediates formed during in-vessel composting of 

explosive sludge due to cleavage of HMX and RDX ring.  Under the 

Positive electron spray ionization (ESI) mode, the presence of 

intermediate molecular ions were identified having the major 

[M+H]+ peaks at ~ 205.09 Da and 177.04 Da m/z ratio (Figure 5.7). 

Different molecular ion fragments identified, indicate the presence of 

two different intermediate products which were 

Bis(hydroxymethyl)nitramine (C₂N₆H₈O₃, M+nCH3CN) [27] and 

Methylene dinitramine (CH₄N₄O₄, M+nCH3CN)[28] having m/z 205.09 

and 177.04, respectively. The microbes may utilized HMX and RDX as 

a source of nitrogen during their growth and metabolic activities. With 

the help of nitro-reductase enzyme microbes tends to break the HMX 

ring structure into nitroso-derivatives of HMX, 

Bis(hydroxymethyl)nitramine, CO2, nitrous oxide, formaldehyde, 

nitrate and nitrite [27–29]. The sequential hydroxylation and de-

nitration of the ring may lead to the breakdown of HMX ring structure. 

 

Figure 5.6 Mass spectrometric analysis of HMX degradation samples 

of reactor 2 on 50th day. 
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The Scanning Electron Microscope (SEM) imaging of the 

microbes was carried out at high magnification and the attachment and 

presence of microbes with substrate was confirmed (figure 5.8). SEM 

image of isolate S2-TSB-17 and isolate no. S8-TSB-4) with explosive 

treatment and without explosive treatment (figure 5.8) also illustrated 

the isolates to be rod-shaped cells and affirmed that there was no 

deformation in their shape in presence of explosives. Both the microbes 

were not adversely affected by the toxic environment of HMX and RDX. 

Good growth of both microbes showed that they could easily tolerate 

high concentration of both the contaminants during the composting 

process and were able to maintain their originality at the same time. 

 

Figure 5.7 Scanning electron micrograph of microbes, Arthrobacter 

subterraneus (isolate no. S2-TSB-17) with (A.1) and without treatment 

(A.2) and Bacillus sonorensis (isolate no. S8-TSB-4) with (B.1) and 

without treatment (B.2) on 10th day in reactor 2 and 6, respectively 

 

 

A.1 
B.1 

B.2 
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5.3.3. Release of nitrite and nitrate during the composting 

Nitrite is the by-product of HMX and RDX degradation. So, nitrite and 

nitrates were estimated to understand the degradation mechanism of 

contaminants. The changes in concentration of nitrite and nitrate were 

also observed during the in-vessel composting of explosive sludge over 

80 days’ time period which is mentioned in figure 5.9 and figure 5.10 

respectively. During the composting of sludge, the concentration of 

nitrite increased till 50th day and after that a decrease was observed. The 

increasing nitrite concentration can be co-related with the degradation 

of RDX and HMX during the composting process. However, further 

decrease in nitrite concentration may be due to uptake by microbes or 

conversion into nitrate. It is due to the fact that nitrite ions are less stable 

under aerobic conditions and readily get converted into nitrate. The 

maximum nitrite release observed was 24.02±0.05 mg/L in reactor no. 

11 with Bacillus sonorensis and Arthrobacter subterraneus having 20% 

sludge concentration on 50th day. This was followed by reactor no. 10 

having 10% sludge with Bacillus sonorensis and Arthrobacter 

subterraneus, and reactor no. 3 with 20% sludge having Bacillus 

sonorensis on 50th day i.e., 20.48±0.07 mg/L and 20.41±0.05 mg/L, 

respectively. 

The change in nitrate concentration observed during the composting 

process is shown in figure 5.10. Bacillus sonorensis in reactor no. 2 with 

10% sludge, 70% cow manure and 20% grass cuttings, showed 

accumulation of nitrate ions till 80th day and maximum nitrate 

concentration was 30.65±0.9 mg/L on 70th day. Whereas, in other 

combinations the nitrate concentration increased till 40 to 50 days and 

then it started to decline. As from the earlier work it has already been 

established that during RDX and HMX degradation, there is a release of 

nitrite and nitrate ions [30–32], ANOVA showed significant p-values 

for the reactors having maximum nitrite (reactor 11) and nitrate (reactor 

2) released on 50th and 70th day. 
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Figure 5.8 Release of nitrite during the RDX and HMX degradation in 

different combinations of contaminated sludge. The asterisk sign shows 

the significance level of the p-value (*** indicates p-value ≤ 0.0005 and 

** indicates p-value ≤ 0.005 and NS indicates non-significant values on 

the 50th day).  

The ring cleavage of HMX and RDX follows two different steps which 

involves de-nitration and hydrolytic cleavage. It has been found that 

during the degradation of mono-nitroso derivatives of the explosives, 

nitrite and nitrate are released [29,33]. 
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Figure 5.9 Release of nitrate during the RDX and HMX degradation in 

different combinations of contaminated sludge. The asterisk sign 

shows the significance level of the p-value (*** indicates p-value ≤ 

0.0005 and ** indicates p-value ≤ 0.005 and NS indicates non-

significant values on the 50th day). 

5.4 Conclusions 

The explosive contaminated sludge was obtained from an HMX 

production facility in North India for this study. In this sludge, there 

were high levels of HMX and RDX residues. Microbes Arthrobacter 

subterraneus (isolate no. S2-TSB-17) and Bacillus sonorensis (isolate 

number. S8-TSB-4) were isolated from the same contaminated location 

and used in an 80-day experiment under aerobic conditions to 

degradeHMX and RDX contaminated sludge through In-vessel 

composting. In reactor no. 2, Bacillus sonorensis with 10% sludge, 70% 

cow dung, and 20% garden waste showed the maximum (78.5%) HMX 

degradation. Further, RDX breakdown was found highest (91.2 %) in 

reactor no. 11 seeded with a consortium of microorganisms consisting 
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of 20% sludge, 60% cow manure, and 20% garden waste. In the 

combinations with the highest degradations, the half-lives of HMX and 

RDX were found to be 33 days (k = 0.223day-1) and 21 days (k = 

0.0327day-1), respectively. In the treatment of explosive contaminated 

sludge, one-way ANOVA revealed that in-vessel composting is efficient 

in removing RDX and HMX. Bis(hydroxymethyl)nitramine and 

methylene dinitramine were discovered to be the HMX degradation 

intermediate products during degradation. Analyzing the release of 

nitrite and nitrate during the composting process confirmed the HMX 

and RDX breakdown. According to the findings, both indigenous 

bacteria have potential to degrade and compost RDX and HMX polluted 

sludge and can be efficiently used for this purpose.  Also, this is the first 

study on use of these bacteria for an in-vessel composting investigation 

of explosive contaminated sludge. This research could be expanded to 

include a pilot-scale composting procedure for decontaminating sludge 

in real-world contaminated areas. Furthermore, the precise mechanism 

and metabolic pathway for RDX and HMX aerobic degradation have to 

be thoroughly investigated.  

Objective 1, 2, and 3 concludes that the native microbes [Bacillus 

toyonensis (isolate No. WS4-TSB-3, MTCC No. 12857), Paenibacillus 

dendritiformis (isolate No. S10-TSA-3, MTCC No. 12859) 

Arthrobacter subterraneus (MTCC No. 12883, isolate no. S2-TSB-17) 

and Bacillus sonorensis (MTCC no. 12855 isolate no. S8-TSB-4)] have 

high RDX and HMX removal efficiencies. They can tolerate high 

explosives concentrations which do not have any toxic effect on them. 

Further during the degradation of RDX and HMX, nitrite, nitrate, and 

many intermediate degradation products were released as primary by-

products, which suggests structural breakdown of both the compounds 
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Chapter 6 

Conclusions and scope for the future work 

The nitrogen-containing energetic compounds such as hexahydro-

1,3,5-trinitro-1,3,5-triazine (RDX) and octahydro-1,3,5,7-tetranitro-

1,3,5,7-tetrazocine (HMX), are mainly used for military purposes. Both 

are manufactured by the modified Bachmann process through nitration 

of hexamine. Since HMX is a higher analog of RDX, so RDX is always 

present as an impurity during the manufacture of HMX. A significant 

amount of wastewater is produced during the production of these 

substances, which contains RDX and HMX residues. Both RDX and 

HMX have a negative impact on the environment and humans, there is 

a need to remediate the contaminated sites. Nowadays, the microbial 

remediation method has gained much attention due to its eco-friendly 

and cost-effective nature. Various microbes have been applied to treat 

RDX and HMX contamination. However, the potential of native 

microbes to remediate HMX and RDX is yet to be explored.  

In the present work, as explained two native microbes isolated from an 

HMX manufacturing contaminated site have been explored to treat 

HMX and RDX contamination under different conditions.  In Chapter 

3 the RDX degradation has been studied using the Paenibacillus 

dendritiformis (isolate No. S10-TSA-3, MTCC No. 12859) and 

Bacillus toyonenesis (isolate No. WS4-TSB-3, MTCC No. 12857). 

Further, As HMX is also present as a co-contaminant during RDX 

contamination, the degradation of HMX with Bacillus toyonensis has 

been explored in Chapter 4. As it was observed that microbes isolated 

from the polluted sites were capable of decomposing RDX and HMX 

in the aqueous phase.  So, it is also crucial to look into the breakdown 

of RDX and HMX in soil/sludge. Therefore, in Chapter 5 the objective 

was to clean up RDX and HMX-affected actual soil sludge that had 

been obtained from the same polluted site. 
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 Chapter 3:  Biodegradation of RDX and possible pathway 

exploration 

In this study, RDX degradation was observed using Bacillus toyonensis 

and Paenibacillus dendritiformis. It was observed that both the 

microbes have high RDX removal efficiency under aerobic conditions. 

The maximum degradation observed was 81% and 84% with Bacillus 

toyonensis and Paenibacillus dendritiformis respectively at the end of 

15th day. High degradation efficiency for both the microbes shows that 

both the microbes have a high potential to reduce RDX contamination.  

The RDX degradation process was optimized using the response 

surface methodology with process variables RDX initial concentration 

(20-60 mg/L), inoculum volume (2-6%), and degradation time (5-15 

days). It was observed that inoculum volume and degradation time 

have a positive impact on the degradation of RDX for both microbial 

species. However, with Bacillus toyonensis, an increase in the initial 

concentration of RDX leads to decreased degradation efficiency. The 

ANOVA for the degradation of RDX shows significant p-value (0.0002 

& 0.0003), F-value (23.64 & 21.6), R2 value (0.9 & 0.9), respectively 

for Bacillus toyonensis and Paenibacillus dendritiformis. 

The metabolites formed during the RDX degradation were observed. 

Different peaks were observed which corresponds to the Hexahydro-1-

nitroso,3,5-dinitroso-1,3,5-triazine (MNX, C3H6N6O5, M+NH4, mol. 

wt. 224.07 Da), Hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX, 

C3H6N4, M+NH4, mol. Wt. 191.05 Da), Bis(hydroxymethyl)nitramine 

(C2H6N2O4, M+NH4, mol. wt. 140.66 Da) and 4-Nitro-2,4-

diazabutanal (C2H5N3O3, M+Na+K-H, mol. wt. 179.97 Da) 

respectively. Based on the identified peaks the degradation pathway 

was proposed. However, review of literature shows that all known 

metabolites are destined to be mineralized into simpler forms (i.e., CO2, 

methanol, nitrous oxide, formaldehyde, etc.). According to the study's 

findings, the ability to degrade RDX was demonstrated by both 

Bacillus toyonensis and Paenibacillus dendritiformis.  
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Chapter 4: Process development for the biodegradation of HMX 

using response surface methodology  

The degradation of HMX was optimized with the native microbial 

species i.e., Bacillus toyonenesis isolated from the actual contaminated 

site. It was observed that Bacillus toyonenesis has the high potential to 

efficiently remove HMX from contaminated sites. The highest removal 

of HMX (87%) was observed at 2 mg/L initial HMX concentration. It 

was followed by 79% and 74% at 6 and 4 mg/L HMX concentration 

respectively. The degradation process was optimized using response 

surface methodology (RSM) with variables such as initial HMX 

concentration (2-6 mg/L), inoculum volume (2-6 %), and degradation 

time (5-15 days). It was observed that with an increase in inoculum size 

there was an increase in the HMX degradation. At the end of 15th day, 

degradation at 4 mg/L HMX concentration was 65% and 79% at 2 and 

6 % inoculum volume, respectively. Similarly, an increase in 

degradation time has a positive impact on HMX degradation. With 4 

mg/L concentration and 6 % volume of microbial suspension, 

degradation of 58 and 79 % was achieved on 5th and 15th days, 

respectively. However, the microbes have high degradation efficiency 

at lower concentrations of HMX. The experimental data obtained were 

subjected to analysis of variance (ANOVA) and significant p-value 

(<0.0001), R2 value (0.9878), and F-value (62.97) were obtained for 

the model. Also, the dispersion of data between experimentally 

obtained values and model predicted values were observed in actual 

versus predicted graphs obtained from the RSM model. The model's 

small standard deviation (1.65) explains the association between 

multiple factors and responses. This shows that the model obtained for 

each response can be utilized to optimize the degradation process and 

product release. Bacillus toyonensis, which was isolated from an actual 

HMX-contaminated location, appears to be a viable candidate for 

HMX degradation 
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Thus Chapters 3 and 4 conclude that contaminants like RDX and HMX 

can be broken down in the aqueous phase by the microorganisms found 

at the contaminated sites. In addition, the RDX and HMX breakdown 

in soil was the next target. So, the study's next objective was to 

remediate soil sludge that was contaminated with both RDX and HMX. 

 

Chapter 5: Bioreactor studies: Upscaled composting of actual 

RDX and HMX contaminated sludge  

In this study, HMX and RDX contaminated sludge collected from the 

HMX manufacturing facility, in North India was subjected to microbial 

degradation. The in-vessel composting of HMX and RDX 

contaminated sludge was carried out using native microbial species i.e., 

Arthrobacter subterraneus and Bacillus sonorensis. The composting 

was performed under controlled conditions (moisture, temperature, 

airflow, etc.) for 80 days in the laboratory. It was observed that 

maximum HMX degradation (78%) was with Bacillus sonorensis 

having 10% sludge, 70% cow manure, and 20% garden waste in reactor 

no. 2. Furthermore, RDX breakdown was highest (91%) in reactor 

seeded with a consortium of microorganisms and 20% sludge, 60% 

cow manure, and 20% garden waste. In the combinations with the 

highest degradations (reactor 2 and 11), the half-lives of HMX and 

RDX were found to be 33 days (k = 0.223 day-1) and 21 days (k = 

0.0327 day-1), respectively. Also, One-way ANOVA results showed 

that the in-vessel composting process produced substantial outcomes 

in the treatment of explosive polluted sludge. HMX degradation 

intermediate compounds were found to be 

bis(hydroxymethyl)nitramine and methylene dinitramine. The 

breakdown of HMX and RDX was also confirmed by analyzing the 

release of nitrite and nitrate during the composting process. The 

findings showed that RDX and HMX-polluted sludge can be 

successfully digested by the native bacteria i.e., Arthrobacter 

subterraneus and Bacillus sonorensis. Additionally, this is the first 
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time these bacteria have been utilized through in-vessel composting 

study for the decomposition of HMX and RDX contaminated sludge. 

Overall conclusions: 

In this thesis, response surface methodology was used to optimize the 

variable process parameters for the degradation of HMX and RDX in 

the aqueous phase by an indigenously isolated bacterial strains Bacillus 

toyonensis and Paenibacillus dendritiformis from a real HMX-

contaminated location in North India. The current investigation 

reported a positive association between different initial HMX and RDX 

concentrations, microbial inoculum size, and degradation time. High 

HMX and RDX degradation were observed during the study. The 

experimental data's predictability was further supported by the high 

regression coefficient values. Estimated concentrations of nitrite and 

nitrate during the experiments showed that HMX and RDX are being 

broken down and degraded during the process. Further, Hexahydro-

1,3-dinitroso-5-nitro-1,3,5-triazine (DNX), 4-nitro-2,4-diazabutanal, 

Bis(hydroxymethyl)nitramine, and nitrite were found to be 

intermediate products during the breakdown of RDX. The results of the 

study indicate that both microorganisms may be able to break down 

RDX in an aqueous environment and may be employed to accelerate 

RDX breakdown on explosive-contaminated sites. 

In continuation Arthrobacter subterraneus and Bacillus 

sonorensis were used to remediate highly contaminated sludge that 

contained HMX and RDX. The explosive-contaminated sludge was 

composted inside the bioreactor, using garden waste and cow manure 

as bulking agents. It was observed that both RDX and HMX were 

reduced significantly on the 80th day. During the degradation of HMX, 

two secondary metabolites i.e., bis(hydroxymethyl)nitramine and 

methylene dinitramine were found. It was also observed that significant 

amount of nitrate and nitrite ion were released during the study. Also, 

no structural changes/deformities were reported in the microbial cells 

as a result of contamination stress in SEM studies. 
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Future Prospects 

The composting process has shown a positive response towards the 

degradation of RDX and HMX in sludge with isolated microbes. In-

vessel composting assisted with native bacterial species can be a 

potential, economical & green technology for the treatment of 

explosive contaminated sludge at the contaminated sites. Some of the 

important aspects are also yet to be explored such as the formation of 

different metabolites, the role of microbial enzymes, explosive 

degrading genes, the effect of compost composition, etc. Also, the 

effective microbial formulations using indigenous microbes are yet to 

be tested. The degradation mechanisms need a detailed and in-depth 

understanding for enhancing the rate of microbial degradation process 

under aerobic conditions. Further, large-scale bioreactor systems can 

be a possible solution to treat a large amount of wastewater generated 

at the manufacturing site. Pilot-scale biological treatment plants are 

needed to be optimized according to the amount of waste generated at 

the contaminated sites. The pilot scale in-situ biological treatment of 

explosive contamination can be a cost-efficient and eco-friendly 

approach.  
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Abstract: Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) a nitramine explosive, which has contam-
inated various military sites during its use, storage and manufacturing worldwide. As RDX is a
recalcitrant, less soluble and toxic to human beings and other organisms, it is essential to remediate
the contaminated sites. In the current investigation, authors have explored the potential of two indige-
nous microbes i.e., Bacillus toyonensis (isolate No. WS4-TSB-3, MTCC No. 12857) and Paenibacillus den-
dritiformis (isolate No. S10-TSA-3, MTCC No. 12859) isolated from an explosive manufacturing facility
in north India, for the degradation of RDX in aqueous medium. Furthermore, RDX degradation has
been optimized using response surface methodology (RSM) in a 15 days experiment at concentration
of 20, 40, and 60 mg/L. It was found that various factors such as initial concentration of RDX, inocu-
lum volume (2, 4 and 6%) and time (5, 10 and 15 days) had impact on transformation and degradation
of contaminant. Samples were analyzed using high performance liquid chromatography (HPLC)
and intermediate products were identified using LC-MS/MS. Maximum RDX removal of 81.6 ± 1.3
and 84.7 ± 0.9% for Bacillus toyonensis (isolate No. WS4-TSB-3) and Paenibacillus dendritiformis (isolate
No. S10-TSA-3), respectively, was observed on 15th day at 40 mg/L initial concentration. During
the degradation Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), Hexahydro-1,3-dinitroso-5-
nitro-1,3,5-triazine (DNX), 4-Nitro-2,4-diazabutanal, Bis(hydroxymethyl)nitramine and nitrite were
identified as intermediate products. The findings of the investigation suggest that both the microbes
have the potential to degrade RDX in the aqueous medium and can be used for up-scaling the
degradation of RDX on explosive contaminated sites.

Keywords: RDX; degradation; Bacillus toyonensis; Paenibacillus dendritiformis; response surface
methodology; contamination

1. Introduction

Explosives are nitrogen-based energetic compounds, which have high potential energy.
Royal Demolition Explosive (RDX), or hexahydro-1,3,5-trinitro-1,3,5-triazine, belongs to
this category and is generally used for military purposes. Military activities including
manufacturing, testing, training, demilitarization, open burning, and waste discharge have
resulted in extensive contamination of soil and groundwater of surroundings [1,2]. Fur-
thermore, it is already studied that RDX has a relatively stable ring structure and electron
withdrawing nitro groups makes it less susceptible to degradation in nature [3]. Due to
low soil adsorption coefficient of RDX, there is high possibility that it may contaminate
ground water near the military bases, testing facilities, and war zones [1,4]. As, RDX is
comparatively mobile in the soil and has low rates of degradation in soil, it presents distinct
problems for bioremediation [5]. RDX is also known to be water soluble 60 mg/L at 25 ◦C,
and therefore, it may get mixed into groundwater aquifers and can travel to distant places,
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which may affect environment and human health. USEPA has suggested a lifetime dinking
standard for RDX as 2 µg/L [6].

Earlier studies have shown that, RDX is a toxic material, and, according to USEPA, it is
classified as group ‘C’ human carcinogen [7]. Its exposure may cause seizures, convulsion,
nausea, vomiting, etc. [8–10]. It can affect the nervous system and damage the liver. RDX
can readily cross the blood-brain barrier, alter the expression of multiple brain genes, and
evoke pronounced seizure-like responses in a wide range of species [11–14]. Thus, the
remediation of RDX contaminated sites is important for the protection of human health and
ecosystems. The conventional approaches for the remediation of RDX are thermal decompo-
sition [15,16], photolysis [17], and treatment with catalyst [18]. The Conventional methods
are not cost effective as they require sophisticated instrumentation and also generate other
by-products, such as ash, which is difficult to get rid of. The other method, which is gaining
much more attention these days, is microbial remediation. It is eco-friendly, cost-efficient,
and much easier to implement and perform. The degradation of RDX has already been
reported with many microbes. Klebsiella pneumonia, isolated from anaerobic sludge, can
break down RDX chains into methanol, CO2, formaldehyde, and nitrous oxide through the
formation of intermediate such as methylene di-nitramine [19]. Phanerochaete chrysosporium
is known to aerobically degrade RDX and produce 4-Nitro-2,4-diazabutanal (NDAB) as
an intermediate product, which can be completely mineralized into CO2 and N2O [20,21].
Clostridium bifermentans can aerobically degrade RDX into formaldehyde, methanol and
CO2 through the formation of intermediate products Hexahydro-1-nitroso-3,5-dinitro-1,3,5-
triazine (MNX) and Hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX) [22]. Although
many studies have been performed to understand the RDX degradation pathway, the
majority of them have focused on its anaerobic degradation. So, in this investigation,
authors have tried to study the aerobic degradation of RDX and optimize the parameters,
which can influence the process of degradation. Optimization of the process was done
by response surface methodology (RSM), which uses lower order polynomial equation to
predict a model based on the interaction of different variables during the process [23–26].
Some earlier researchers have also used RSM to optimize the dye and explosive/pollutants
removal from the medium [27–30].

So, this study was planned with the major objective to explore the RDX degrading
potential of microbes i.e., Bacillus toyonensis (isolate No. WS4-TSB-3, MTCC No. 12857)
and Paenibacillus dendritiformis (isolate No. S10-TSA-3, MTCC No. 12859) which were
isolated from an actual explosive contaminated site and are unexplored yet for optimization
and degradation study in the RDX. The inter-relationship between the RDX degradation
and independent variables (initial RDX concentration, inoculum volume and time) were
also explored. Mass spectroscopy (LC-MS/MS) was used for RDX degradation analysis,
identification of the metabolites, and understanding of mechanism.

2. Materials and Methods
2.1. Chemicals

RDX was taken from an explosive manufacturing facility in north India with a purity
of greater than 99.9%. High Performance Liquid Chromatography (HPLC) grade solvents
were purchased from Sigma-Aldrich. Other chemicals used were also of analytical grade
and purchased from standard manufacturers.

2.2. Microbial Culture

Microbial cultures were prepared using standard methods. In brief, soil and water
samples were collected as per standard protocols from an actual explosive contaminated
site in north India for isolation of microbes. Microbes were isolated and identified from
samples by Institute of Microbial Technology (IMTECH), Council of Scientific and Industrial
Research, (CSIR), Chandigarh, India and provided in lyophilized form for further research
work. Lyophilized microbes, Bacillus toyonensis (isolate No. WS4-TSB-3, MTCC No. 12857)
and Paenibacillus dendritiformis (isolate No. S10-TSA-3, MTCC No. 12859) were revived
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in tryptic soya broth (TSB) (HIMEDIA, LQ508). Cultures were maintained on slants at a
temperature of 4 ◦C prior to use. Then microbes were sub-cultured for three generations
in minimal salt media (MSM) [31], which was deficient in nitrogen sources to make them
more tolerant and adaptive to RDX stress before culturing into modified MSM containing
RDX. The MSM was spiked with the desired concentration of RDX, prepared in acetonitrile.
After spiking, the solutions were left open for 18 h in a laminar air flow chamber, so that
solvent (acetonitrile)evaporates and does not interfere with media composition [32–34].
The spiked media was then inoculated with the microbes and grown at a temperature
of 32 ± 3 ◦C in orbital shaker at 120 rpm. The experiment was performed in Erlenmeyer
flasks of 250 mL capacity. The total volume of 100 mL was used in each combination, which
consisted of MSM media, contaminant, and microbial culture.

2.3. Experimental Setup

Total 17 combinations were set during the experiment as shown in Table 1 for Bacillus
toyonensis (isolate No. WS4-TSB-3) and Paenibacillus dendritiformis (isolate No. S10-TSA-3)
each. Initial concentration of RDX (20–60 mg/L), time period (5–15 days) and inoculum
volume (2–6%) of each combination are mentioned in Table 1. All these combinations were
designed using DESIGN-EXPERT® VERSION 12 software (Stat-Ease®, Minneapolis, MN,
USA) with RSM. Box Behnken Design (BBD) was used as a second order polynomial model
for designing the experiment and to statistically validate the data. Number of experimental
sets required for BBD was defined by,

N = k (k − 1) + Co (1)

where, ‘Co’ is the central point and ‘k’ is the number of factors. Microbial cultures (3rd gen-
eration) of Bacillus toyonensis (isolate No. WS4-TSB-3) and Paenibacillus dendritiformis (isolate
No. S10-TSA-3) having optical density (OD) 1.2 ± 0.2 corresponding to ≈108 cells/mL were
separately used to inoculate the freshly prepared MSM, spiked with varying concentrations
of RDX. After inoculation as per the combinations given in Table 1, flasks were incubated
in an orbital shaker at a temperature of 32 ± 3 ◦C and a rotation of 120 rpm. The whole
experiment was performed under aerobic conditions. Samples were withdrawn at a fix
interval of time (5 days) to analyze the nitrite, metabolites and reduction in concentration
of RDX. To ensure the aerobic biodegradation conditions in each flask, cotton plugs were
fitted so that air diffusion can take place in and out during the shaking of flasks in orbital
shaker (120 rpm).

Table 1. Different runs for optimization of parameters for RDX degradation.

RDX Concentration
(mg/L)

Inoculation Volume
(%)

Time
(Days)

20 2 10
20 4 5
20 4 15
20 6 10
40 2 5
40 2 15
40 4 10
40 4 10
40 4 10
40 4 10
40 4 10
40 6 5
40 6 15
60 2 10
60 4 5
60 4 15
60 6 10
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2.4. Analysis

Analysis of samples for degradation of RDX was carried out using High Performance
Liquid Chromatography (HPLC) as per standard method USEPA 8330A [34]. In brief,
5 mL of treated sample was withdrawn and mixed with 5 mL acetonitrile. After cen-
trifugation, supernatant was filtered through 0.45 µm Teflon filter. This filtrate was used
for analysis of RDX concentration and fed in HPLC (Flexer, Perkin Elmer, Waltham, MA,
USA) equipped with photo diode array (PDA) detector. C18 reverse phase column (3 µm,
150 mm × 4.6 mm) was used as stationary phase whereas, acetonitrile: water (50:50) mix-
ture was used as mobile phase with a flow rate of 1 mL/min. The mobile phase was
prepared with triple distilled water and acetonitrile. The injection volume was 10 µL.
Retention time and UV-profile of the standard compound were used for the identification
and quantification of peak.

Nitrite in the samples was analyzed by the method described earlier [34]. In brief,
1 mL of sample was collected at regular interval and centrifuged. Supernatant was used
to analyze nitrite concentration. Sample (600 µL) was mixed with 150 µL sulfanilamide.
After incubation of 5 min, 150 µL of N-(1-naphthyl) ethylenediamine dihydrochloride
solution was added and incubated for 20 min at room temperature. Afterwards, 2.1 mL of
distilled water was added and analyzed by taking absorbance at 540 nm on UV–Visible
spectrophotometer (Perkin Elmer, Model Lambda 650S, Waltham, MA, USA).

Mass spectrometric (MS) analyses were performed on microTOF-Q (Bruker Daltonics,
Billerica, Massachusetts, USA) MS system using atmospheric pressure chemical ionization
in the positive ion (ES+) mode. C18 column was used to separate RDX and degradation
products. The flow rate was 1 mL/min for 5 min. The solvent system consisted of
0.1% formic acid, 50% acetonitrile and 49.9% triple distilled water. The obtained peaks
were interpreted based on the metabolites previously reported in the literature and the
system software.

3. Results and Discussion
3.1. Degradation of RDX

Degradation of RDX during the experiment can be observed in Figure 1A,B with
Bacillus toyonensis (isolate No. WS4-TSB-3). The Maximum RDX degradation achieved with
this microbe was 81.7 ± 1.3% with 40 mg/L initial RDX concentration and 6% inoculum
volume on 15th day. This was followed by 78.7 ± 1.1 and 77.01 ± 0.8% RDX degradation
at 20 mg/L and 60 mg/L, respectively with 4% inoculum volume on 15th day. Minimum
degradation was 74.2 ± 0.3% achieved at 40 mg/L initial RDX concentration and 2%
inoculum volume. Figure 1A shows the interactive effect of initial RDX concentration
and time on RDX degradation. It was observed that, with increase in time, there was
increase in RDX removal. However, at higher RDX concentration (60 mg/L) removal
efficiency was much lower, which can be due to toxic effect of RDX on Bacillus toyonensis
(isolate No. WS4-TSB-3). Figure 1B shows the interactive effect of inoculum volume and
RDX concentration on RDX degradation. It was observed that Bacillus toyonensis (isolate
No. WS4-TSB-3) showed increased removal of RDX with increase in inoculum volume.
The whole set of data for RDX degradation with Bacillus toyonensis (isolate No. WS4-TSB-3)
was subjected to two-way analysis of variance (ANOVA) as shown in Table 2. The p-value
(0.0002), F-value (23.6) and R2 (0.9) of the model shows that the data was significant and
best suited for the quadratic model. Figure 2 presents data between actual versus predicted
value, which shows that there was less dispersion of data between experimentally obtained
and predicted values by the model. Low standard deviation (2.2) was observed for the
model, which confirms the suitability of the model. All the parameters were fitted for
second order polynomial equation as follows:

Y = 73.07 + 1.94 A + 0.9663 B + 10.43 C + 1.88 AB − 3.32 AC + 1.07 BC − 2.02 A2 − 4.32 B2 − 2.43 C2 (2)
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Table 2. ANOVA of Quadratic model for percent degradation of RDX with Bacillus toyonensis.

Source Sum of Squares df Mean Square F-Value p-Value

Model 1103.52 9 122.61 23.64 0.0002 Significant
A-RDX concentration 30.11 1 30.11 5.81 0.0468
B-Inoculation volume 7.47 1 7.47 1.44 0.2692

C-Time 870.49 1 870.49 167.83 <0.0001
AB 14.18 1 14.18 2.73 0.1423
AC 44.02 1 44.02 8.49 0.0226
BC 4.62 1 4.62 0.8912 0.3766
A2 17.14 1 17.14 3.30 0.1119
B2 78.58 1 78.58 15.15 0.0060
C2 24.86 1 24.86 4.79 0.0647

Residual 36.31 7 5.19
Lack of Fit 36.31 3 12.10
Pure Error 0.0000 4 0.0000
Cor Total 1139.83 16
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Similarly, in Figure 3A,B a reduction in RDX concentration with time was observed
with Paenibacillus dendritiformis (isolate No. S10-TSA-3). With the increase in inoculum
volume, a increase in degradation of RDX was observed. At the end of 15th day, maximum
(84.7 ± 0.9%) RDX degradation was observed at 40 mg/L initial concentration with 6%
inoculum volume, which was followed by 78.1 ± 1.1% at 20 mg/L concentration and
2% inoculum volume. The maximum degradation achieved was nearly 1.2 times higher
than the minimum degradation (71.7 ± 1.1) observed at 20 mg/L concentration with
4% inoculum volume on 15th day. However, degradation in the control due to abiotic
factors was 0.8% and 1.1% for Bacillus toyonensis (isolate No. WS4-TSB-3) and Paenibacillus
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dendritiformis (isolate No. S10-TSA-3), respectively, which is negligible compared to test
samples. Other researchers observed RDX degradation of more than 80% with other species
of microbes like Planomicrobium flavidum, Rhodococcus strain, Phanerochaete chrysosporium,
Clostridium bifermentans, Paenibacillus aestuarii and Arthrobacter subterraneus [27,35–37].
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Figure 3A shows the 3-D plot for interaction of initial RDX concentration and time
during the RDX degradation. It was observed that with the increase in both the variables,
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there was increase in RDX degradation. Even, increase in initial RDX concentration does
not have negative impact on the degradation efficiency of microbes. This observation
implies that Paenibacillus dendritiformis (isolate No. S10-TSA-3) can survive and performs
better at higher concentration of RDX (60 mg/L) also. Similarly, Figure 3B shows the
effect of inoculum volume on RDX degradation. It was observed that there was higher
degradation of RDX with 6% inoculum volume. To validate the model, two-way ANOVA
was performed, and it was observed that the model was statistically significant (Table 3).
Obtained p-value (0.0003), F-value (21.6) and R2 (0.9) were significant and shows that
the model best suited for quadratic model. Figure 4 shows the difference between actual
and predicted values. It is evident that there was less variation between experimentally
obtained values and values predicted by the model for RDX degradation. All parameters
were fitted for second order polynomial equation as follows:

Y = 63.74 + 2.02 A + 1.99 B + 15.94 C + 0.9850 AB + 0.3925 AC − 0.7525 BC − 5.01 A2 + 7.73 B2 − 3.42 C2 (3)

Table 3. ANOVA of Quadratic model for percent degradation of RDX with Paenibacillus dendritiformis.

Source Sum of Squares df Mean Square F-Value p-Value

Model 2489.85 9 276.65 21.68 0.0003 Significant
A-RDX concentration 32.76 1 32.76 2.57 0.1531
B-Inoculation volume 31.72 1 31.72 2.49 0.1588

C-Time 2032.03 1 2032.03 159.28 <0.0001
AB 3.88 1 3.88 0.3042 0.5984
AC 0.6162 1 0.6162 0.0483 0.8323
BC 2.27 1 2.27 0.1775 0.6861
A2 105.79 1 105.79 8.29 0.0237
B2 251.75 1 251.75 19.73 0.0030
C2 49.25 1 49.25 3.86 0.0902

Residual 89.30 7 12.76
Lack of Fit 89.30 3 29.77
Pure Error 0.0000 4 0.0000
Cor Total 2579.15 16

Similar results for ANOVA were also obtained in earlier studies by other authors.
Mohanty and Jena, (2018) obtained similar results during the optimization of butachlor
remediation with Enterobacter cloacae [38]. Sharma et al. (2021) observed a similar two-way
ANOVA results during the remediation of RDX in aqueous phase with the consortium of
microbes [27].

3.2. Release of Nitrite during RDX Degradation

It is well established that nitrite ions are released during the degradation of RDX. Ring
cleavage of RDX starts with the denitration-hydration step, with the formation of NADB
and formaldehyde resulting into the release of nitrite ion [36,39]. Similar observations
were made during this study. As RDX degraded, there was change in the nitrite concen-
tration in the medium with both the microbes in their respective combinations. Figure 5A
shows the change in nitrite concentration for Bacillus toyonensis (isolate No. WS4-TSB-3)
with respect to RDX concentration and time. Maximum concentration of nitrite release
(0.3 ± 0.01 mg/L) with Bacillus toyonensis was observed on 10th day with 60 mg/L con-
centration and 6% inoculum volume, which was followed by 0.3 ± 0.01 mg/L at 60 mg/L
RDX concentration and 4% inoculum volume. Similarly, Figure 5B shows the nitrite release
during the RDX degradation with Paenibacillus dendritiformis (isolate No. S10-TSA-3). Max-
imum nitrite release was observed on 10th day, which was 0.2 ± 0.01 mg/L at 60 mg/L
RDX concentration and 2% inoculum volume. It was observed, that with an increase in
RDX concentration there was an increase in the release of nitrite. Also, with the degradation
of RDX, there was an increase in nitrite concentration until the 10th day, and afterward,
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it started decreasing. Decrease in the nitrite concentration can be due to its utilization by
microbes or conversion into nitrate [40,41].
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To validate, the data was subjected to two-way ANOVA. For nitrite release it was
observed that microbes, Bacillus toyonensis (isolate No. WS4-TSB-3) and Paenibacillus
dendritiformis (isolate No. S10-TSA-3) has significant p-value (<0.0001 and 0.0009), F-value
(34.5 and 14.9) and R2 (0.9 and 0.9 respectively) which statistically validated the model for
both the microbes (Table 4). Correction total (sum of square) for both the microbes shows
that the model has high reproducibility and less variation around the mean. Statistically
similar results were obtained by Chaudhary et al. (2019) during their optimization of
tannery wastewater remediation with Aspergillus fumigates [42]. Garg et al. (2015) found
similar ANOVA results during the optimization of decolorization of different dyes with
Pseudomonas strain [43].

Table 4. ANOVA of Quadratic model for the release of nitrite during RDX degradation.

Factor Bacillus toyonensis Paenibacillus dendritiformis

p-value <0.0001 0.0009
F-value 34.52 14.88

R2 0.97 0.95
Cor-total 0.0624 0.0236
Std.dev 0.0140 0.0130
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3.3. Degradation Pathway

It is already known that during the microbial degradation process, the cyclic struc-
ture of RDX tends to break into intermediate products. To understand and elucidate the
RDX degradation pathway for both the microbes, mass spectroscopy of the samples was
done at different intervals of time i.e., 5th day and 10th day in the combination having
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highest degradation. Positive ESI (Electron spray ionization) revealed the presence of
different metabolites in the samples. The peaks obtained were at m/z values of 224.07
and 191.05 on 5th day samples and 140.66 and 179.97 on 10th day samples (Figure 6A–D).
To identify the metabolites, molecular weight (m/z ratio) of the obtained peaks were com-
pared with the metabolites reported in earlier studies [37,39,44–47]. The peaks 224.07 and
191.05, were identified as Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX, C3H6N6O5,
M+NH4, mol. wt. 224.07 Da) and Hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX,
C3H6N6O4, M+NH4, mol. wt. 191.05 Da), respectively. The presence of MNX and DNX
during the study suggests that the RDX degradation occurred by single nitrite elimi-
nation pathway in which, the transfer of a single electron to nitramino group leads to
the RDX ring cleavage. Furthermore, on the 10th day, the peaks observed were 140.66
and 179.97 (m/z), which were identified as Bis(hydroxymethyl)nitramine (C2H6N2O4,
M+NH4, mol. wt. 140.66 Da) and 4-Nitro-2,4-diazabutanal (C2H5N3O3, M+Na+K-H,
mol. wt. 179.97 Da) respectively. Subsequent studies have shown that both 4-nitro-2,4-
diazabutanal and Bis(hydoxymethyl)nitramine are the de-nitration ring cleavage products
of RDX. Also, earlier studies have shown that, MNX can be transformed into 4-nitro-
2,4-diazabutanal [48]. Further, Halasz and Hawari (2011) showed that DNX, 4-nitro-2,4-
diazabutanal and Bis(hydoxymethyl)nitramine can undergo further degradation and form
CO2, nitrous oxide, formaldehyde, and ammonia as end products [49]. It was observed
that the metabolites identified for both the microbes were similar. This shows that both the
microbes follow the same degradation pathway. Based on the findings mentioned above,
the RDX degradation pathway was proposed, which is shown in Figure 7.
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191.05 on 5th day samples and 140.66 and 179.97 on 10th day samples (Figure 6A–D). To 
identify the metabolites, molecular weight (m/z ratio) of the obtained peaks were com-
pared with the metabolites reported in earlier studies [37,39,44–47]. The peaks 224.07 and 
191.05, were identified as Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX, 
C3H6N6O5, M+NH4, mol. wt. 224.07 Da) and Hexahydro-1,3-dinitroso-5-nitro-1,3,5-tria-
zine (DNX, C3H6N6O4, M+NH4, mol. wt. 191.05 Da), respectively. The presence of MNX 
and DNX during the study suggests that the RDX degradation occurred by single nitrite 
elimination pathway in which, the transfer of a single electron to nitramino group leads 
to the RDX ring cleavage. Furthermore, on the 10th day, the peaks observed were 140.66 
and 179.97 (m/z), which were identified as Bis(hydroxymethyl)nitramine (C2H6N2O4, 
M+NH4, mol. wt. 140.66 Da) and 4-Nitro-2,4-diazabutanal (C2H5N3O3, M+Na+K-H, mol. 
wt. 179.97 Da) respectively. Subsequent studies have shown that both 4-nitro-2,4-diazabu-
tanal and Bis(hydoxymethyl)nitramine are the de-nitration ring cleavage products of 
RDX. Also, earlier studies have shown that, MNX can be transformed into 4-nitro-2,4-di-
azabutanal [48]. Further, Halasz and Hawari (2011) showed that DNX, 4-nitro-2,4-di-
azabutanal and Bis(hydoxymethyl)nitramine can undergo further degradation and form 
CO2, nitrous oxide, formaldehyde, and ammonia as end products [49]. It was observed 
that the metabolites identified for both the microbes were similar. This shows that both 
the microbes follow the same degradation pathway. Based on the findings mentioned 
above, the RDX degradation pathway was proposed, which is shown in Figure 7. 
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(C2H6N2O4, M+NH4, mol. wt. 140.66) and (D) 4-Nitro-2,4-diazabutanal (C2H5N3O3, M+Na+K-H, 
mol. wt. 179.97). 

Figure 6. Mass Spectra of metabolites formed during RDX degradation. (A) Hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine
(MNX, C3H6N6O5, M+NH4, mol. wt. 224.07), (B) Hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX, C3H6N6O4, M+NH4,

mol. wt. 191.05), (C) Bis(hydroxymethyl)nitramine (C2H6N2O4, M+NH4, mol. wt. 140.66) and (D) 4-Nitro-2,4-diazabutanal
(C2H5N3O3, M+Na+K-H, mol. wt. 179.97).
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Figure 7. Proposed pathways for the biodegradation of RDX with Bacillus toyonensis and Paenibacillus dendritiformis. Figure 7. Proposed pathways for the biodegradation of RDX with Bacillus toyonensis and Paenibacillus dendritiformis.

4. Conclusions

In this study, the degradation of RDX was studied using two microbial species iso-
lated from an explosive contaminated site. It was found that both the species can effi-
ciently remove RDX from the contaminated water. The maximum degradation observed
was 81.6 ± 1.3 with Bacillus toyonensis (isolate No. WS4-TSB-3, MTCC No. 12857) and
84.7 ± 0.9% with Paenibacillus dendritiformis (isolate No. S10-TSA-3, MTCC No. 12859) at
the end of the 15th day at a concentration of 40 mg/L. The 3-D plot showed the optimization
of process parameters for RDX degradation and the interaction between the independent
variables. These plots showed that each variable has a direct, and positive, impact on
the RDX degradation. The model obtained for RDX degradation with both the microbes
showed that it has high reproducibility and is statistically significant. During the RDX
degradation, MNX, DNX, 4-Nitro-2,4-diazabutanal, and Bis(hydroxymethyl)nitramine
were identified as the intermediate metabolites. These metabolites on further degradation
can be mineralized into CO2, NH4, formaldehyde and nitrous oxide. Further investigations
related to the enzymes involved in RDX degradation are yet to be investigated. Pilot scale
studies are required to be conducted for its field scale demonstration.
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Abstract
Contamination of soil and water with explosive compounds like octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX or 
commonly known as high melting explosives) is increasing day by day due to their extensive use all over the world. High 
level of contamination has been found near military sites, explosive manufacturing facilities, war-lands, mines and exercise 
ranges. Remediation of such contaminants is necessary as they may have adverse impact on biotic as well as on abiotic envi-
ronment. Present study was carried out with an objective to optimize the variable process parameters for the degradation of 
HMX in aqueous phase by indigenously isolated bacterial strain, Bacillus toyonensis from an actual HMX contaminated site 
in North India using response surface methodology. The relationship among varying initial concentrations of HMX, microbial 
inoculum size and degradation time was revealed in the current study. Results showed that 87.7% degradation was achieved at 
2 mg/L initial HMX concentration with inoculum size of 4% on 15th day. High regression coefficient value (0.9878) further 
supported predictability of experimental data. Nitrite and nitrate concentrations estimated during the experiment indicate 
breakdown and degradation process of HMX. Findings of this study concluded that Bacillus toyonensis can be a potential 
microorganism to degrade HMX and can be used for microbial remediation of HMX contaminated sites.

Keywords Explosive · HMX · Bacillus toyonensis · Microbial remediation · Response surface methodology

Introduction

Octahydro-1, 3, 5, 7-tetranitro-1, 3, 5, 7-tetrazocine (HMX, 
high melting explosive) is a heterocyclic nitramine, which 
is commonly used for military applications. It can enter the 
environment during the process of manufacturing, trans-
port, usage and demilitarization. It is an important part of 
military applications and is classified as non-carcinogenic 
by US Environmental Protection agency (1998). However, 

researchers revealed its toxicity effects on laboratory animals 
(Cuthbert et al. 1985; Greenhough and McDonald 1985). 
Further exposure of HMX in different mammalian species 
can cause convulsions, nausea and loss of consciousness 
(Wilson 1985). Many animal studies have indicated that 
HMX affects liver and central nervous system and can get 
accumulated in kidney, liver, brain and heart, even can cause 
mortality and histopathalogical lesions in animals (Johnson 
and Reddy 2015). Fate and transport of explosives have been 
described by earlier researchers in detail (Lotufo et al. 2009). 
HMX has shown low adsorption and high mobility in soil, 
which can lead to ground water contamination (Zheng et al. 
2009). It can lead to reduction in microbial diversity of soil 
resulting in reduced natural degradation potential of such 
contaminants (Gong et al. 2002), thus can also adversely 
affect the soil profile and suitability for farming in the areas 
near military bases. US Environmental Protection Agency 
(USEPA 2018) has recommended the lifetime safe drinking 
water standards for HMX as 0.4 mg/L.

Octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) 
is known to be less stable than Tri nitro toluene (Hawari 
et al. 2000). Harkins et al. (1999) treated HMX in water 
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under aerobic conditions utilizing livestock manure and 
indigenously isolated microbes and revealed formation of 
five nitroso derivatives. Phanerochaete chrysosporium is 
found to degrade HMX (600 nmol) within 25 days of incu-
bation (Fournier et al. 2004). Different methods have been 
proposed to treat HMX contamination of soil and water. 
Common treatment methods employed for the removal of 
HMX include iron-dependent depletion (Kim et al. 2007), 
catalytic transformation (Fuller et al. 2007), incineration and 
oxidation (Pichtel 2012). However conventional treatment 
techniques are not cost-effective, consume large amount 
of energy and also give rise to harmful end products like 
non- reusable catalysts, effluents and ash as residual waste 
(Zoh and Stenstrom 2002; Chatterjee et al. 2017). Microbial 
degradation of explosives, an eco-friendly and cost-effec-
tive approach, has been studied earlier by many researchers 
(Kalafut et al. 1998; Adrian and Arnett 2004; Sangwan et al. 
2015). Nagar et al. (2018) studied the degradation of HMX 
by planomicrobium flavidum under aerobic conditions. Simi-
larly Kalafut et al. (1998) studied the degradation of TNT by 
three different microbial species (Pseudomonas aeruginosa, 
Bacillus sp., and Staphylococcus sp.) but there are no reports 
on degradation of HMX using Bacillus toyonensis till date 
to the best of our knowledge. Additionally, the process of 
degradation is species-specific and needs to be optimized at 
various steps to upscale it.

Optimization of different process parameters can be done 
using response surface methodology (RSM). RSM is a sta-
tistical tool, which uses lower-order polynomial equations 
for developing, improving and optimizing a process having 
numerous variables influencing the response. RSM reduces 
the total number of combinations, which saves time and 
resources during the experimentation (Makela et al. 2017; 
Bezerra et al. 2008; Myers et al. 2002; Draper and John 
1988). In the current study, Box–Behnken design (BBD) 
model was used, which is a multivariate mathematical model 
for 3-level factorial design. This model has also been used 
by researchers to optimize the removal of chromium metal 
ions, using cyanobacterium species isolated from metal con-
taminated site (Kiran et al. 2007). Sangwan et al. (2015) 
studied degradation relation of TNT with pH, concentration 
of contaminant and degradation time as process variables 
using RSM.

Current study was taken up with an objective to optimize 
process parameters involved in the degradation of HMX 
with Bacillus toyonensis, which was isolated from an actual 
HMX contaminated site. The degradation potential of HMX 
with Bacillus toyonensis has not yet been reported. This is 
the first study of this new bacterial isolate to explore the 
HMX degradability to the best of our knowledge. DESIGN-
EXPERT® VERSION 12 software (Stat-Ease®, Minneapo-
lis) was used to design the experiment and analyze the data. 
Relationships between different independent and dependent 

variables were explored during the microbial degradation of 
HMX to understand the interactive influence.

Materials and methods

Chemicals

Commercial grade HMX was obtained from an explo-
sive manufacturing facility in North India with a purity of 
greater than 99.5%. High performance liquid chromatogra-
phy (HPLC) grade chemicals were purchased from Sigma-
Aldrich, and other analytical grade chemicals were also 
purchased from standard manufacturers.

Microbial culture

The water samples were collected from an explosive manu-
facturing facility in North India to isolate the indigenenous, 
more tolerant and better adapted microbes. Sampling was 
carried out by the standard protocol using grab sampling 
methodology. Samples were stored in dark at a temperature of 
4 °C (USEPA 2006). Isolation and identification of bacterial 
isolate Bacillus toyonensis (MTCC No. 12857) was carried 
out by Institute of Microbial Technology (IMTECH), Chan-
digarh, India. It was obtained in lyophilized form for further 
research work. Lyophilized Bacillus toyonensis was revived 
in tryptic soya broth (TSB), and composition of Media is 
shown in Table 1. Cultures were maintained on slants at a 
temperature of 4 °C prior to use. Microbes were sub-cul-
tured for three generations in minimal salt media (MSM), 
which was deficient in nitrogen source to make them more 
tolerant and adaptive to HMX before culturing into modified 
MSM containing HMX. The detailed composition of MSM 
is given in Table 2. Due to low solubility in water, a stock 
solution of (1000 mg/L) HMX was prepared by dissolving it 
in acetonitrile. The serial dilutions were made initially with 
acetonitrile till 10 mg/L, afterward the solution was diluted 
with MSM media. MSM was spiked with desired concentra-
tion of HMX from stock solution (1000 mg/L) and left open 
for 18 h in aseptic conditions of laminar air flow chamber to 
get it (acetonitrile) evaporated and avoiding any interference 
with media composition (Nagar et al. 2018; USEPA 2007). 

Table 1  Composition of tryptic soya broth (TSB) (MacFaddin 1985)

Compound g/1000 mL

Casein peptone 17.0 g
Soya peptone 3.0 g
Sodium chloride 5.0 g
Potassium phosphate dibasic 2.48 g
Dextrose 2.48 g
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Growth was monitored as optical density (O.D) at 600 nm 
using UV–Visible spectrophotometer (Perkin Elmer, Model 
Lambda 650S) at fixed intervals of time.

Experimental setup

Total 17 combinations were operated during experiment as 
shown in Table 3. Each combinations have different concen-
trations of HMX (2–6 mg/L), time period (5–15 days) and 
inoculum size (2–6%). All these combinations were designed 
using RSM and were prepared in triplicates. Box Behnken 
Design (BBD) was used as a second-order polynomial model 
for designing the experiment and to statistically validate the 
data. Number of experiments required for BBD is defined by

where Co is central point and k is number of factors. Table 3 
shows the selected factors, which affect the process of 

N = k(k − 1) + C
o

degradation such as time, size of inoculation and initial con-
centration of HMX from the whole range of each variable. 
Third-generation microbial culture of Bacillus toyonensis 
having OD 1.2 ± 0.2 corresponding to ≈ 108 cells/mL was 
inoculated in the freshly prepared MSM spiked with varying 
concentrations of HMX. After inoculation as per the com-
binations given in Table 3, flasks were incubated in orbital 
shaker at a temperature of 32 ± 3 °C and speed 120 rpm. 
The whole process was performed under aerobic conditions. 
Samples were withdrawn at a fixed interval of time (5 days) 
to check OD (optical density), nitrate, nitrite concentration 
and degradation of HMX.

Analysis

Analysis of samples for degradation of HMX was carried 
out as per standard method 8330A (USEPA 2007) using 
high-performance liquid chromatography (HPLC). 5 mL 

Table 2  Composition of 
minimal salt media (Cook and 
Huetter 1981)

Compound g/1000 mL

Potassium phosphate dibasic  (K2HPO4) 1.74 g
Potassium phosphate monobasic  (KH2PO4) 1.44 g
Magnesium sulfate  (MgSO4·7H2O) 0.06 g
Glycerol 0.92 g
Glucose 0.90 g
Succinic acid 0.58 g
Ammonium chloride 0.05 g
Trace elements  [CaCl2 (2.7 mg),  H2BO4 (6.18 mg),  CuSO4·5H2O (0.625 mg),  MnCl2·4H2O 

(3.95 mg),  ZnSO4·7H2O (1.43 mg),  FeSO4 (69.5 mg),  CoCL2·6H2O (1.78 mg) in 250 ml of 
distilled water]

1 mL

Table 3  Different runs for optimization of parameters for HMX degradation and responses

A: concentration 
(mg/L)

B: volume of microbial 
suspension (%)

C: time (day) Degradation (%) Nitrite release (mg/L) Nitrate release (mg/L)

4 4 10 57.0 ± 1.89 1.2 ± 0.14 1.1 ± 0.15
4 2 5 54.3 ± 3.19 0.58 ± 0.05 0.2 ± 0.02
4 4 10 58.2 ± 1.89 1.01 ± 0.14 1.3 ± 0.15
6 2 10 70.7 ± 2.61 1.23 ± 0.13 1.3 ± 0.23
2 2 10 72.3 ± 2.60 0.43 ± 0.18 0.35 ± 0.01
4 6 15 79.5 ± 3.76 0.73 ± 0.25 1.15 ± 0.16
4 4 10 55.7 ± 1.89 1.3 ± 0.14 1.2 ± 0.17
6 6 10 72.6 ± 3.53 1.06 ± 0.12 1.4 ± 0.22
2 4 5 61.2 ± 1.47 0.4 ± 0.143 0.2 ± 0.22
6 4 15 74.0 ± 7.39 1.18 ± 0.22 1.51 ± 0.31
4 6 5 58.2 ± 5.30 0.38 ± 0.034 0.34 ± 0.03
6 4 5 68.1 ± 7.70 0.44 ± 0.14 0.49 ± 0.04
2 4 15 87.6 ± 4.46 0.12 ± 0.01 0.36 ± 0.02
4 4 10 57.2 ± 1.89 1.35 ± 0.14 1.2 ± 0.15
4 4 10 58.2 ± 1.89 1.0 ± 0.18 1.1 ± 0.15
2 6 10 77.6 ± 1.75 0.73 ± 0.14 0.43 ± 0.08
4 2 15 65.5 ± 8.47 0.68 ± 0.13 1.11 ± 0.28
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of sample was withdrawn and mixed with 5 mL acetoni-
trile, centrifuged at 10,000 rpm for 15 min and supernatant 
obtained was filtered through 0.45 µm Teflon filter. This 
filtrate was fed in HPLC (Flexer, Perkin Elmer) equipped 
with photodiode array (PDA) detector and injection volume 
was 10 µl. C-18 reverse phase column (3 µm, 150 × 4.6 mm) 
was used as stationary phase, and acetonitrile: water (50:50) 
mixture was used as mobile phase with a flow rate of 1 mL/
min. The mobile phase was prepared with triple distilled 
water from Millipore, and HPLC grade acetonitrile was used 
in this study. Retention time and UV-profile of the stand-
ard compounds were used for the identification of peak. 
Nitrate and nitrite in the samples were analyzed using Hach 
spectrophotometer (DR1900) at a wavelength of 270 nm 
and 540 nm using NitraVer 5_8192 LR powder pillow and 
NitriVer 3_8507 DR900 powder pillow, respectively, by cad-
mium reduction method.

Results and discussion

Growth of Bacillus toyonensis in MSM spiked 
with HMX

Growth of microbes was monitored by measuring optical 
density at different time intervals. Figure 1 shows O.D. 
of Bacillus toyonensis at varying HMX concentration 
and inoculum size with different intervals of time. It is 
clear from Fig. 1a–c that initially microbes were in lag 
phase till 2nd day for all the combinations. After 2 days, 
microbes attained exponential phase showing acclimati-
zation to the presence of HMX and may be started utiliz-
ing it as a nitrogen source. Bacillus toyonensis at con-
centrations, 2 and 4 mg/L showed continuous growth till 
15th day while at 6 mg/L microbes attained stationary 
phase after 7th day. Maximum optical density (0.239) was 
observed at 2 mg/L HMX concentration with 6% of inocu-
lum size on 15th day, which is nearly double as compared 
to the lowest growth observed in 6 mg/L HMX concen-
tration with 2% inoculum on 15th day. Higher growth of 
microbes can be correlated with the degradation of HMX, 
whereas lower growth can be explained by the toxic effect 
of HMX at 6 mg/L concentration. It was also observed 
that the initial inoculum size tends to affect the growth of 
Bacillus toyonensis in the medium. When concentration 
of HMX was kept constant with varying initial inoculum 
size, there was a gradual change in the optical density on 
15th day and nearly 20% higher growth of microbes was 
observed with 6% inoculum size (0.239) as compared to 
2% (0.198). The higher growth of microbes can be cor-
related with higher degradation of HMX in the medium, 
which shows their interdependency on each other.

Degradation of HMX

Degradation in the concentration of HMX during the experi-
ment is shown in Fig. 2. A maximum 87.7% reduction was 
achieved at 2 mg/L initial HMX concentration with 4% inocu-
lum size on 15th day. It was followed by 79.5% and 74.1%, 
respectively, with 6 mg/l and 4 mg/l initial concentration of 
HMX on 15th day. In Fig. 2, the 3-D model plot shows the 
interactive effect of different selected variables on HMX 
removal. Range of responses can be estimated and maximized 
by analyzing the plot and tracking the efficiency of optimum 
value for variable. From Fig. 2, it was observed that, when 
time factor was kept constant (15th day) change in HMX 
removal can be observed with changing cell inoculum size. 
It was also observed that on increasing the initial inoculum 
size, there was an increase in percent degradation of HMX. 
Degradation of 65.5 and 79.5% was observed with 2 and 6% 
inoculation size, respectively, on 15th day at 4 mg/L initial 
HMX concentration. Similarly, Fig. 3 shows increase in HMX 
removal with the increase in time period at constant microbial 
inoculum size. Degradation of 58.2 and 79.5% was observed 
on 5th and 15th day, respectively, with 4 mg/L concentration 
and 6% volume of microbial suspension. These observations 
made from both Figs. 2 and 3 support the fact that on vary-
ing time as well as initial volume of suspension, there was 
effect on HMX removal efficiency, i.e., with increasing time 
of exposure and initial microbial inoculum, there was increase 
in the removal of HMX with Bacillus toyonensis. In a similar 
study by An et al. (2010), 96.42% reduction in the concentra-
tion of HMX with the use of mesophillic anaerobic microbial 
granules is reported. Similarly, under denitrifying conditions 
Singh et al. (2009) showed that Pseudomonas species can 
efficiently remove HMX from the medium.

Table 4 shows the analysis of variance for the obtained 
experimental data. The P value (< 0.0001), R2 value (0.9878) 
and F-value (62.97) for degradation of HMX also suggested 
that the obtained data were accurate and significant. Similar 
findings have also been reported in previous studies dur-
ing the optimization of different process parameters (Garg 
et al. 2015). Adjusted R2 (0.9721) explains total variation 
in degradation of HMX with different variables and shows 
its agreement with predicted R2. Figure 4 shows the pre-
dicted versus actual values plot, which explains the disper-
sion of data for % removal of HMX. Variations between the 
predicted values were measured by functions used for the 
model and actual values determined by actual experimen-
tation (Mohanty and Jena 2018). Small value of standard 
deviation for the model (1.65) explains a better relationship 
between different variables and response. All the parameters 
were fitted for second-order polynomial equation as follows-

(1)

Y = 56.63 − 1.67A + 3.14B + 8.09C − 0.8646AB − 5.13AC

+ 2.52BC + 12.55A
2 + 4.18B

2 + 3.61C
2
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where Y is % degradation, A, B and C are coded values for 
initial concentration of HMX, volume of inoculum size and 
time of degradation, respectively.

Release of nitrite in different treatments

Increased nitrite ion levels in the medium can be further cor-
related with degradation of HMX. It is well confirmed in the 

Fig. 1  Growth of Bacillus toyonensis with varying inoculum size (2–6%) at initial HMX concentration of 2 mg/L (a), 4 mg/L (b), 6 mg/L (c)
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literature that during HMX degradation, nitrite is released as 
a by-product (Nagar et al. 2018; Bhushan et al. 2003) and can 
breakdown into methylenedinitramine (MEDINA) (Nagar 
et al. 2018; Zhao et al. 2007). Previous studies have also shown 
than microbes utilize HMX as a carbon and nitrogen source 
and produce various products such as formaldehyde,  CO2, 

4-nitro-2,4-diazabutanal and nitrous oxide  (N2O) (Bernstein 
2012; Fournier et al. 2004; Thompson et al. 2005).

Figure 5 shows that at constant inoculum size (4%), concen-
tration of nitrite in solution increased with increase in initial 
HMX concentration from 5th day (0.38 mg/L) to 10th day 
(1.3 mg/L) and then decreased down to 0.73 mg/L at 15th day 
which may be due to its transformation into nitrate (Zoh and 
Stenstrom 2002) or utilization of nitrite by microbes. Nitrite 
release was found maximum at 4 mg/L (1.3 mg/L) and mini-
mum at 2 mg/L (0.43 mg/L) concentration, which shows the 
effect of initial concentration of HMX on the nitrite release. 
It has been already established that during the degradation 
of HMX, there is hydrolytic and hydroxylation of the rings, 
which leads to the sequential release of nitrite (Nagar et al. 
2018; Fournier et al. 2004; Crocker et al. 2006). During HMX 
degradation, nitrite concentration found to be varying with 
different independent variables in the current study.

Fitting the experimentally obtained data in Box–Behnken 
design indicated that quadratic model was significantly appli-
cable to show the relationship between different independent 
variables to their response. Analysis of variance is shown in 
Table 5, which shows the statistical significance of variables 
and their interactions with response in terms of high regres-
sion values (R2 = 0.9566) (Table 6), F-value (17.15) and low 
P-value (0.0006). P value < 0.05 for A, C, AC, A2, C2 con-
cludes them as significant model terms. These model terms 
have positive relationship with nitrite production during HMX 
degradation, while other terms showed negative impact but not 
significant. Correction total (sum of squares = 2.28) obtained 
from the model showed high reproducibility of the data and 
less variation around mean of observations whereas residual 
value (0.0988) showed the variations, which were still unex-
plained from the model. From this statistically significant data, 
it was observed that model can be applied for the optimiza-
tion of nitrite release during HMX degradation. Similar results 
were obtained by earlier researchers during the optimization 
of different process parameters (Chaudhary et al. 2019). All 
the parameters were fitted for second-order polynomial equa-
tion as follows

where Y is % nitrite release; A, B and C are coded values for 
initial concentration of HMX, volume of microbial suspen-
sion and time of degradation, respectively.

Conversion of nitrite to nitrate

During the process of HMX degradation, nitrite gets con-
verted into nitrate with help of different microbial enzymes 
through oxidation process (Zoh and Stenstrom 2002; 

(2)
Y = 1.16 + 0.2787A − 0.0025B + 0.1137C

− 0.1175AB + 0.2550AC + 0.0625BC

− 0.1785A
2 − 0.1210B

2 − 0.4485C
2

Fig. 2  Percent degradation of HMX with varying initial HMX con-
centration (mg/L) and microbial suspension volume (%)

Fig. 3  Percent degradation of HMX with varying initial HMX con-
centration (mg/L) and time (days)
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Williams et al. 2001; Singh et al. 2009). Effect of different 
variables (inoculum size, exposure time and initial HMX 
concentration) on nitrate production during HMX transfor-
mation is shown with model graphs (Figs. 6 and 7). In Fig. 7, 
it is showed that at constant volume of inoculum size with 
increasing time of degradation and increased concentration 
of HMX, there is an increase in nitrate release. Nitrate con-
centration increased from 0.34 to 1.15 mg/L from 5th to 15th 
day at 4 mg/L HMX concentration with 6% inoculum size. 

The maximum nitrate was observed at 15th day (1.51 mg/L) 
with 6 mg/L HMX initial concentration.

The significance of variables and their interaction with 
response at different probability levels is explained by 
ANOVA. Table 7 shows that after fitting the data with the 
model, a quadratic model with significant F-value (28.97) 
and P-value (0.0001) was obtained. The terms of the model 
are explained on the basis of P-value, which should be less 
than 0.05 for the model. The significant model terms having 
less P-value (0.05) are A, C, AC, A2 and C2, which have posi-
tive effect with the variable–variable interaction. Correc-
tion total (sum of squares = 3.57) explains that the variation 

Table 4  ANOVA of quadratic 
model for % degradation of 
HMX

df  degree of freedom

Source Sum of squares Df Mean square F-value P-value

Model 1545.03 9 171.67 62.97 < 0.0001 Significant
A-concentration 22.27 1 22.27 8.17 0.0244
B-volume of micro-

bial suspension
78.91 1 78.91 28.94 0.0010

C-time 523.62 1 523.62 192.05 < 0.0001
AB 2.99 1 2.99 1.10 0.3298
AC 105.35 1 105.35 38.64 0.0004
BC 25.42 1 25.42 9.32 0.0185
A2 628.02 1 628.02 230.34 < 0.0001
B2 62.24 1 62.24 22.83 0.0020
C2 45.07 1 45.07 16.53 0.0048
Residual 19.08 7 2.73
Lack of fit 14.78 3 4.93 4.58 0.0877 Not significant
Pure error 4.30 4 1.07
Cor total 1564.12 16

Fig. 4  Actual versus predicted graph for % HMX degradation

Fig. 5  Nitrite release (mg/L) with varying initial HMX concentration 
(mg/L) and time (days)
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around the mean was less and the model was significant 
for the response. So, ANOVA explains the significance of 
model, which can be applied to optimize nitrate release dur-
ing the HMX degradation process. All the parameters were 
fitted for second-order polynomial equation as follows

(3)

Y = 1.15 + 0.4200A + 0.0450B + 0.3625C

+ 0.0050AB + 0.2150AC − 0.0250BC

− 0.1700A
2 − 0.1100B

2 − 0.3400C
2

Table 5  ANOVA for quadratic 
model for nitrite release

df Degree of freedom

Source Sum of squares df Mean square F-value P-value

Model 2.18 9 0.2420 17.15 0.0006 Significant
A-concentration 0.6216 1 0.6216 44.04 0.0003
B-volume of micro-

bial suspension
0.0000 1 0.0000 0.0035 0.9542

C-time 0.1035 1 0.1035 7.33 0.0303
AB 0.0552 1 0.0552 3.91 0.0884
AC 0.2601 1 0.2601 18.43 0.0036
BC 0.0156 1 0.0156 1.11 0.3277
A2 0.1342 1 0.1342 9.50 0.0177
B2 0.0616 1 0.0616 4.37 0.0750
C2 0.8470 1 0.8470 60.00 0.0001
Residual 0.0988 7 0.0141
Lack of fit 0.0099 3 0.0033 0.1489 0.9252 Not significant
Pure error 0.0889 4 0.0222
Cor total 2.28 16

Table 6  Fit statistics of the 
model

Model R2 Adjusted R2 Predicted R2 Mean SD CV %

% degradation of HMX 0.9878 0.9721 0.8445 66.40 1.65 2.49
Nitrite release 0.9566 0.9008 0.8693 0.8100 0.1188 14.67
Nitrate release 0.9739 0.9402 0.6950 0.8671 0.1154 13.31

Fig. 6  Nitrate release (mg/L) with varying initial HMX concentration 
(mg/L) and microbial suspension volume (%)

Fig. 7  Nitrate release (mg/L) with varying initial HMX concentration 
(mg/L) and time (days)
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where Y is nitrate release; A, B and C are coded values for 
initial concentration of HMX, volume of microbial suspen-
sion and time of degradation, respectively.

Conclusion

In this study, response surface methodology was used to 
optimize process parameters for degradation of HMX 
(exposure time, inoculum size and initial HMX concentra-
tion) with outputs such as % degradation, nitrite and nitrate 
release. It helped in the optimization of large experimental 
domains during the HMX degradation process with Bacillus 
toyonensis. Maximum 87.7 ± 4.6% degradation was achieved 
for HMX at 2 mg/L concentration with 4% volume of micro-
bial suspension on 15th day.

It was observed that initial HMX concentration, time 
and inoculum size are the variables which readily affect the 
removal of HMX, nitrite release and conversion to nitrate. 
Analysis of variance (ANOVA) with different significant 
values (i.e., P-value, F-value, R2 etc.) showed the signifi-
cance for the model and also explained the effect of each 
variable on the different responses. Model obtained for 
each response can be used for the optimization of degrada-
tion process and release of each product. Bacillus toyonen-
sis isolated from actual HMX contaminated site seems to 
be a potential and suitable microbe for the degradation of 
HMX. Further investigations related to its metabolic path-
ways for aerobic degradation are yet to be explored and also 
pilot scale studies need to be conducted for its field scale 
implementation.
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A B S T R A C T   

Current study was carried out with an objective to remediate highly contaminated sludge with HMX and RDX 
obtained from an explosive manufacturing facility in North India employing indigenous microbes, Arthrobacter 
subterraneus (isolate no. S2-TSB-17) and Bacillus sonorensis (isolate no. S8-TSB-4) which were isolated from the 
same contaminated site. In-vessel composting of the explosive contaminated sludge was performed in 12 
different bioreactors using cow manure and garden waste as bulking agents. 78.5% degradation of HMX was 
observed in reactor no. 2 with Bacillus sonorensis having combination of 10% sludge, 70% cow manure and 20% 
garden waste on 80th day. Two secondary metabolites Bis(hydroxymethyl)nitramine and methylene dinitramine 
were identified while studying the degradation pathway. Similarly, degradation of 91.2% was observed for RDX 
in reactor no. 11 with consortia of Arthrobacter subterraneus and Bacillus sonorensis on 80th day. During the study, 
release of significant nitrate and nitrite ions were observed. It has already been established that RDX and HMX 
degradation leads to release of nitrite/nitrate ions. The highest nitrite (reactor no. 11) and nitrate (reactor no. 2) 
release observed were 24.02 ± 0.05 mg/kg and 30.65 ± 0.99 mg/kg on 50th and 70th day, respectively. 
Scanning electron microscopic studies confirmed the attachment and presence of microbes with solid surface and 
no deformation in structure was observed in the microbial cells due to contamination stress. Findings of the study 
concluded that in-vessel composting assisted with native bacterial species can be a potential technology for the 
treatment of explosive contaminated sludge at the contaminated sites.   

1. Introduction 

Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and Octahydro- 
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) are the nitrogen contain-
ing energetic compounds, which are mainly used for military purposes. 
HMX is manufactured by the process of nitration of hexamine with nitric 
acid and ammonium nitrate using acetic acid as a catalyst. As, HMX is 
higher analogue of RDX, so during the manufacturing of HMX, RDX is 
always also present as an impurity. During the manufacturing of these 
compounds, a large quantity of wastewater is generated, which contains 
residues of RDX and HMX. The conventional method to dispose-off this 
wastewater is to discharge into unlined lagoons or pits after neutrali-
zation which leads to the formation of large amount of contaminated 
sludge sediments (Garg et al., 1991; Emery and Faessler. 1997). 
Generally, no further treatment of sludge is done before disposal at 
dumping sites. As RDX and HMX have low soil adsorption coefficient, 
they may leach down to the ground water table and contaminate it 

(Zheng et al., 2009; Sheremata et al., 2001). Due to the slow biological 
degradation and toxic nature, these contaminants are great threat to 
humans, other organisms and environment (Lapointe et al., 2017; 
ASTDR, 2012). Exposure of HMX can lead to malfunctioning of liver, 
central nervous system and kidney (Johnson and Reddy., 2015; Cuthbert 
et al., 1985). On the other hand, RDX is classified as group ‘C’ human 
carcinogen by US environmental protection agency (ASTDR, 2012). 
RDX exposure can lead to seizure, convulsions, vomiting and nausea 
(ASTDR, 2012; EPA, 2005). Apart from that RDX can also cross blood 
brain barrier and cause change in expression of genes (Williams et al., 
2012; Gust et al., 2011). USEPA has recommended the life time drinking 
water standards for both RDX and HMX as 0.002 mg/L and 0.4 mg/L, 
respectively (USEPA, 2018). Due to toxic nature of both the explosives 
on abiotic and biotic environment, it is very important to remediate the 
sites contaminated with these explosives. 

Various methods have been proposed and tested by different re-
searchers to remediate the RDX and HMX contamination in water and 
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soil, but very few studies have been focused on the sludge de- 
contamination. Some of the methods which involve the explosive 
sludge treatment are incineration (Van Ham., 1998; Garg et al., 1991), 
composting (Doyle et al., 1986; Williams et al., 1988), and aqueous 
thermal decomposition (Garg et al., 1991). The conventional methods 
such as incineration require the sophisticated instrumentation and very 
high energy to operate. Therefore, these methods are not cost efficient 
and also generate waste such as ash which is again difficult to dispose-off 
(Chatterjee et al., 2017). To overcome these problems, green technolo-
gies viz. composting is gaining much attention, as it is eco-friendly, 
cost-effective and no fuel/energy is required during the process. There 
is also an opportunity for co-metabolism of contaminant with the 
bulking agents during the process. At the same time bulking agents, 
which are also a waste material, rich in organic content, easily available, 
can also be utilized to enhance the quality of the product during com-
posting. To the best of our knowledge, very few studies have focussed on 
the composting of the explosives contaminated sludge. Composting of 
explosive contaminated sediments has been performed at the Louisiana 
Army Ammunition Plant and 98% of total explosive was removed with 
half-life of 42 days for HMX and 30 days for RDX (Williams et al., 1988). 
Emery and Faessler (1997) developed composting techniques at Uma-
tilla Army Depot Activity (UMDA) to remediate explosive contamina-
tion. They observed that composting process was low cost and highly 
efficient. Apart from that, Clark and Boopathy (2007) studied 
land-farming for the explosive contaminated soil. They observed 82% 
removal of TNT, whereas removal of RDX and HMX was very low. Also, 
the composting techniques have already been established and well un-
derstood for the treatment of oil sludge, municipal waste and polycyclic 
aromatic hydrocarbons (Koolivand et al., 2019; Vasudevan et al., 2019; 
Antizar-Ladislao et al., 2004). Microbial remediation of explosives in 
soil and water has been studied by various researchers (Meda et al., 
2020; Sangwan et al., 2015) and seems a possible option to treat 
explosive contaminated sludge also. 

This study was planned with an objective to investigate the potential 
of two unexplored native microbes, Arthrobacter subterraneus (isolate no. 
S2-TSB-17) and Bacillus sonorensis (isolate no. S8-TSB-4) isolated from 
explosive contaminated site to decontaminate the RDX and HMX 
contaminated sludge, using in-vessel composting technique in a 80 days 
experiment and to study the reduction in contaminants, degradation 
mechanism and half-life of both compounds during the composting 
process. 

2. Materials and methods 

2.1. Composting materials and chemicals 

Explosive contaminated sludge and soil samples were collected from 
a HMX manufacturing facility in North India. The samples were 
collected as per standard protocol (EPA, 2006). Sludge was dried in air 
and large particles were hand-picked. The physico-chemical analysis of 
the sludge was carried out as shown in Table 1. The cow manure was 
collected from cattle shed in Delhi, air-dried and pre-composted in open 
air to remove any volatile substances. The garden waste was collected 

from the premises of laboratory and mainly contains the grass cuttings, 
Azadirachta indica leaves and small amount of other types of leaves. 

High performance liquid chromatography (HPLC) grade chemicals 
were purchased from Sigma Aldrich. All other chemicals used in the 
study were also of analytical grade and purchased from standard 
manufactures. 

2.2. In-vessel reactor design 

In-vessel bioreactors of 3 L capacity made up with acrylic material 
and moulded into cylindrical shape were designed and get manufac-
tured. The whole experimental set up is shown in Fig. 1. Total 12 re-
actors were used in the study to carry out the experiment. All reactors 
were connected to an air compressor (Fig. 1). The air from the 
compressor was passed through the moisture vessel to make it humid 
and to keep the compost moist. Air flow was maintained at 50 mL/min 
with the help of air flow meters connected in series with each reactor. 
Air flow was maintained for 8 h each day. The moisture of each vessel 
was maintained at 60 ± 10% by adding the autoclaved water to compost 
on weekly basis and checked by gravimetric method. Temperature of the 
reactors was maintained at 32±3 ◦C and the compost was turned weekly 
to maintain aerobic conditions. 

2.3. Microbial culture 

Soil and water samples were collected from explosive contaminated 
site and handed over to Institute of microbial technology (IMTECH), 
CSIR, Chandigarh. The microbes were isolated and identified from the 
samples by Institute of microbial technology (IMTECH) and were ob-
tained in lyophilized form. Out of various microbial species isolated, 
Arthrobacter subterraneus (isolate no. S2-TSB-17) and Bacillus sonorensis 
(MTCC no. 12855 isolate no. S8-TSB-4) were selected for this study after 
preliminary screening. Both the microbes were revived in tryptic soya 
broth (TSB) and grown in shaking flasks (120 rpm) at 32±2 ◦C to ach-
ieve an optical density of approx. 1.5 (1 mL ≈ 1012 cells/mL). As per the 
selected combinations, 10 mL of each microbial suspension was used as 
seed for reactor number 2 to 9. For reactor number 10–12, a consortium 
of two microbes were used which was prepared using 10 mL broth of 
each species. Different combinations were made with varying compo-
sition of contaminated sludge, cow manure and garden waste with both 
the bacteria as shown in Table 2. All the constituents of composting were 
taken on the dry weight basis. The whole experiment was conducted 
under aerobic conditions for 80 days. 

2.4. Analysis 

The analysis of explosives concentration was carried out as per the 
USEPA 8330A method (EPA, 2007). In brief, 2 g of sample was taken in 
amber colour sonication vial and mixed with 10 mL of acetonitrile. It 
was ultra-sonicated for 18 h at 18 ◦C after vortex. The sonicated samples 
were filtered through the Teflon filter of 0.45 μm. Supernatant was used 
for analysing concentration of explosive with the help of the 
High-performance liquid chromatography (HPLC). The HPLC system 
(Flexar™ LC, PerkinElmer, Waltham, MA, USA) was run at a flow rate of 
1 mL/min of solvent consisting of acetonitrile and triple distilled water 
at ratio of 50:50. C-18 column was used as stationary phase for the 
explosive detection. The explosives were identified and quantified by 
photo diode array (PDA) detector at 254 nm by the system based on their 
retention time and peak area. As the contaminant’s concentration in 
sludge as well as in compost was very high, the samples were diluted 100 
times for the identification and quantification of the analyte. The cali-
bration range used for the standardization was from 10 to 100 mg/L. 

Mass spectroscopy (MS) was used to identify the intermediate 
products formed due to cleavage of cyclic ring and to study the mech-
anism of degradation during the process. Mass spectrometric (MS) 
analysis was performed on microTOF-Q (Bruker Daltonics, United 

Table 1 
Initial physico-chemical parameters of explosives contaminated sludge.  

Parameters Explosive contaminated sludge 

pH 3.50 ± 0.02 
E.C 0.5 ± 0.1 mS 
Moisture 51.13 ± 2.0% 
Nitrate 6.25 ± 0.1 mg/kg 
Phosphate 29.9 ± 0.4 mg/kg 
Potassium 22.1 ± 0.4 mg/kg 
C:N ratio 25.6 ± 3.7 
HMX concentration 95594.4 ± 2.3 mg/kg 
RDX concentration 9638.4 ± 5.9 mg/kg  
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States) MS system using electron spray ionization in the positive ion 
mode (+ve ESI). C-18 column was used to separate the degradation 
products. The flow rate was 1 mL/min with a run time of 5 min. The 
solvent system consisted of 0.1% formic acid, acetonitrile (50%) and 
triple distilled water (49.9%). 

Nitrite and nitrate analysis was done using colorimetric method 
(Nyanhongo et al., 2006; APHA, 1985) based on absorption at 540 nm 
and 220 nm, respectively using spectrophotometer (PerkinElmer, Model 
Lambda 650S, USA). Total organic carbon (TOC) analysis was done by 
Walkley & Black method (1934). Temperature and moisture was 
measured using hygrometer (Hanna HI9565, US) and Total Kjeldahl 
Nitrogen (TKN) was analysed by Kjeldahl method using nitrogen ana-
lyser (Pelican equipment, kelplusEmVa, Chennai, India). 

Scanning electron microscopy (SEM) was also carried out using SEM 
(Supra55 Zeiss, Oberkochen, Germany). Samples were prepared 
following different steps like fixation, dehydration and post fixation 
steps as per standard method (Murtey and Ramasamy., 2016). The 

samples were fixed at different aluminium stubs and sputter coated with 
gold particles. The instrument was operated at 10–12 mA current under 
vacuum with the voltage of 5 kV to increase the image quality. 

3. Results and discussion 

3.1. Changes in physico-chemical properties 

Initial-physico-chemical properties of the actual explosive contami-
nated sludge obtained from manufacturing site are shown in Table 1. 

It was observed that there was high concentration of HMX (95594.4 
± 2.3 mg/kg) and RDX (9638.4 ± 5.9 mg/kg) in the sludge. The mois-
ture, nitrate, phosphate, potassium and pH of the sludge were found in 
the range of 51.13 ± 2.0%, 6.25 ± 0.1 mg/kg, 29.9 ± 0.4 mg/kg, 22.1 ±
0.4 mg/kg and 3.50 ± 0.02, respectively. Table 2 shows different 
combinations of contaminated sludge, cow manure and garden waste 
with both the microbes used in the study. 

Different physico-chemical parameters were studied to assess the 
properties of the compost, which are given in Table 3. The initial pH of 
sludge was acidic having a value of 3.5 ± 0.02, whereas after mixing 
with the bulking agents it got increased towards alkalinity having a 
range from 6.86 to 8.49 for different combinations. During the process of 
composting, pH got inclined towards neutrality ranging from 6.96 to 
7.23 for all the combinations. The initial phosphate and potassium 
concentration in the compost were in the range of 20.1 ± 0.1 to 27.2 ±
0.1 mg/kg and 15.2 ± 0.2 to 20.3 ± 0.4 mg/kg, respectively. The 
phosphate and potassium concentrations were decreased on 80th day in 
each combination. Decrease in phosphate and potassium concentration 
can be due to their up-take by microbes for growth and metabolism. The 
initial C:N ratio was in the range from 23.3 to 39.8 for different in-vessel 
reactors. Whereas, at the end of 80 days the final C:N ratio of the 
compost in each combination was in the range of 20.5–35.9. The initial 
Total Kjeldahl Nitrogen (TKN) values for different combinations were 
0.7–1.3%, which were increased at the end of 80th day from 0.8 to 1.5%. 
Increase in TKN shows the release of nitrogen containing compounds 
into the compost, which were accessible to microbes. An increase in TOC 
of different reactors was observed from 22.8 to 30.7% to 21.89–39.28% 
on final day which may be due to the release of carbon metabolites 
during the process. The whole experiment was performed with three 
replicates. 

3.2. Degradation of explosives during in-vessel composting 

Degradation pattern of HMX and RDX during the in-vessel 

Fig. 1. The schematic diagram for in-vessel composting reactors.  

Table 2 
Different combinations of explosive sludge, cow manure, garden waste and 
microbes during the in-vessel composting process.  

In-vessel 
reactor 
no. 

Sludge 
(%) 

Cow 
manure 
(%) 

Garden 
waste (%) 

Microbes 

1 100 
(control) 

0 0 No microbes inoculated 

2 10 70 20 Bacillus sonorensis (B.S.) 
3 20 60 20 Bacillus sonorensis (B.S.) 
4 30 50 20 Bacillus sonorensis (B.S.) 
5 50 30 20 Bacillus sonorensis (B.S.) 
6 10 70 20 Arthrobacter subterraneus 

(A.S) 
7 20 60 20 Arthrobacter subterraneus 

(A.S) 
8 30 50 20 Arthrobacter subterraneus 

(A.S) 
9 50 30 20 Arthrobacter subterraneus 

(A.S) 
10 10 70 20 Arthrobacter subterraneus 

and Bacillus sonorensis (A. 
S. + B.S.) 

11 20 60 20 Arthrobacter subterraneus 
and Bacillus sonorensis (A. 
S. + B.S.) 

12 30 50 20 Arthrobacter subterraneus 
and Bacillus sonorensis (A. 
S. + B.S.)  
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composting of sludge over a time period of 80 days is given in Fig. 2(A) 
and (B), respectively. 

3.2.1. Degradation of HMX 
Fig. 2(A) revealed that with the increase in time, there was signifi-

cant reduction in HMX concentration for each composting reactor as 
compared to the control. However, in each reactor the rate of degra-
dation with time was different. The reactors inoculated with Bacillus 
sonorensis (reactor no. 2–5) showed that with increase of sludge con-
centration, there was decrease in HMX removal efficiency. The degra-
dation on 80th day in reactor no. 2, 3, 4 and 5 was 78.5 ± 0.12%, 62.01 
± 0.08%, 59.9 ± 0.06% and 49.6 ± 0.06%, respectively on 80th day. 
However, for reactors no. 6 to 9 which were inoculated with Arthrobacter 
subterraneus the maximum degradation observed was 74.7 ± 0.17% in 
reactor no. 7 with 20% explosive sludge and 80% bulking agents. 
Further, the reactors inoculated with consortium of the microbes 
(reactor 10, 11 and 12) showed low HMX degradation values (62.7 ±
0.03, 63.85 ± 0.14 and 56.18 ± 0.23%, respectively) on 80th day. This 
may be due to the fact that the microbes did not interacted positively 
with each other to remove significant amount of contaminant in the 
compost. Maximum HMX degradation (78.5 ± 0.12%) was observed 
with Bacillus sonorensis (isolate no. S8-TSB-4) in combination having 
10% sludge, 70% cow manure and 20% garden waste in reactor no. 2. It 
was followed by reactor no. 7 which observed 74.7 ± 0.17% HMX 
reduction with microbe, Arthrobacter subterraneus (isolate no. S2-TSB- 
17) having combination of 20% sludge, 60% cow manure and 20% 
garden waste. The minimum degradation 48.5±0.37% was observed in 
reactor no. 6 with isolate no. S2-TSB-17 having 10% sludge, 70% cow 
manure and 20% garden waste which was approximately 37% lesser 
than the maximum degradation. In other compostersdegradation 
observed was in the range of 48.5–78.5%. HMX removal was higher at 
lower sludge concentration which may be due to lower toxicity at lower 
contaminant concentrations. 

Bacillus sonorensis seems to be performed better at lower concentra-
tion of HMX (10% sludge), however, Arthrobacter subterraneus per-
formed better at 20 and 30% sludge concentration. Further consortium 
of microbes showed significant results at 10 and 20% sludge concen-
trations as compared to 30% sludge. Earlier studies showed that cyclic 
ring of nitramines (HMX & RDX) is less stable in nature and get broken in 

other intermediate products by different mechanisms. Single nitrite ion 
(NO2

− ) elimination is one of the identified routes. The current study also 
observed the reduction in concentration of RDX and HMX with forma-
tion of nitrite ions. During the in-vessel composting, microbes utilized 
nitrogen and carbon present in the explosive sludge as a source of 
nutrition for their growth. The nitro-reductase enzymes are known to 
break complex ring structure into simpler secondary metabolites before 
complete mineralization. 

It was also observed that the degradation of HMX/RDX and microbial 
growth for individual microbes at 50% sludge concentrations were very 
low which may be due to more toxicity at higher concentration. Wil-
liams et al. (1992) performed the composting of soil contaminated with 
explosives under thermophilic and mesophilic conditions. They 
observed that the RDX and HMX were decreased below the detection 
level from the initial concentration, 17900 mg/kg and 2390 mg/kg in 
the compost in 153 days with the help of indigenous microbes present in 
the compost. US Army Environmental Center (1993), carried out 
windrow composting of explosive contaminated soil under aerated 
conditions and observed 76.6% removal of HMX from the initial con-
centration (199.5 mg/kg). Authors obtained similar results during the 
study. Further, there was negligible degradation of 2.8% in HMX con-
centration in control which may be due to photolysis of the contami-
nants. It also showed that the microbes played an important role in 
degradation of contaminants during the study. ANOVA (single factor) 
was performed to check the significance of degradation efficiency be-
tween different reactors and the reactor having least degradation 
(reactor 6) on 80th day. A p-value less than 0.0001 was observed for 
reactor 2, 3, 4, 7, 8, 10 and 11 and a p-value less than 0.01 was observed 
for reactor 9 and 12 indicating significant degradation of HMX in these 
reactors. The combination with maximum degradation was further 
evaluated for half-life of HMX during the composting process. Pseudo 
first order kinetic model was applied which is represented in Eq. (1).  

ln A = − kt + ln A0                                                                         (1) 

Where, A is concentration after incubation, A0 is the initial concentra-
tion of HMX, t1/2 is the time for 50% HMX degradation and k is the 
degradation rate. The observed rate of degradation (k) and half-life (t1/2 
= 0.693/K) of the selected combination was 0.0223 day− 1 and 31 days, 
respectively with the correlation coefficient (R2) of 0.99 (supplementary 

Table 3 
Initial and final physico-chemical characterization of different waste combinations during in-vessel composting (n = 3).  

In-vessel Reactor 
no. 

pH Phosphate (mg/kg) Potassium (mg/kg) TKN (%) TOC (%) C:N ratio 

Initial Final Initial Final Initial Final Initial Final Initial Final Initial Final 

1 3.50 ±
0.02 

3.53 ±
0.02 

29.9 ±
0.4 

12.34 ±
0.2 

22.1 ±
0.4 

11.34 ±
0.4 

0.9 ±
0.1 

0.9 ±
0.1 

22.8 ±
0.2 

21.89 ±
0.1 

25.62 ±
3.7 

24.63 ±
4.0 

2 7.42 ±
0.02 

6.96 ±
0.02 

21.3 ±
0.4 

10.0 ±
0.2 

19.8 ±
0.2 

15.25 ±
0.4 

0.9 ±
0.1 

1.3 ±
0.2 

30.7 ±
0.2 

39.28 ±
0.4 

34.51 ±
5.1 

30.91 ±
6.3 

3 6.86 ±
0.04 

7.02 ±
0.02 

22.4 ±
0.2 

6.77 ±
0.2 

17.3 ±
0.4 

15.23 ±
0.2 

0.7 ±
0.0 

1.2 ±
0.1 

27.9 ±
0.1 

38.94 ±
0.2 

39.85 ±
0.2 

32.66 ±
3.6 

4 7.30 ±
0.02 

7.15 ±
0.01 

25.7 ±
0.5 

7.43 ±
0.1 

16.9 ±
0.4 

11.67 ±
0.2 

0.8 ±
0.1 

1.2 ±
0.2 

27.8 ±
0.2 

25.40 ±
0.5 

35.26 ±
5.8 

21.82 ±
5.6 

5 7.43 ±
0.04 

7.10 ±
0.02 

26.2 ±
0.2 

3.55 ±
0.4 

16.2 ±
0.1 

13.27 ±
0.2 

0.7 ±
0.1 

0.8 ±
0.0 

25.5 ±
0.1 

28.73 ±
0.5 

37.16 ±
7.3 

35.91 ±
0.7 

6 7.26 ±
0.04 

7.08 ±
0.01 

22.9 ±
0.4 

8.45 ±
0.2 

18.5 ±
0.2 

9.35 ±
0.1 

1.2 ±
0.2 

1.5 ±
0.1 

27.3 ±
0.4 

31.33 ±
0.4 

23.35 ±
5.1 

20.96 ±
1.6 

7 7.52 ±
0.02 

7.11 ±
0.02 

23.6 ±
0.1 

9.27 ±
0.1 

17.9 ±
0.4 

15.22 ±
0.1 

0.9 ±
0.1 

1.2 ±
0.2 

25.9 ±
0.1 

30.52 ±
0.5 

29.12 ±
4.4 

26.10 ±
5.6 

8 7.39 ±
0.02 

7.23 ±
0.02 

25.5 ±
0.2 

10.59 ±
0.1 

17.1 ±
0.1 

12.34 ±
0.4 

0.8 ±
0.1 

1.3 ±
0.2 

26.4 ±
0.1 

37.27 ±
0.8 

33.50 ±
5.7 

29.29 ±
5.7 

9 7.62 ±
0.04 

7.07 ±
0.01 

27.2 ±
0.1 

10.19 ±
0.2 

15.2 ±
0.2 

10.56 ±
0.2 

0.8 ±
0.1 

0.9 ±
0.1 

24.7 ±
0.4 

24.09 ±
0.4 

31.31 ±
5.0 

27.13 ±
4.7 

10 7.60 ±
0.02 

7.12 ±
0.02 

20.1 ±
0.1 

8.96 ±
0.2 

20.3 ±
0.4 

8.97 ±
0.4 

1.3 ±
0.2 

1.5 ±
0.1 

30.4 ±
0.4 

30.69 ±
0.5 

23.91 ±
3.4 

20.53 ±
1.5 

11 8.49 ±
0.04 

7.08 ±
0.04 

24.2 ±
0.2 

9.06 ±
0.4 

18.6 ±
0.2 

16.34 ±
0.1 

0.9 ±
0.1 

1.3 ±
0.1 

28.1 ±
0.2 

35.54 ±
0.1 

31.58 ±
4.6 

27.50 ±
3.1 

12 8.14 ±
0.02 

7.01 ±
0.01 

25.9 ±
0.1 

11.22 ±
0.1 

15.2 ±
0.2 

15.23 ±
0.1 

0.8 ±
0.1 

1.1 ±
0.1 

27.3 ±
0.2 

33.49 ±
0.7 

34.63 ±
5.7 

30.74 ±
4.5  
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Fig. 1). The high half-life of HMX shows, its recalcitrant nature. Garg 
et al. (1991) have done a sludge composting study and found that the 
half-life of HMX was nearly 42 days. 

3.2.2. Degradation of RDX 
RDX was present in the sludge as a co-contaminant of HMX and its 

degradation was also evaluated during the composting process as shown 
in Fig. 2(B). It was observed that both microbes were well adapted to 
utilize RDX during composting process. The reactor number 2, 3, 4 and 5 
inoculated with Bacillus sonorensis showed a degradation of 77.36 ±
0.95%, 81.09 ± 1.02%, 80.60 ± 0.79% and 56 ± 0.17%, respectively at 
a concentration of 10, 20, 30 and 50% sludge concentration. Maximum 
degradation achieved with Bacillus sonorensis was 81.09 ± 1.02%, in 
reactor number 3 with 20% explosive sludge concentration. Similarly, in 
the reactors no. 6, 7, 8 and 9 which were seeded with Arthrobacter 
subterraneus maximum degradation of 81.96 ± 0.77% was achieved in 
reactor no. 8 which was 54.56% higher than the minimum degradation 
in reactor no. 9. Out of all reactors, the maximum reduction observed in 
the RDX concentration was 91.2 ± 0.80% in reactor no. 11 having 20% 
sludge, 60% cow manure and 20% garden waste in the presence of both 
the microbes. The presence of both microbes together seems to have 
positive impact on the removal of RDX. During RDX degradation, both 
the microbes performed very well at 10, 20 and 30% sludge 

concentration whereas, 50% sludge concentration tends to decrease the 
degradation efficiency, which can be due to high toxic effect of RDX on 
microbes. The degradation achieved was more with RDX in comparison 
with HMX which may be due to the high concentration of HMX in the 
contaminated sludge and less of RDX. The concentration of HMX was 
nearly 9–10 times higher as compared to the RDX concentration in 
explosive sludge (Table 1). It is well proven that quantity and concen-
tration of the contaminant plays an important role in microbial 
degradation. 

Apart from this, based on equation (1), half-life for RDX degradation 
was also calculated for the combination having maximum degradation. 
The rate constant (k) for the RDX in the combination having 20% sludge, 
60% cow manure and 20% garden waste with consortia was found 
0.0327 day− 1 with a half-life (t1/2) of 21 days with the correlation co-
efficient of 0.95 (supplementary Fig. 2). Further, a negligible degrada-
tion of 4.3% RDX was observed in control which may be due to 
environmental factors and showed that the indigenous microbes present 
in the sludge were unable to uptake and mineralize the RDX. ANOVA 
single factor was performed and significant RDX degradation was ach-
ieved for reactor no. 2, 3, 4, 5, 6, 8, 10, 11 and 12 with a p-value of less 
than 0.0001 and reactor no. 7 with a p-value less than 0.01. 

The findings of the work were in line with the previous studies done 
by the US Army Environmental division in 1993, where windrow 

Fig. 2. (A).Degradation of HMX in different reactors during in-vessel composting with time. (B). Degradation of RDX in different reactors during in-vessel com-
posting with time. *shows significance level of p-value (*** indicate p value ≤ 0.0001 and ** indicate p value ≤ 0.01 on 80th day). 
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composting of soil contaminated with explosives was carried out. Also, 
Griest et al. (1991) studied static pile composting for the explosive 
contaminated soil and found up to 97% reduction in the RDX concen-
trations. Similar degradation efficiency was observed for Pseudomonas 
fluorescens, Rhodococcus sp., Gordonia sp. and Willamsia sp. during the 
RDX degradation in soil (Lorenz et al., 2013; Thompson et al., 2005; 
Fournier et al., 2002). 

Some intermediate products peaks were also observed while quan-
tifying the concentration of remaining explosives using HPLC. The 
samples showing those peaks were chosen and subjected to mass spec-
troscopic analysis using LC-MS/MS to elucidate the HMX degradation 
intermediates formed during in-vessel composting of explosive sludge 
due to cleavage of HMX and RDX ring. Under the Positive electron spray 
ionization (ESI) mode, the presence of intermediate molecular ions were 
identified having the major [M+H]+ peaks at ~ 205.09 Da and 177.04 
Da m/z ratio (Fig. 3). Different molecular ion fragments identified, 
indicate the presence of two different intermediate products which were 
Bis(hydroxymethyl)nitramine (C₂N₆H₈O₃, M + nCH3CN) (Hawari et al., 
2001) and Methylene dinitramine (CH₄N₄O₄, M + nCH3CN) (Zhang 
et al., 2003) having m/z ratio of 205.09 and 177.04, respectively. The 
microbes may have utilized HMX and RDX as a source of nitrogen during 
their growth and metabolic activities. With the help of nitro-reductase 
enzyme microbes tends to break the HMX ring structure into 
nitroso-derivatives of HMX like Bis(hydroxymethyl)nitramine, CO2, 
nitrous oxide, formaldehyde, nitrate and nitrite (Hawari et al., 2001; 
Zhang et al., 2003; Fournier et al., 2004). The sequential hydroxylation 
and de-nitration of the ring may lead to the breakdown of HMX ring 
structure. 

The Scanning Electron Microscope (SEM) imaging of the microbes 
was carried out at high magnification and the attachment and presence 
of microbes with substrate was confirmed (Fig. 4). SEM image of isolate 
S2-TSB-17 and isolate no. S8-TSB-4) with explosive treatment and 
without explosive treatment (Fig. 4) also illustrated the isolates to be 
rod-shaped cells and affirmed that there was no deformation in their 
shape in presence of explosives. Microbes were not affected adversely by 
the toxic environment of HMX and RDX. Upswing growth of both mi-
crobes showed that they could easily tolerate high concentration ofthe 
contaminants present in the sludge during the composting process and 

were also able to maintain their originality at the same time. 

3.3. Release of nitrite and nitrate during the composting 

Nitrite is the by-product of HMX and RDX degradation. So, nitrite 
and nitrates were estimated to understand the degradation mechanism 
of contaminants. The changes in concentration of nitrite and nitrate 
were also observed during the in-vessel composting of explosive sludge 
over 80 days time period which is mentioned in Fig. 5 (A) and Fig. 5 (B) 
respectively. During the composting of sludge, the concentration of ni-
trite increased till 50th day and after that a decrease was observed. The 
increasing nitrite concentration can be co-related with the degradation 
of RDX and HMX during the composting process. However, further 
decrease in nitrite concentration may be due to uptake of it by microbes 
or conversion into nitrate. It is due to the fact that nitrite ions are less 
stable under aerobic conditions and readily get converted into nitrate. 
The maximum nitrite release observed was 24.02 ± 0.05 mg/L in reactor 
no. 11 with Bacillus sonorensis and Arthrobacter subterraneus having 20% 
sludge concentration on 50th day. This was followed by reactor no. 10 
(20.48±0.07 mg/L) having 10% sludge with Bacillus sonorensis and 
Arthrobacter subterraneus, and reactor no. 3 (20.41±0.05 mg/L) with 
20% sludge having Bacillus sonorensis on 50th day. 

The change in nitrate concentration observed during the composting 
process is shown in Fig. 5 (B). Bacillus sonorensis in reactor no. 2 with 
10% sludge, 70% cow manure and 20% garden waste showed accu-
mulation of nitrate ions till 80th day and maximum nitrate concentra-
tion observed was 30.65 ± 0.9 mg/L on 70th day. Whereas, in other 
combinations the nitrate concentration increased till 40–50 days and 
then it started to decline. As from the earlier work it has already been 
established that during RDX and HMX degradation, there is a release of 
nitrite and nitrate ions (Singh et al., 2009; Bhushan et al., 2006; Zoh and 
Stenstrom, 2002) and same was confirmed in the current study.ANOVA 
showed significant p-values for the reactors having maximum nitrite 
(reactor 11) and nitrate (reactor 2) released on 50th and 70th day 
respectively. 

The ring cleavage of HMX and RDX follows two different steps which 
involves de-nitration and hydrolytic cleavage. It has been found that 
during the degradation of mono-nitroso derivatives of the explosives, 

Fig. 3. Mass spectrometric analysis of secondary metabolites formed during explosive sludge degradation process in reactor no. 2 on 50th day and their structures.  
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Fig. 4. Scanning electron micrograph of microbes, Arthrobacter subterraneus (isolate no. S2-TSB-17) with treatment (A.1) and without treatment (A.2) and Bacillus 
sonorensis (isolate no. S8-TSB-4) with treatment (B.1) and without treatment (B.2) in reactor 2 and 6, respectively. 

Fig. 5. (A).Release of nitrite during the RDX and HMX degradation in different reactors with time. (B).Release of nitrate during the RDX and HMX degradation in 
different reactors with time. *shows the significance level of p-value (*** indicate p value ≤ 0.0005, ** indicate p value ≤ 0.005, * indicate p value ≤ 0.01 and NS 
indicates non-significant values on 50th day). 
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nitrite and nitrate are released (Fournier et al., 2004; Khan et al., 2015). 

4. Conclusions 

In this study, the contaminated sludge was collected from a HMX 
manufacturing facility in the North India. High concentration of HMX 
and RDX were present in the sludge. In-vessel composting of HMX and 
RDX contaminated sludge was carried out using microbes Arthrobacter 
subterraneus (isolate no. S2-TSB-17) and Bacillus sonorensis (isolate no. 
S8-TSB-4) which were isolated from the same contaminated site in a 80 
days experiment under aerobic conditions. The maximum HMX degra-
dation (78.5%) was observed with Bacillus sonorensis having 10% sludge, 
70% cow manure and 20% garden waste in reactor no. 2. Further, the 
degradation of RDX was maximum (91.2%) in reactor no. 11 inoculated 
with consortium of microbes having 20% sludge, 60% cow manure and 
20% garden waste. The half-life for HMX and RDX in the combinations 
having highest degradations was found 33 days (k = 0.223day− 1) and 21 
days (k = 0.0327day− 1), respectively. One way ANOVA showed signif-
icant results for in-vessel composting process in treatment of explosive 
contaminated sludge. The intermediate products for the HMX during 
degradation were identified as bis(hydroxymethyl)nitramine and 
methylene dinitramine. The HMX and RDX breakdown was further 
confirmed by analysing the release of nitrite and nitrate during the 
composting process. The results concluded that both indigenous mi-
crobes have the potential to degrade RDX and HMX contaminated sludge 
efficiently. Also, it is the first In-vessel composting study using these 
microbes for degradation of explosive contaminated sludge. This study 
can be extended for pilot scale composting process to decontaminate the 
sludge at actual contaminated sites. Furthermore, the detailed mecha-
nism and the metabolic pathway for the aerobic degradation of RDX and 
HMX required to be studied explicitly. There is also a need for the further 
investigation of enzymes involved in the process of degradation of 
explosive contaminated sludge. 
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