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ABSTRACT

Biodegradation of Octogen (HMX) is a better as well as environment-friendly technique to reduce its
adverse effects on the environment. Therefore, optimization of parameters of HMX degradation using a
consortium of bacterial isolates derived from an explosive polluted area was conducted with the help of
Response Surface Methodology (RSM). The study was carried out to reveal the relationship between
dependent and independent variables during HMX degradation. Independent variables included the
inoculum size, initial concentration of HMX and time period of sampling during the experimentation,
and dependent variables included percentage reduction of HMX, optical density and nitrite released. All
dependent and independent variables were analyzed employing Box-Behnken design of RSM. Results
revealed that an initial concentration of 4 ppm HMX, time period of eight days and inoculation size of 4
ml was optimal for 82% removal of HMX. A high regression coefficient of 0.99 with a statistically significant
fitted into the quadratic regression model for HMX reduction percentage was illustrated by the statistical
evaluation employing analysis of variance (ANOVA).
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INTRODUCTION

Octogen (HMX) is a high energetic material
which is used as a major component in the
production of various explosive formulations
these days (Liu et al., 2015). Octogen is a
nitramine-based secondary explosive, and it
is also called High Melting Explosive (HMX). Its
production, storage and utilization for civil as
well as defense purposes have led to the
pollution of soil and water, which poses a
severe danger to the biotic component of the
environment. According to Johnson and Reddy
(2015), HMX can adversely affect the liver,
kidney, brain, heart and central nervous
system in animals. HMX does not naturally
occur in the environment. It is a recalcitrant
compound that can persist in the environment
for a prolonged period of time, resulting in
pollution of air, water and soil. Explosive like
HMX, hexahydro-1, 3, 5-trinitro-1, 3, 5-triazine
(RDX) 2, 4, 6 trinitrotoluene (TNT) have been
used and produced extensively from the time
of World War II. The increased demand and
production of explosive compounds have
procreated numerous explosive polluted areas

over the globe making explosive contamination
a worldwide problem. Strategies like
incineration dumping at landfill sites and seas
are usually practised to manage HMX-
contaminated wastes. These conventional
methods harm the environment and further
deteriorate air, water and soil. Finding an
environmentally benign remediation
technique is thus necessary to address the
pollution brought on by HMX contamination.
Microbial remediation is a sustainable and
economical approach for the remediation of
polluted sites. It has been observed that
microbial treatments may be able to clean up
areas that have been contaminated by
industrial wastewater (Ahmad et al., 2018;
Zabermawi et al., 2022). Several studies for
microbial remediation of industrial waste like
phenols, dyes and petroleum derivatives have
been documented by various researchers
(Shahi et al., 2016; Omer et al., 2017; Sepehr
et al., 2019; Bharathi et al. 2022). A number of
investigations have also been conducted on
the microorganisms’ capacity for the explosive
breakdown in both aerobic and anaerobic
environments (Khan et al., 2015; Liu et al.,



2015). According to Khan et al. (2015), aerobic
degradation of energetic materials offers
various benefits over anaerobic degradation,
including a higher rate of breakdown and less
hazardous byproducts produced during the
process. Sheehan et al. (2020) showed that rate
of biodegradation of high explosive compounds
by bacteria in aerobic environment is much
faster in comparison to anaerobic bacteria and
fungi by performing a meta-analysis. Nagar et
al. (2018) and Meda et al. (2020) investigated
HMX degradation by bacteria and found
degradation of 87.7% in 15 days using Bacillus
toyonensis and HMX degradation of 70% in 20
days using Planomicrobium flavidum ,
respectively. Moreover, the process of explosive
degradation varies from species to species and
needs to be optimized for application on a large
scale.
A process with many factors influencing the
outcomes can be improved and optimized using
a statistical approach called Response Surface
Methodology (RSM). This methodology utilizes
lower-order polynomial equations and requires
fewer experimental setups overall, which helps
to cut down on the time and resources required
for process optimization. A spherical, revolving
RSM model called the Box-Behnken model, has
at least three levels, and the independent
variable is held constant at one of the three
equidistant values. The Box-Behnken model’s
experimental combinations are equally spaced
in middle and on each side of the process space.
Use of RSM with Box-Behnken model for
optimization of high explosives degradation by
bacteria has been documented by Sangwan et
al. (2015); Meda et al. (2020) and Sharma et al.
(2021).
The current study was planned with the
objective to optimise experimental parameters
for HMX removal with the help of the Box-
Behnken model of RSM in the aqueous phase
utilizing a native bacterial consortium isolated
from a polluted area. The experiment was
performed under aerobic conditions. One of the
most significant by-products produced during
the breakdown of HMX is nitrite (Nagar et al.,
2018; Meda et al., 2020). Therefore, the
concentration of nitrite was also analyzed in
this study. The HMX degradation potential of
consortium containing bacterial isolates S5-
TSB-17, MTCC No. 12883, S4-TSB-1 and MTCC
No. 12854 were used in the present study
which have not been explored so far. However,

these isolates were previously used in the
research to degrade RDX (Sharma et al., 2021).

MATERIALS  AND  METHODS

HMX, with a purity of >99%, was provided by
an explosive  manufacturing facil ity in
northern India for research purposes. The
triple distilled water used in this study was
purchased from Millipore. High-pressure liquid
chromatography (HPLC) grade acetonitrile was
bought from Sigma-Aldrich. Other additional
chemicals utilized in the current study were
analytical grade and were bought from
reputable suppliers.
Samples of contaminated water and soil were
taken from a polluted area close to an explosive
manufacturing facility in Northern India
according to standard protocol employing
random systematic grid sampling, composite
sampling and grab sampling techniques. The
microbial strains from explosive contaminated
samples were isolated and identified by the
Council of Scientific & Industrial Research
(CSIR), Institute of Microbial Technology
(IMTech), Chandigarh, India and were provided
in lyophilised form.
Trypticase Soy Agar (TSA) was used as a
nutrient medium to prepare the culture plates
on which the lyophilised isolates of bacteria
were reactivated. TSA was prepared by adding
2.5 g dextrose, 5 ng NaCl, 2.5 g di-potassium
phosphate, 3 g soya peptone, 17 g casein
peptone and 15 g agar in one liter of
demineralised water. The isolates of bacteria
were sub-cultured in conical flasks containing
Trypticase Soy Broth (TSB) as the nutrient
medium. The conical flasks containing
bacterial isolates were incubated at 32±2°C
temperature, in an orbital shaker incubator
at 120 rpm under aseptic environment. The
bacterial cultures were thereafter acclimatised
and maintained in another growth medium
called Mineral Salt Medium (MSM) which had
nutrients in a limited quantity. MSM1 and
MSM2 were the two types of MSM prepared
among which MSM1 was utilized to make
bacterial isolates acclimatised to mineral salt
medium. MSM2 was used as a growth media
in the batch experiment in which HMX was
substituted as the sole nitrogen source for
bacterial growth. Composition of MSM1 was
1.74 g K2HPO4, 1.36 g KH2PO4, 0.061 g
MgSO4·7H2O, 0.053 g NH4Cl, 0.59 g C4H6O4, 0.92
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g C3H8O3, 0.900 g C6H12O6, 0.278 mg
FeSO4·7H2O, 11.09 mg CaCl2·2H2O, 0.015 mg
MnCl2·4H2O, 0.024 mg H3BO3, 0.0028 mg
ZnSO4·7H2O, 0.0024 mg CuSO4·5H2O and
0.0071 mg CoCl2 ·6H2O in 1L distilled water.
A consortium of isolates was prepared by
conducting interaction studies between the
microbes isolated from the explosive-
contaminated area employing the following
formula:

nCr = n!/(n-r)!(r)!

Where, n = total no. of microbial isolates, C =
combination of microbial isolates, and r = no.
of microbial isolates in each combination.
Utilizing the above mentioned method, six
combinations for consortium were created
using four different bacterial strains. Every
consortium combination had two strains of
bacterial isolates. The bacterial consortia were
developed by adding 2 ml of freshly made
bacterial isolate culture broth in 100 ml
autoclaved TSB growth media. The growth of
both bacterial isolates in consortia broth was
evaluated by observing Colony Forming Units
(CFU) on TSA plates.  For further study, isolate
nos. S5-TSB-17 and S4-TSB-1 were employed
because it was found that they were compatible
with one another. After three days of
incubation, uniform colonies of cream-white,
Paenibacillus aestuarii and ye llowish
Arthrobacter subterraneus were present on
culture plates. The consortium culture of P.
aestuarii and A. subterraneus in MSM1 media
having optical density (OD) 1.21 was used to
inoculate HMX-containing MSM2.
A standard solution prepared in HPLC grade
acetonitrile containing 100 mg/l HMX was
filtered by passing through a 0.22 m filter to
make it sterilized. The prepared stock solution
was utilized to make the required 6, 4 and 2
mg/l HMX concentration. The bacterial
consortium cultured in MSM1 was used in
order to inoculate sterlized MSM2 with various
concentrations of spiked HMX. The MSM2
inoculated with the consortium was kept at a
temperature of 33±2ºC with 120 rpm in an
orbital shaker incubator. Different factors,
such as contaminant concentration,
inoculation size, and study duration, have a
significant impact on the degradation process
(Sangwan et al., 2015; Meda et al., 2020;
Sharma et al., 2021). Each factor or variable

was required to be optimized for effective
degradation studies. The Design-Expert
software (Stat- Ease, Inc., Minneapolis, MN,
USA), which utilized RSM as statistical tool,
was used to plan experiments. RSM Box
Behnken design was used for the optimization
of process parameters for HMX biodegradation
by a consortium of two bacterial isolates i.e. P.
aestuarii and A. subterraneus. Various variable
factors (independent variables) of this study are
depicted in Table 1. Using the values of the
independent variables, which were the HMX
concentration of 2, 4 and 6 mg/l, the
inoculation volume of 2, 4 and 6 ml, and the
period of 4, 8 and 12 days, a total of 17
combinations were produced.

Table 1. Independent variables and their coded levels
used for optimization for HMX

Variables Range and levels
(coded)

-1 0 +1

Initial HMX concentration (mg/l) 2 4 6
Inoculation size (ml) 2 4 6
Time duration (days) 4 8 12

The growth of bacterial consortia when they
were introduced to various HMX concentrations
was analyzed by observing the optical density
of samples. One of the crucial by-products,
Nitrite, was yielded during the biodegradation
of HMX. The three response parameters–the
HMX removal percentage, optical density and
nitrite release were analyzed. The bacterial
proliferation was estimated by monitoring the
optical density of the samples. UV VIS
spectrophotometer of Perkin Elmer was used
to measure optical density at 600 nm. Hach
DR1900 spectrophotometer was used to
evaluate nitrite release by the diazotisation
method. Perkin Elmer HPLC Flexar was used
to analyze the concentration removal of HMX.
The USEPA 8330A standard method was used
to prepare the samples for HPLC analysis. A
C18 column with dimensions of 3 m x 150 x
4.6 mm was used as the stationary phase, and
the mobile phase consisted of a 50:50 v/v
mixture of acetonitrile and triple-distilled
water flowing at a rate of 1 ml/min. Detection
of HMX in the samples was performed by a
Photo Diode Array (PDA) detector.
Statistical estimation was carried out
employing Design Expert 11 (Stat-Ease, Inc.,
Minneapolis, MN, USA) for the analysis of
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variance (ANOVA) to evaluate the significance
of each term in fitted equations and to analyze
the goodness of fit. The two-way ANOVA was
applied in the present study because factor
variables were more than two. A second-order
polynomial model in which interaction terms
were applied to the exploratory results of the
experiment can be written in the form of the
following equation :

Y=ao+aixi+aiix
2
i+ aijxixj

Where, Y = percent removal of HMX, ao= offset
term, ai = first order main effect, aii= Second
order main effect, aij = interaction effect, xi and
xj = input factors.
To obtain relation with the exploratory
variables and their responses, 3D plots were
produced, and optimum variables were
developed by the response surface
methodology.

RESULTS  AND  DISCUSSION

Box-Behnken Design of RSM was used to
produce different combinations of independent
factors (Table 2) depicting independent factors
and their responses which were generated
with the help of Box-Behnken Design. The
independent factors were tested for various
parameters, each of which produced a unique
set of responses. Different response

parameters for HMX biodegradation were
accommodated to a Box-Behnken design using
experimental data. The response variables,
including the HMX removal percentage, optical
density and nitrite release were represented
as 3D response graphs as a function of two
independent variable combinations.
Growth of bacteria was assessed by monitoring
optical density of the samples at different
intervals of time. The optical density (OD) 3D
surface plot as function of (a) Volume of
suspensions (inoculation size) and initial HMX
concentrations, (b) time duration and initial
HMX concentration, (c) time duration and
volume of suspension (Fig. 1). The maximum
growth of the bacteria was obtained with the
optical density of 0.27 in combination having
4 mg/l HMX concentration and 4 ml inoculation
size in eight days time interval. The second
highest bacterial growth, with an optical
density 0.25, was observed in the combination
having 6 mg/l HMX concentration with 4 ml
volume of suspension, in a time interval of 12
days. The optical density, 0.11, was the lowest
optical density measured at 4 mg/l HMX
concentration with 2 ml inoculation size in 4
days time intervals. It was observed that the
highest optical density observed in the sample
was 1.45 times more than the lowest optical
density. The optimum inoculation size and
HMX concentration led to enhanced bacterial
proliferation in the combination containing 4

Table 2. Box-Behnken Design Matrix for independent variables along with their observed response for HMX
degradation

Std Run Factor 1 Factor 2 Factor 3 Response 1 Response 2 Response 3

A: Concentration B: Volume C: Time Optical Nitrite % Removal
(mg/l) of (days) density of HMX

suspension
(ml)

16 1 4 4 8 0.27 0.03 82
3 2 2 6 8 0.17 0.02 55
7 3 2 4 12 0.15 0.01 45

12 4 4 6 12 0.16 0.01 70
5 5 2 4 4 0.17 0.01 30

10 6 4 6 4 0.14 0.03 50
9 7 4 2 4 0.11 0.01 44.25

17 8 4 4 8 0.27 0.03 82
15 9 4 4 8 0.27 0.03 82
13 10 4 4 8 0.27 0.03 82
14 11 4 4 8 0.27 0.03 82
2 12 6 2 8 0.15 0.01 68.16
6 13 6 4 4 0.14 0.01 60
8 14 6 4 12 0.25 0.02 76.66

11 15 4 2 12 0.19 0.01 62.5
4 16 6 6 8 0.21 0.03 72.83
1 17 2 2 8 0.16 0.01 40
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Fig. 1. 3D surface plot for optical density as a function of (a) volume of suspension (inoculation size) and
initial HMX concentration, (b) time duration and initial HMX concentration and (c) time duration
and volume of suspension.

(a)

(b)

(C)
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mg/l HMX, 4 ml of inoculum suspension and
time duration of eight days. The higher HMX
concentration provided a sufficient amount of
nitrogen source to the thriving microbes. Meda
et al. (2020) found similar trends while
investigating HMX biodegradation. After four
days of inoculation, the consortium’s bacteria
became accustomed to the HMX in the MSM2
media and began using it as nitrogen source.
It can be concluded that the bacterial
consortium used in this study can tolerate HMX
up to 6 mg/l concentration. However, at this
concentration, the growth of bacteria was slow
after first few days of inoculation.
It was observed that HMX degradation was
affected by inoculation size, HMX concentration
and time. Fig. 2 shows the 3D response graphs
of percentage removal of HMX as functions of
the (a) volume of suspensions (inoculation
size) and initial HMX concentrations, (b) time
durations and initial HMX concentrations and
(c) time durations and volume of suspensions.
It showed that the maximum amount of HMX
degradation 82%, was attained at an initial 4
mg/l HMX concentration, with a 4 ml volume
of suspension and 8-day incubation period,
followed by 76.66% HMX removal at 6 mg/l
initial HMX concentration, 4 ml volume of
suspension and 12-day incubation period.
Minimum degradation of 30% was found in a
combination having 2 mg/l HMX, 4 ml
inoculation size and four days time duration.
At optimal conditions, the maximum
percentage degradation of HMX was 1.73 times
more than its minimum degradation
percentage. A lesser time duration of four days
with a minor initial concentration of just 2
mg/l HMX as a nitrogen source and bacterial
abundance with inoculation size of 4 ml,
resulted in the least percentage removal of
HMX. In comparison to pure culture of isolates
– P. estuarii and A. subterraneus, the same
bacteria employed in the current investigation
as a microbial consortium demonstrated
greater stability and efficiency for HMX
degradation.
Nitrite is among the significant by-products
formed during the biodegradation of HMX
(Nagar et al., 2020). Fig. 3 illustrates the 3D
surface graph of nitrite produced by a bacterial
consortium as function of (a) inoculation size
and initial HMX concentration, (b) time
duration and initial HMX concentration and
(c) time duration and volume of suspension.

The highest nitrite release 0.03 mg/l was
observed with three different combinations.
The first set, which showed maximum nitrite
concentration, had 4 mg/l initial HMX
concentration along with 4 ml inoculation size,
in eight days time period, and the second set
of combination had 4 mg/l initial HMX
concentration, 6 ml inoculation size and four
days duration. Another set of combinations
showing 0.03 mg/l nitrite concentration was
6 mg/l initial HMX concentration with 6 ml
inoculation size in eight days. None of the
combinations showed the highest nitrite
concentration on 12 day of incubation. Reduced
nitrite concentration might be a result of the
nitrite ions’ instability, their transformation
to nitrate , or their util ization by the
proliferating bacteria during the experimentation
(Meda et al., 2020). During the batch
experiment, a predictable trajectory was not
observed in the case of nitrite release. The
nitrite in samples was generated by the
consortium’s aerobic breakdown of HMX. Nagar
et al. (2018) showed comparable outcomes in
their study.
Two-way ANOVA was employed to test the
fitness and efficacy of the model and the
coefficient of regression (R2). ANOVA for the
quadratic model is depicted in Table 3, the
predicted regression model for every response
is significant and valid as P < 0.05. For the
three variables, HMX removal, nitrite released
and optical density–ANOVA of higher
significant values was observed with F-values
of 87.58, 8.52 and 48.58, respectively.
The regression coefficient of model was 0.98,
0.91 and 0.99 for optical density, nitrite release
and percentage removal of HMX, respectively.
In case of percentage removal of HMX
response, the predicted R2 and adjusted R2 were
in reasonable agreement with each other. This
demonstrated a strong correlation between
experimental findings and model predictions,
which also indicated the model’s suitability for
illuminating the true relationship between
the selected factors. The final predictive
equation in terms of coded factors with high
levels of the factors coded as +1 and the low
levels coded as -1 is listed below:
Optical density : 0.27+0.0125 × A+0.00875 ×
B+0.02375 × C+0.0125 × AB+0.0325 × AC–
0.015 × BC–0.035 × A2 - 0.0625 × B2 - 0.0575 ×
C2

% Removal of HMX : 82+13.4562 × A+4.115 ×
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(a)

(b)

(C)

Fig. 2. 3D surface plot for the % removal of HMX by consortium as a function of (a) volume of suspension
(inoculation size) and initial HMX concentration, (b) time duration and initial HMX concentration
and (c) time duration and volume of suspension.
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(a)

(b)

(C)

Fig. 3. 3D surface plot for nitrite released by consortium as a function of (a) volume of suspension
(inoculation size) and initial HMX concentration, (b) time duration and initial HMX concentration
and (c) time duration and volume of suspension.

182 Sharma, Sharma and Sangwan



B+8.73875 × C - 2.5825 × AB+0.415 ×
AC+0.4375 × BC-13.3875 × A2-9.615 × B2-
15.6975 × C2

Nitrite : 0.03+0.0025 × A+0.00625 × B - 0.00125
× C+0.0025 × AB+0.0025 × AC - 0.005 × BC -
0.0075 × A2 - 0.005 × B2 - 0.01 × C2

Where, A=concentration of HMX, B=volume of
suspension (inoculation size) and C=time
duration in days.
Fig. 4 (a) illustrates the percentage of HMX
removal predicted versus actual graph, and
Fig. 4 (b) depicts graph of predicted versus
actual values of optical density. The actual
values and predicted values separated by
standard deviation are shown in graphs
presented in Fig. 4. The predicted values were
the values estimated from the model, and the
actual values analyzed response data from
different sets of combinations. The proximity
of the points in Fig. 4 (a) depicted a lower value
of standard deviation for the percentage
removal of HMX. In Fig. 4 (b), points on graph
were scattered, which indicated a high value
of standard deviation for optical density.

CONCLUSION

In the present study, Box-Behnken Model of
Response Surface Methodology was employed
for the optimization of process parameters of
octogen degradation by the microbial
consortium, which was derived from explosive
contaminated area. The results showed that
HMX degradation capability of the microbial
consortium was affected by three factors,
which included initial concentration of the
contaminant, inoculation size and time
interval of the sampling during the
experimentation. It could be concluded that
about 82% degradation of HMX can be attained

Table 3. ANOVA for quadratic model for optical density, nitrite and % removal of HMX

Response Source Sum of d. f. Mean F-value p-value %CV PRESS R2 Adj. R2

variables squares square

Optical Model 0.0515 9 0.0057 48.58 < 0.0001 Significant 5.51 0.0132 0.98 0.96
density Lack of fit 0.0008 3 0.0003

Pure error 0.0000 4 0.0000
Correction  total 0.0524 16

Nitrite Model 0.0014 9 0.0002 8.52 0.0050 Significant 21.77 0.002 0.91 0.80
Lack of fit 0.0001 3 0.0000
Pure error 0.0000 4 0.0000
Correction total 0.0015 16

% removal Model 4647.83 9 516.43 87.58 < 0.0001 Significant 3.81 660.39 0.99 0.97
of HMX Lack of fit 41.27 3 13.76

Pure error 0.0000 4 0.0000
Correction total 4689.10 16

(a)

(b)

Fig. 4. Predicted vs. actual plot of responses (a) %
removal of HMX and (b) optical density.

by using consortium of P. aestuarii and A.
subterraneus in aerobic conditions. Process
variables affecting the experimental outputs
can be optimized by employing RSM’s Box-
Behnken Design. The optimal conditions for
degradation of HMX were identified as 4 mg/l
initial HMX concentration, 4 ml inoculation
size, and eight days time duration. The
statistical analysis and proximity of exploratory
results confirmed reliability of regression
model. The results indicated that indigenous
bacterial consortia employed in this study could
biodegrade HMX present in the wastewater to
a substantial level. These findings can help
in lowering the costs of HMX remediation and
also mitigating the issue of HMX-polluted
wastewater in a sustainable way.  Further
detailed research is in progress to investigate
the process of secondary metabolites produced
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by bacterial consortia during the
biodegradation of HMX and its applications on
the field scale.
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