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Abstract:  The U.S. Army is evaluating new, insensitive explosives to 
produce safer munitions. Two potential new components are 2,4-dinitro 
anisole (DNAN) and N-methyl paranitro aniline (MNA). This work studied 
the effectiveness of the Anaerobic Fluidized-Bed Bioreactor (AFBB) for 
treatment and transformation of these two new chemical components in 
munitions. Each compound was fed into AFBBs, separately and together, 
and was monitored for removal and transformation. Ethanol was used as 
the electron donor. Results show that both compounds were degradable 
using the AFBB. The AFBB technology effectively removed the new 
munitions, but produced secondary compounds (reduced analogs of the 
original feed compounds), which may be as harmful as the feed material, 
but are no longer resistant to aerobic degradation. Previous work has 
shown that such analogs from DNT and TNT can be easily degraded in 
secondary wastewater treatment facilities, but this would have to be 
confirmed for the analogs from DNAN and MNA with further study. In 
addition to evaluating the fate of DNAN and MNA in the AFBB, adsorption 
isotherms revealed that no interactions occur between DNAN and MNA 
and granular activated carbon (GAC) under either oxic or anoxic 
conditions. 

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes. 
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products. 
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to 
be construed as an official Department of the Army position unless so designated by other authorized documents. 
 
DESTROY THIS REPORT WHEN NO LONGER NEEDED. DO NOT RETURN IT TO THE ORIGINATOR. 
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1 Introduction 

Background 

The U.S. Army is currently evaluating using less sensitive munitions in 
their explosives and propellants. If adopted, 2,4-dinitroanisole (DNAN) 
and N-methyl paranitro aniline (MNA) may become new components in 
these explosives and, thus, will be added to the waste stream at the Load, 
Assemble, and Pack (LAP) plants. Treatment methods will need to be de-
vised that can remove them reliably and at low cost.  

Very little is known about these compounds outside of their explosive 
properties. Because of this lack of knowledge, there is no demonstrated 
treatment method for handling the waste. The anaerobic fluidized-bed 
bioreactor (AFFB) has been demonstrated as an effective technology for 
treatment of wastewater containing energetics. One such installation is at 
the McAlester Army Ammunition Plant (MCAAP, McAlester, OK). This 
technology is thought to be compatible with these two new explosives.  

Laboratory-scale work was conducted at the University of Cincinnati. 

Objectives 

The objective of this project was to evaluate the use of the AFBB treatment 
technology as a method for removing DNAN and MNA from the wastewa-
ter. There were three main objectives of the work: 

1. Determine the viability of the AFBB technology to treat DNAN and MNA, 
both alone and in combination.  

2. Determine how interruptions or disruptions to the wastewater feed ef-
fected the treatment process after steady-state removal had been estab-
lished.  

3. Determine the effect of molecular oxygen on the adsorption of DNAN and 
MNA on activated carbon. 

Approach 

This investigation was designed to test the AFBB technology in treating 
DNAN and MNA and to determine any possible interactions or competition 
between the compounds under very controlled laboratory-scale conditions. 
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Scope 

This study is limited to controlled studies of single compounds and those 
compounds together, in a laboratory setting. No actual wastewater was 
available for testing, as these new explosives are not yet being packed on 
an industrial scale. 

Mode of technology transfer 

The results of this study, excluding the work using granular activated car-
bon (GAC), are being submitted for publication in peer journals. This re-
port will be made accessible through the World Wide Web (WWW) at 
URL: http://www.cecer.army.mil  

http://www.cecer.army.mil/�
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2 Literature Review 

2,4-dinitroanisole and N-methyl paranitro aniline 

Both explosives have been known since at least the 1950’s, but have not 
been major components of modern munitions until now. DNAN, 
C7H6N2O5, is composed of an aromatic ring with two nitro groups and one 
methoxy group. It is to be used as a replacement for trinitrotoluene (TNT). 
It is much less sensitive, requiring a higher detonation temperature, but 
still has similar properties to TNT that make it advantageous for manufac-
turing explosives (Davies and Provatas, 2006). The addition of DNAN to 
the munitions formula will reduce the risk of unwanted detonations and 
any secondary explosions caused by close proximity to initial explosions.  

One disadvantage of DNAN is a slightly higher melting temperature than 
TNT. Thus, MNA is used. MNA is an additive used to lower the melting 
point of other energetic compounds, such as DNAN, to make manufactur-
ing the explosives easier (Davies and Provatas 2006). MNA, C7H8N2O2, is 
composed of an aromatic ring with a nitro group and a methyl group at-
tached to an amine group. Very little is known about the fate of these com-
pounds in treatment systems or the best conditions for their degradation 
as they are still under development with no waste streams available. 

Anaerobic fluidized-bed bioreactors 

Anaerobic fluidized-bed bioreactors have been studied extensively for use 
with industrial wastes and other more difficult to degrade wastewaters 
(Grace and Bi 1997). Advantages of AFBBs over more conventional treat-
ment systems include high solids-liquid interfacial area, low washout, and 
minimal sludge recycling. Suidan et al. (1988) found another advantage 
was that the fluidization decreased the thickness of the concentration 
boundary layer leading to lower mass transport resistance. 

Anaerobic treatment of munitions wastewater 

In addition to being studied heavily for general wastes, AFBBs have been 
used for treating munitions specific waste. Davel (2002) evaluated the 
treatment of TNT, RDX (Royal Demolition eXplosive, or hexahydro-1,3,5-
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trinitro-1,3,5-triazine), and HMX (High Demolition eXplosive, or octahy-
dro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine) using AFBBs and found almost 
complete transformation of the compounds. Others have shown similar 
results using Dinitrotouluene, DNT (Cheng et al. 1996). Atikovic et al. 
(2008) showed that AFBBs are effective at removing RDX and perchlorate 
both singularly and when together. A study was also performed on actual 
manufacturing pinkwater, the term used to describe the water discharged 
from the manufacture of the munitions containing TNT. In that study Ma-
loney et al. (2002) found that the AFBBs were effective in removing TNT 
and RDX despite widely varying concentration loads using a pilot scale 
system. 

The AFBB is one step of a two stage process to degrade nitro-based high 
explosive dissolved in wastewater. The first stage is the anaerobic trans-
formation of the nitro-substituent group to an amino group and the 
second stage is aerobic treatment of the transformed compound (Ber-
chtold et al. 1995, Vanderloop et al. 1998). Previous studies have shown 
that some anaerobic transformation products of energetic compounds re-
main stable in water after the anaerobic stage, such as the 2,4-
diaminotoluene resulting from the anaerobic reduction of 2,4-
dinitrotoluene, while others become unstable and the ring cleaves, such as 
triaminotoluene, which is the reduced product from trinitrotoluene (Ber-
chtold et al. 1995, Hwang et al. 2000). 

Ethanol requirements 

In many of these studies, ethanol was used as the primary substrate in the 
system. Ethanol is required as an electron donor to facilitate the degrada-
tion or transformation of the compound. Also, it has been shown that 
more ethanol is required than just the stoichiometric amount needed for 
the transformation (Atikovic et al. 2008). The additional ethanol is re-
quired to remove any oxygen present in feed stream and that might enter 
the system through leaks in reactor structure as well as bacteria synthesis. 
Determining the lower limit on the ethanol concentration needed is very 
important to minimizing the cost of running an AFBB system as the etha-
nol must be added to the waste stream. 
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Granular activated carbon 

Granular activated carbon (GAC) has been often used as an attachment 
medium in AFBB systems,. However, silica sand was used in its place in 
this study to speed the ability of the reactors in reaching stable operation 
without the confounding effects of adsorption. GAC is preferable for full-
scale systems due its adsorptive properties, lower density and rough sur-
face. The lower density minimizes shear loss of bacteria due to lower veloc-
ity requirements for fluidization and GAC’s rough surface provides better 
attachment conditions for bacteria. GAC also provides a buffer for varia-
tions in influent concentrations typical of industrial facilities, but this ad-
sorptive buffer capacity is a hindrance when the emphasis of the study is 
on biodegradation. 

The interactions of DNAN and MNA with GAC were investigated using iso-
therms. Because the system is anaerobic and the feed stream in a full-scale 
plant has the possibility of containing oxygen, both oxic and anoxic iso-
therms were conducted. Vidic (1992) showed that oxygen promoted irre-
versible adsorption and polymerization using phenolic compounds, foul-
ing the GAC and limiting its further use. Vanderloop et al. (1997) tested 
several energetics under oxic and anoxic conditions and found that the in-
teractions differed between the different compounds. Oxic conditions 
caused o-cresol and 2,4-dinitrotoluene to polymerize while guaiacol, 2,4,6-
trinitrotoluene, and 2,4-diaminotoluene exhibited major disintegration. 
Other results showed that polymerization may occur without the presence 
of oxygen for highly oxygenated compounds while no interactions were 
observed for some other compounds. 
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3 Experimental Design and Materials 

AFBB design and operation 

Three 9.1 L AFBBs were used to conduct the experiments. The bioreactors 
consisted of a jacketed main column, and influent and effluent ports 
(Figure 1). The inner tube (96.5 cm long, 10.2 cm inner diameter) was con-
structed from Plexiglas and was enclosed in an outer Plexiglas tube. Water 
was circulated through the enclosed space between the two tubes from a 
constant temperature bath (model 20L-M Fisher Scientific, Pittsburgh, 
PA) to maintain a temperature of 37ºC within the column. The recycle 
lines were made from polyvinyl chloride pipe and the feed and effluent 
lines were Tygon and neoprene tubing. A gas volume meter (tip meter) 
and sampling port were placed atop the reactors at the effluent header for 
measuring gas quantities. The AFBB systems used were refurbished from 
previous work done on perchlorate and RDX by Atikovic (2006). 

The AFBBs contained 2.0 kg of 16 x 20 U.S. Mesh silica sand as the at-
tachment medium and were inoculated with anaerobic bacteria. Effluent 
recycle was used to maintain a bed-expansion of 50 percent. The influent 
header of each AFBB is filled with glass marbles to distribute the flow 
evenly across the column cross section. An effluent port allowed liquid to 
exit the reactor while still capturing the gas produced during the treatment 
process. Attachment medium could be withdrawn through gas collection 
port located at the top of the effluent header. The AFBB was operated at an 
empty bed contact time of 6 hours.  

The reactor was fed a stream of three different solutions through ports in 
the recycling line (Atikovic 2006). A stock solution of the compounds, 
DNAN and MNA, and ethanol was fed at 5 L per day. A buffer solution and 
a nutrient solution were both fed at 0.5 L per day. The pH was maintained 
between 6.8 and 7.2. 
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Figure 1.  Schematic of fluidized-bed reactor design. 

Synthetic wastewater 

The reactor was fed a stream of three different solutions: feed, buffer, and nu-
trients. The feed contained the contaminants and the ethanol. Tables 1 and 2 
list the buffer and nutrients composition. The feed stream was pumped into 
the recycle line using MasterFlex 2 rpm constant speed pump drivers, from 
Cole-Parmer, Chicago, Illinois, using a model 7018-20 pump head for the 
feed and a model 7016-20 pump head for the buffer and nutrients. 

Table 1.  Nutrients. 

Nutrient Concentration (mg/L) 

CaCl2·2H2O 1041.80 
NH4Cl 1100.00 
MgCl2·6H2O 505.00 
NH4Mo7O24·4H2O 36.52 
Na2B4O7·10H2O 6.25 
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Nutrient Concentration (mg/L) 

NiCl2·6H2O 17.83 
MnCl2·4H2O 27.94 
CoCl2·6H2O 10.87 
ZnCl2 14.40 
CuCl2·2H2O 12.11 
p-aminobenzoic acid 0.0228 
Biotin 0.0090 
Cyanocobalamin 0.0006 
Folic acid 0.0090 
Nicotinic acid 0.0228 
Panthotenic acid 0.0228 
Pyridoxine hydrochloride 0.0450 
Riboflavin 0.0228 
Thiamin hydrdochloride 0.0228 
Thiotic acid 0.0228 
FeCl2·4H2O 126.67 

Table 2.  Nutrients (buffer). 

Nutrient Concentration (mg/L) 

Na2S·9H2O 450.00 
K2HPO4 336.67 
Na2CO3 3750.00 
NaOH 500.00 

Chemicals 

The DNAN was purchased from Sigma Aldrich, Inc., St. Louis Missouri 
(98 percent purity). The MNA was purchased from Acros Organics, New 
Jersey (97 percent purity). About halfway through the experiment both 
compounds became very difficult to acquire due to new regulations on ex-
plosives. After that point, the explosives were supplied directly from the 
US Army Engineering Research and Development Center – Construction 
Engineering Research Laboratory (CERL). The explosives provided by 
CERL were directly from the munitions manufacturer, and did not have 
the same high level of purity that specialty chemical suppliers use. The 
purity and other compounds present in the DNAN and MNA received from 
CERL were unknown. All the buffer and nutrients constituents, the etha-
nol, and solvents used in analysis were purchased from Fisher Scientific, 
Pittsburgh, PA. 
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Contaminant concentrations 

The contaminants were fed in three different combinations. DNAN was fed 
into one reactor, designated as Reactor 1; MNA was fed into another reac-
tor, designated as Reactor 2; and both DNAN and MNA were fed into the 
third reactor, designated as Reactor 3. The three reactors allowed for ob-
servations about each compound to be made individually and about any 
possible interaction between both compounds 

The final feed concentrations of DNAN and MNA were 83.33 mg/L and 15 
mg/L, respectively. Initially, no DNAN or MNA was fed into the reactors 
during the startup and stabilizing of the system. After the startup period, 
DNAN and MNA were introduced incrementally at 25 percent, then 50 
percent, then 75 percent and finally 100 percent of the final concentration. 
After each increase, the reactors were given time to adjust and stabilize be-
fore the next increase was made. Tables 3 and 4 chronological list the con-
taminant concentrations along with the stable reactor values for those 
conditions.  

Table 3.  Reactor 1 and 2 values with time. 

Day 

Compound 
Concentration 
in Feed (% of 

Target) 

Ethanol 
Concentration 
in Feed (mg/L) 

R1 Methane 
Production, 

Actual / 
Theoretical 
(mL/Day) 

R2 Methane 
Production, 

Actual / 
Theoretical 
(mL/Day) 

COD Value 
for Period 

for R1 
(Inf/Eff), 
(mg/L) 

COD Value 
for Period 

for R2 
(Inf/Eff), 
(mg/L) 

1 0 500 1938/2305 2065/2387 962/34 963/27 
184 25 500 2065/2305 2142/2387 1018/52 998/34 
209 50 500 1987/2305 2205/2387 1058/50 1028/22 
271 75 500 2106/2305 2145/2387 1086/71 1045/23 
386 100 500 2159/2305 2248/2387 1100/80 1060/35 
688 100 250 713/1106 929/1188 648/75 566/29 
791 100 125 346/506 564/589 430/106 430/35 
902 100 62.5 178/207 256/289 283/99 181/31 
1034 100 31.3 79/57 141/139 242/75 112/32 
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Table 4.  Reactor 3 values with time. 

Day 

Compound 
Concentration in 

Feed (% of 
Target) 

Ethanol 
Concentration in 

Feed (mg/L) 

R3 Methane 
Production, 

Actual / 
Theoretical 
(mL/Day) 

COD Value for 
Period for R1 

(Inf/Eff), 
(mg/L) 

1 0 500 2150/2294 965/43 
184 25 500 2178/2294 1018/20 
209 50 500 2309/2294 1080/58 
271 75 500 2239/2294 1096/86 
386 100 500 2256/2294 1139/119 
688 100 250 790/1095 674/91 
791 100 125 485/496 468/109 
902 100 62.5 215/196 321/109 
1034 100 31.25 90/46 259/113 

Ethanol concentrations 

The reactor was started on 500 mg/L of ethanol during the startup period 
and during all of the increases in contaminant concentrations. After the 
final DNAN and MNA concentrations were reached and the reactors 
reached steady-state, the ethanol was lowered in increments of 50 percent, 
going from 500 mg/L to 250 mg/L, then 125 mg/L, 62.5 mg/L, and finally 
31.25 mg/L. This was done to determine at which point the ethanol would 
become the limiting factor in the treatment process. Only at 31.25 mg/L 
did the reactors become very unstable. Although treatment of DNAN and 
MNA never stopped, the reactor was very susceptible to pH changes, 
which caused small spikes in the effluent concentration of DNAN. Tables 3 
and 4  chronological list the ethanol concentrations along with the stable 
reactor values for those conditions. 

Perturbation experiments 

After completion of the main experiment using the AFBBs, two perturba-
tion experiments were conducted to determine how well the reactors could 
handle more real world type treatment.  

Contaminant starvation  

A contaminant starvation test was done, removing the DNAN from the 
feed of Reactor 1 and the MNA from the feed of Reactor 2 for three weeks. 
This simulated a stoppage in production of munitions containing the two 
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compounds. The ethanol in these two reactors was raised to 62.5 mg/L, 
because the reactors had shown good stability at that concentration, and 
allowed to readjust to the increased concentration. Once steady-state was 
reached the contaminant concentrations were dropped from 100 percent 
of the final concentrations to 0 for three weeks and then reintroduced at 
100 percent again. 

Perchlorate addition  

The other test was an introduction of potassium perchlorate into the feed 
of Reactor 3. The compounds DNAN and MNA are deficient in oxygen for 
proper explosive properties, so complete mixes contain additional oxi-
dants. For example, PAX-21 contains DNAN, MNA, RDX and perchlorate. 
Also, perchlorate is somewhat of a challenge to degrade because it could be 
toxic to the bacteria in the reactor. The ethanol was raised to 125 mg/L to 
return the reactor to a more stable condition and to account for any etha-
nol required by the perchlorate (Atikovic 2006). Potassium perchlorate 
was added to the reactor at 10 mg/L as perchlorate. This concentration 
was selected to be lower than the concentration anticipated at a produc-
tion facility to limit any toxicity to the reactor. It was fed for almost 60 
days while analysis was performed using ion chromatography. 

GAC isotherms 

GAC adsorption isotherms were obtained for both compounds, singly and 
in combination under both oxic and anoxic conditions. These isotherm ex-
periments were performed to determine if DNAN and MNA behaved simi-
lar to other energetic compounds by undergoing either polymerization or 
fragmentation upon exposure to GAC in the presence of molecular oxygen. 
The experiments were designed in accordance to the procedure estab-
lished by Vidic (1992). The GAC used was 30 x 40 U.S mesh size Filtrasorb 
400 (Calgon Carbon Corp., Pittsburgh, PA). Vidic (1992) used larger mesh 
sizes carbon, however particle count and uniformity was a concern, so a 
smaller particle size was selected because it would have a larger number of 
particles for the same weight. The GAC was washed using Milli-Q water, 
deionized water that had been filtered through a Millipore system (Milli-
pore Corp., Bedford, MA) to remove any fines and dried in a 105°C oven 
for two days prior to storing in a desiccator.  
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Two experiments were conducted, one for DNAN and one for MNA. For 
each experiment, isotherms were conducted under both oxic and anoxic 
conditions. The initial concentrations of the two munition compounds 
were 100 mg/L for DNAN and 18 mg/L for MNA, which match their con-
centrations in the feed streams to the AFBBs prior to dilution with the buf-
fer and nutrients streams. A single stock solution containing autoclaved 
Milli-Q water and a quantity of either DNAN or MNA was prepared. The 
carbon was weighed out in 6 quantities in triplicate, 1, 3, 5, 10, 30, and 50 
mg, and placed inside 160 mL vials. In addition a blank, containing no 
carbon but with solution, was prepared to determine any degradation or 
adhesion to the wall surface that might occur. 

For the oxic part of the experiment, 100 mL of the solution was placed into 
the vials that had been left exposed to the atmosphere. The headspace in 
the vial contained atmospheric quantities of oxygen, so that if any reac-
tions occurred in the vial, oxygen would not be a limiting factor. For the 
anoxic part of the experiment, half of the stock solution was taken and ni-
trogen gas was bubbled through it to remove any dissolved oxygen. The 
anoxic set of vials was placed inside an anaerobic chamber for 7 days to 
remove any oxygen that might be held in the carbon. Approximately 160 
mL of the oxygen free solution was added to the vials inside the anaerobic 
chamber. This completely filled the vial to be entirely sure that no oxygen 
was allowed to enter the solution. Both the oxic and anoxic vials were 
capped with PTFE lined rubber stoppers and aluminum caps. The vials 
were then rotated, end over end, at approximately 24 rotations per minute 
for two weeks. Upon completion of the two weeks, the vials were opened 
and a sample of the solution was filtered through a 0.45 μm filter for anal-
ysis.  

Analysis 

Liquid chromatography 

Two liquid chromatography techniques were employed to determine the 
contaminant concentrations. 

High pressure liquid chromatography 

A method for High Pressure Liquid Chromatography (HPLC) was devel-
oped for MNA and DNAN using a modified version of EPA method 8330A. 
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An Agilent Technologies 1100 series HPLC system was used with a Zorbax 
SB-C18 StableBond Analytical 4.6 X 250mm 5 micron column. The mobile 
phase was a 60/40 mixture of water and methanol pumped at 1 mL per 
minute. The runtime of the method was 25 minutes. MNA was measured 
at a wavelength of 220 and appeared at approximately 15.2 minutes. 
DNAN was measured at a wavelength of 210 and appeared at approx-
imately 17.6 minutes. The samples were filtered through a 0.1 micron filter 
and diluted with an equivalent volume of methanol before analysis. 

Mass spectrometry  

Flow injection analysis (FIA) was used to detect products caused by the 
transformation of MNA and DNAN in the reactors. Effluent samples were 
analyzed on a 1200 series rapid resolution liquid chromatograph (LC) that 
was coupled to a 6410 Triple Quad Mass Spectrometer (MS) (Agilent 
Technologies, Inc., Santa Clara, CA). Analytes were ionized with an ortho-
gonal eletrospray ionization interface. The injection volume was 1 μL and 
the flow rate was 0.4 mL min-1. The binary pump was run under isocratic 
conditions with a mobile phase of 60 percent water and 40 percent me-
thanol with ammonium formate (5 mM) added as a buffer to both sol-
vents. Samples were analyzed in the positive ionization (PI) mode with the 
capillary voltage set at 4000 V. The MS was operated in scan from 80 to 
400 m/z. Acquisition and peak identification were performed with Agilent 
MassHunter Workstation Software b.01.00 9 (B48). The samples were fil-
tered through a 0.1 μm filter and injected immediately thereafter. 

Ion chromatography 

Ion chromatography was used to monitor perchlorate concentrations dur-
ing the perturbation experiment. The method used was taken from work 
done by Atikovic (2006). Perchlorate was analyzed using the Ion Chroma-
tography DX 500 system (DIONEX Corporation, Sunnyvale, CA). The 
anion guard column used was DIONEX AG 16 4 mm, and anion separator 
column used was DIONEX AS 16 4 mm. The mobile phase consisted of 
100 percent 50 mM sodium hydroxide, at a flow rate of 1.5 mL/min (EPA 
Method 314). 
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Gas analysis 

Carbon dioxide, nitrogen, oxygen and methane were monitored in the 
headspace of the reactors. Gas analysis was performed on a HP5890 Series 
II Gas Chromatograph (GC) (Hewlett Packard, Wilmington, Delaware) 
with a thermal conductivity detector (TCD) using a HP 10 ft molecular 
sieve BX-45/60 mesh HP 6 ft. HAYESEP Q 80/100 (SUPELCO, Belle-
fonte, PA) column.  

Chemical oxygen demand 

Chemical Oxygen Demand (COD) was measured using Hach Method 8000 
on a Hach DR/200 Spectrophotometer (Hach Company., Loveland, CO).  

Spectrophometer 

A spectrophotometer was used to scan the effluent for by-products of the 
transformation reactions that occurred in the reactors. Spectrophotometer 
measurements were done on a HP 8452 Diode Array Spectrophotometer 
(Hewlett Packard, Wilmington, Delaware). 
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4 Results and Discussion 

Ethanol requirements 

The ethanol requirements for treatment were unknown at the start of the 
study. Through testing and analysis it was determined that several reac-
tions occurred in the reactors transforming DNAN and MNA into several 
by-products. DNAN was transformed according to the following reaction 
(Figure 2 shows drawings of the chemical structures.): 

C7H6N2O5 + C2H6O --> C7H10N2O + 2 CO2 + H2O  (1) 

 (DNAN) (ethanol) (diaminoanisole) 

MNA was transformed according to the following reactions (Figure 3 
shows drawings of the chemical structures): 

2 C7H8N2O2  +  C2H6O -->  2 C7H10N2  +  2 CO2  +  H2O  (2) 
(MNA) (N-methyl-p-phenylenediamine) 

Under the lowest feed ethanol concentration, DNAN in the feed was trans-
formed to diaminoanisole requiring 19.4 mg/L of ethanol for full trans-
formation, leaving approximately 11.9 mg/L of ethanol for maintaining 
stable anaerobic conditions. MNA was transformed to N-methyl-p-
phenylenediamine. MNA required 2.3 mg/L of ethanol for complete trans-
formation, leaving approximately 29 mg/L. The total ethanol required to 
remove both compounds simultaneously was 21.7 mg/L at the feed con-
centrations of 83.33 mg/L of DNAN and 15 mg/L of MNA. 

The reactors performed well during all but the final stage of ethanol con-
centration reductions, transforming all of the parent compounds during 
each stage. The lowest influent ethanol concentration fed was 31.3 mg/L. 
This concentration was just about enough to supply the electron donor re-
quired for DNAN reduction and sustain anaerobic conditions inside Reac-
tor 1. Under these conditions, the bioreactor pH became very unstable, 
susceptible to upsets with small spikes in DNAN showing up in the efflu-
ent. In Reactor 2, the ethanol amount was well above the required concen-
tration, resulting in a more stable reactor. Although Reactor 3 required 
even more ethanol than Reactor 1, it did not show similar variability. This 
suggests that adding MNA to the waste stream somehow stabilizes the 
reactor better than just feeding DNAN alone. 
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Figure 2.  Chemical structures of DNAN and its secondary compounds. The arrows mark the 

pathways for transformation. 

 
Figure 3.  Chemical structures of MNA and its secondary compounds. The arrows mark the 

pathways for transformation. 

For the perturbation experiments, the ethanol feed concentration was 
raised to remove any of the instability that the lower concentrations 
caused. 

Chemical oxygen demand analysis 

Figure 4 shows the influent and effluent chemical oxygen demand (COD) 
of the systems throughout the study. Tables 3 and 4 also list the average 
influent and effluent COD during steady-state of each stage of feeding. The 
COD was used to monitor the overall effectiveness of the reactor. Any dis-
ruption to the reactor would cause an increase in the COD because the 
biomass would stop treating effectively. 

The first half of the study, up until day 688, both influent and effluent 
COD increased slightly in each reactor at each increase in the concentra-
tion of the energetics. The only exception to this was the effluent of Reac-
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tor 2 which stayed consistent for the duration of the study, attributed to 
the small concentration of contaminant MNA that was added in the influ-
ent. After day 688, the ethanol was lowered and corresponding large drops 
in the influent COD can be seen on the graphs. The effluent COD stayed 
approximately stable, varying slightly but not in a downward trend like 
would be expected if it was caused by lowering the ethanol concentration. 
From this, it can be concluded that the reactors remained effective for the 
duration of the study. 

2,4-dinitroanisole removal 

DNAN was treated in both Reactor 1 and Reactor 3. The influent and efflu-
ent concentrations can be seen in Figures 5 and 6. It is important to note 
that at around day 750, the compounds for both reactors were changed 
from those obtained from specialty manufacturers to those obtained from 
CERL. The lower purity and inconsistency of the batch obtained from 
CERL caused the feed concentration to vary greatly. 

The analysis done on the HPLC showed the reactors removed the DNAN to 
below the detection limit, approximately 0.5 mg/L, in almost all cases. In a 
few samplings, DNAN was detected in the effluent of Reactor 1, but these 
spikes were attributed to pH perturbations that took place immediately 
after lowering the feed ethanol concentration. Reactor 1 became very sus-
ceptible to pH fluctuations at the lower feed ethanol concentrations be-
cause under these conditions, the influent concentration of ethanol was 
close to that required to reduce the DNAN and maintain anaerobic condi-
tions in the reactor. Reactor 3 unexpectedly did not exhibit these same 
problems despite having an ethanol demand that was even closer to the 
feed concentration required for complete treatment than Reactor 1. 

The removal of DNAN was achieved through a biological transformation 
into a secondary compound. DNAN was found to be transformed into di-
aminoanisole. Figures 7 and 8 show MS scans of the effluent from Reactor 
1 and Reactor 3, respectively, showing the peaks at 123 m/z and 139 m/z. 
In the electrospray, diaminoanisole experiences an Ortho-effect reaction 
and, therefore, the protonated molecule (139 m/z) presented a low intensi-
ty peak in the mass spectrum whereas the product of such rearrangement 
(123 m/z) was the most abundant ion (Schward and Levsen 1982). 
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Figure 4.  COF concentrations over time. 
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Figure 5.  Reactor 1 — DNAN and ethanol concentrations. 

 
Figure 6.  DNAN, MNA, and ethanol concentrations. 
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Figure 7.  An LC/MS/MS scan of the effluent from the Reactor 1, fed only DNAN. The lower 
graph is an enlarged section of the top graph around the molecular weights of the products. 

 

 

 

 

Figure 8.  An LC/MS/MS scan of the effluent from Reactor 3. The lower graph is an enlarged 
section of the top graph around the molecular weights of the products. 

Calibration standards were not available to determine and monitor all of 
the compounds in the effluent quantitatively, so scans were done regularly 
using a spectrophotometer to monitor any qualitative changes that oc-
curred over time. Figure 9 shows three absorption scans taken during each 
of the final three feeding stages for Reactor 1, at 100 percent explosive 
concentration and 125 mg/L, 62.5 mg/L, and 31.3 mg/L of ethanol. These 
scans show the effluent remained consistent over these periods which al-
though not direct proof, points to the reactor maintaining its effectiveness 
even at very low ethanol concentrations. Figure 10 was a scan of Reactor 3 
and contained both DNAN and MNA transformation compounds, but 
showed the same consistency over the three feeding periods. 
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Figure 9.  Spectrophotometer scans of the effluent from the Reactor 1 taken during the final 

three ethanol stages, going from top to bottom. 

 
Figure 10.  Spectrophotometer scans of the effluent from the Reactor 3 taken during the final 

three ethanol stages, going from top to bottom. 
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The effluent from the two reactors exhibited signs of a polymerization with 
resulting precipitation of the polymers upon exposure to air. Sodium sul-
fide was shown to slow this process by removing the oxygen from the sam-
ple, but it only delayed this transformation for a short time. The effluent 
turned from colorless to a dark purple upon exposure, with even filtered 
effluent samples also turning to dark purple after exposure to oxygen. MS 
scans (Figures 11 and 12), were repeatedly performed over a 24 h period on 
an effluent sample that had been exposed to the air. These figures show 
scans of the effluent taken at time 0 h, 2 h, and 24 h. They show a reduc-
tion in the count at 123 m/z between 0 h and 2 h and the disappearance 
the peak entirely after 24 h as well as a reduction in the peak at 139 m/z 
over time. In addition to the decreases, these data also show an increase in 
peak count at 228 and 259 m/z. These peaks increased over time as di-
aminoanisole decreases suggesting that they are most likely fragmented 
versions of an azobond dimer ((C7H8ON2)2). The 228 m/z fragment would 
be a diaminoanisole dimer with [CH3ON]+ cleaved off and the 259 m/z 
fragment would be the same diaminoanisole dimer with [CH2]+ cleaved off. 
No evidence could be found to link this behavior directly to a single consti-
tuent present in the effluent, although polymerization has been seen with 
other amines. Yang et al. (2008) showed that diaminotoluene in aerobic 
sediment can form dimers and trimers. Also, another study showed a pre-
cipitate was formed when diaminotoluene was exposed to hydrogen perox-
ide (Watanabe et al. 1989). 

N-methyl paranitro aniline removal 

MNA was treated in both Reactor 2 and Reactor 3. The influent and efflu-
ent concentrations can be seen in Figures 13 and 6. As with the DNAN re-
sults, it is important to note that at around day 750, the compounds for 
both reactors were changed from those obtained from specialty manufac-
turers to those obtained from CERL. The lower purity and inconsistency of 
the batch obtained from CERL caused the feed concentration to vary 
greatly. 

The analysis done on the HPLC showed the reactors removed the MNA to 
below the detection limit, approximately 0.20 mg/L, in all cases. Reactor 2 
was not susceptible to the upsets observed in Reactor 1 because the lower 
concentration of MNA required significantly less ethanol, allowing more 
for bacterial demands. 
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Figure 11.  LC/MS/MS scans of the effluent from the Reactor 1 taken at 0, 2, and 24 hours, 

going from top to bottom. Note the disappearance of the 123 and 124 mass peaks and a 
reduction in the 139 mass peak. 

 

 

 
Figure 12.  LC/MS/MS scans of the effluent from the Reactor 3 taken at 0, 2, and 24 hours, 

going from top to bottom. Note the disappearance or decrease of the 108, 123, and 139 
mass peaks. 
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Figure 13.  Reactor 2 — MNA and ethanol concentrations. 

The transformation of MNA, like DNAN, was achieved through a biological 
transformation into a secondary compound. MNA transformed into N-
methyl-p-phenylenediamine. Figures 14 and 15 show MS scans of the ef-
fluent from Reactors 2 and 3, with peaks at 108 m/z and 123 m/z. Again, 
the protonated molecule (123 m/z) for N-methyl-p-phenylenediamine had 
lower intensity than its corresponding fragment [C7H10N]+ (108 m/z). 

 

 
Figure 14.  An LC/MS/MS scan of the effluent from the Reactor 2, fed only MNA. The lower 
graph is an enlarged section of the top graph around the molecular weights of the products. 
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Figure 15.  An MS scan of the effluent from Reactor. The lower graph is an enlarged section of 

the top graph around the molecular weights of the products. 

Again, calibration standards were not available to determine and monitor 
all of these compounds in the effluent quantitatively, so scans were per-
formed regularly using a spectrophotometer to monitor any qualitative 
changes that occurred over time. Figure 16 shows three absorption scans 
taken during each of the final three feeding stages from Reactor 2, at 100 
percent explosive concentration and 125 mg/L, 62.5 mg/L, and 31.3 mg/L of 
ethanol. These scans show the effluent remained consistent over these pe-
riods which although not direct proof, points to the reactor maintaining its 
effectiveness even at very low ethanol concentrations. As stated before, Fig-
ure 10 was a scan of Reactor 3 and contained both DNAN and MNA trans-
formation compounds, but showed the same consistency over the three 
feeding periods. 

The effluent from Reactor 2 also reacted when exposed to oxygen in a man-
ner similar to Reactor 1 and Reactor 3. The color gradually became a purple 
color, but the color did not become as dark as in the others and masses were 
not visible after an extended period of time. The reaction appeared to be 
slower than that of Reactor 1, but the disparity in concentrations could also 
account for the observed differences. MS scans shown in Figure 17 show the 
disappearance of the byproducts and the formation of a dimer over a 24-h 
period after the effluent had been exposed to the atmosphere, similar to 
Reactor 1. The scans show a reduction in the count at 108 m/z and 123 m/z 
between 0 h and 2 h and the disappearance of the peaks entirely after 24 h. 
Corresponding to the disappearance of these peaks is the formation of a 
peak at 239 m/z, which could be a dimer of N-methyl-p-phenylenediamine 
with a cleavage of 2[H]+. These polymerization reactions may complicate 
further biological treatment since the macromolecules formed are most 
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probably not amenable to biological treatment. Precipitation or filtration of 
the effluent after exposure to oxygen, on the other hand, may offer a very 
attractive follow on treatment option. 

 

Figure 16.  Spectrophotometer scans of the effluent from the Reactor 2 taken during the final 
three ethanol stages, going from top to bottom. 
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Figure 17.  LC/MS/MS scans of the effluent from the Reactor 2 taken at 0, 2, and 24 hours, 

going from top to bottom. Note the disappearance of the 108 and 122 mass peaks. 

Perturbation experiments 

Contaminant starvation 

After completion of the ethanol reduction phase of the study, the starva-
tion test was performed. Prior to commencement of this test, the concen-
tration of ethanol in the feed was increased back up to 62.5 mg/L while 
maintaining the final feeding concentrations of DNAN and MNA, 83.33 
mg/L and 15 mg/L, respectively. The reactors were operated for 34 days 
during which time reactor performance was stabilized. After reactor stabil-
ity was achieved, DNAN and MNA were removed from the stock solution 
for exactly 21 days while maintaining the ethanol feed. The compounds 
were reintroduced after the three-week disruption period at their former 
concentrations. The results of this test are shown in Figures 18 and 19. 
Reactor 2 immediately began removing the MNA while Reactor 1 removed 
most, but not all of the DNAN at the beginning with its transformation ef-
ficiency improving over time. This acclimation period would be signifi-
cantly reduced or even eliminated if activated carbon was used as the at-
tachment medium. Activated carbon would act as a buffer for the 
compounds, slowly releasing or adsorbing them as the feed concentrations 
fluctuate. 
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Figure 18.  Reactor 1 — DNAN reintroduction test. 

 

Figure 19.  Reactor 2 — MNA reintroduction test. 
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Perchlorate addition 

After the completion of the ethanol reduction phase, a test was done to de-
termine how effective the reactor was after the introduction of an oxidant, 
perchlorate. After the reactor was returned to 125 mg/L of ethanol and had 
acclimated to the higher ethanol concentration, the perchlorate was intro-
duced into the feed stream and monitored. Figure 20 shows the influent 
and effluent concentrations of the perchlorate as well as of the DNAN and 
MNA over time. There was an initial acclimation period of approximately 
two weeks prior to any observed transformation of perchlorate, however, 
no adverse effects were observed relative to the transformation of either 
DNAN or MNA. This result is similar to the behavior reported by Atikovic 
(2008) involving perchlorate and RDX. Perchlorate was added to a reactor 
that was fed RDX exclusively and the reactor did not remove the perchlo-
rate initially but continued removal of RDX (Atikovic 2006). The perchlo-
rate feeding and monitoring in that study was not carried out for as long a 
period of time, so the reactor was never able to acclimate.  

Gas analysis 

Gas analysis was performed on the headspace of the reactors. Oxygen, ni-
trogen, carbon dioxide, and methane were detected, with methane being 
the majority of the sample, ranging from 60 percent up to 97 percent of 
the sample. Oxygen was always below 1 percent of the sample, anything 
higher indicating contamination of the sample prior to injection. Tables 3 
and 4 list the volume of methane produced during steady-state at each 
feeding condition along with the theoretical values for the quantity of 
ethanol fed during that condition. The volume, predictably, decreases as 
the ethanol decreases in each stage. The actual methane produced is al-
ways less than the theoretical because there is an amount required to re-
move any oxygen that may enter the system. The exception to this is dur-
ing the final feeding stage where the amount of methane produced was so 
low that the tip meter measuring system was not adequate for determining 
the volume reliably and resulted in slightly higher than theoretical values. 
This analysis was another measure of the effectiveness of the reactors be-
cause lower than expected production showed some type of disruption was 
occurring. 
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Figure 20.  Perchlorate introduction test. 

Granular activated carbon isotherms 

The results of the DNAN and MNA individual isotherms can be seen in 
Figures 21 and 22. The adsorption capacity of each vial was calculated us-
ing a mass balance: 

qe = V(Co-Ce)/m (3) 

where: 

qe is the amount loaded onto the carbon 
V is the volume of solution in the vial 

Co is the initial concentration 
Ce is the final concentration in the vial 
m is the mass of GAC added. 
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Figure 21.  DNAN isotherms. 

 
Figure 22.  MNA isotherms. 
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Both compounds showed no statistically significant difference between the 
oxic and anoxic isotherms. To proceed with modeling the data, both the 
oxic and anoxic data for each compound was combined into one set. 

Freundlich and Myers isotherm models were applied to the data. The 
Freundlich model was defined as: 

qe/m = KCe (1/n)  (4) 

where: 

K and n are Freundlich constants.  

The Myers model was: 

Ce=qee^(kqep)/H (5) 

where: 

e is the mathematical constant  

H, k, and p are Myers constants. 

These models are graphed in Figures 23 and 24, for DNAN and MNA, re-
spectively. Table 5 lists the values of the constants. The Myers model ap-
pears to be a better fit to the data for DNAN while there is very little differ-
ence between the Freundlich and Myers models for the MNA. 

 
Figure 23.  DNAN isotherm modeling. 
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Figure 24.  MNA isotherm modeling. 

Table 5.  Freundlich and Myers modeling constants. 

Freundlich Constants DNAN Isotherm MNA Isotherm 

K 0.0072 0.0075 
1/n 0.12 0.11 
 

Myers Constants   
H 3225.57 5.39 x10^13 
k 1.0117 x10^6 169.1 
p 2.04 0.303 
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5 Conclusions 

This study investigated the effectiveness of the AFBBs as a treatment me-
thod for a munitions waste containing DNAN and MNA. The U.S. Army is 
looking into introducing these compounds at their LAP plants and a me-
thod for treating waste streams containing these compounds will be 
needed. 

The AFBB system removed both explosive compounds from the waste 
stream when introduced separately as well as when introduced together. 
The reactors showed an ability to work well even at low electron donor 
concentrations, in this case ethanol. The reactors fed the compounds indi-
vidually were able to operate for a period of three weeks without the com-
pounds present in the waste stream and still remove them when reintro-
duced. The reactor fed both compounds also showed some promise of 
being able handle a real world waste stream by acclimating to the removal 
of perchlorate when added to the waste stream. The addition of granular 
active carbon would further increase the resilience of these reactors by 
smoothing out concentration fluctuations. GAC isotherms showed consis-
tent results between oxic and anoxic conditions, supporting its use in the 
AFBBs. A complicating factor for use of AFBBs is the fact that both DNAN 
and MNA transformed into secondary compounds that would by them-
selves require treatment prior to discharge of the effluent. Previous studies 
on the treatment of by-products from anaerobically treated nitrated organ-
ics resulted in biodegradation of these by-products using aerobic treat-
ment (Berchtold et al., 1995, Vanderloop et al. 1998). Further investiga-
tion should be made into testing this type of reactor on actual wastewater 
containing DNAN and MNA as well as what possible treatment methods 
could be used to handle the byproducts. 
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