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Abstract: The Tennessee Department of Environment and Conservation 
(TDEC) will soon establish a total maximum daily load (TMDL) for the 
mass of hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) that can be dis-
charged into the Holston River. Holston Army Ammunition Plant 
(HSAAP), a manufacturer of military explosives in Kingsport, TN, will 
need additional wastewater treatment in order to comply with this revised 
regulation. The objective of this effort was to demonstrate two technolo-
gies, alkaline hydrolysis and direct electrochemical reduction, as potential 
pretreatment systems. Three laboratory scale pilot reactors were con-
structed and tested: a 115-L semi-batch alkaline hydrolysis system, a 106-L 
rotating electrode batch electrochemical treatment system, and a 
300-mL/min packed electrode continuous flow electrochemical treatment 
system.  

All three laboratory scale pilot reactors were effective in removing RDX 
from HSAAP process wastewater. A 10,000 gallon per day (gpd) alkaline 
treatment system may be built for $439,200 with a corresponding esti-
mated annual operating cost of $296,737. Based on the laboratory results, 
a 10,000-gpd rotating electrode system may be built for $687,520, with an 
annual operating cost of $184,599. A packed electrode continuous flow 
reactor may be built for $1,774,000, with an annual operating cost of 
$82,308. The present costs of the evaluated treatment systems are 
$2.81M, $2.16M, and $2.43M for an alkaline system, a rotating electrode 
system, and a packed electrode system, respectively. Given the potential of 
electrochemical treatment systems to operate at much lower costs, con-
tinued development and demonstration of electrochemical treatment 
systems is warranted. 

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 

Holston Army Ammunition Plant (HSAAP), a manufacturer of military 
explosives located in Kingsport, TN, discharges treated wastewater into 
the Holston River. The Tennessee Department of Environment and Con-
servation (TDEC) is in the process of establishing a total maximum daily 
load (TMDL) that will regulate the mass of hexahydro-1,3,5-trinitro-1,3,5-
triazine (RDX) that may be discharged. Previous studies have established 
that the existing wastewater treatment facility removes ~50% of the RDX 
mass from the HSAAP waste stream. This is insufficient to guarantee 
compliance with the TMDL, so a revised pretreatment system will be 
required to remove additional RDX mass from the process wastewater 
streams at HSAAP.  

Several technologies exist and have been demonstrated for the treatment 
of RDX containing process waters. Most of these technologies were devel-
oped originally as treatments for contaminated groundwater. Previous 
work at the U.S. Army Engineer Research and Development Center, Envi-
ronmental Laboratory (ERDC-EL) focused on evaluating potential pre-
treatment systems of RDX containing process waters on the bench in 0.5- 
and 2-L reactors. Continuing that effort, the current effort demonstrates 
two abiotic technologies, alkaline hydrolysis and direct electrochemical 
destruction, at a laboratory pilot scale. Multiple reactor configurations are 
evaluated for each technology. The focus of this project was to develop an 
innovative, effective, low-cost treatment method for RDX destruction. 

RDX degradation 

Hexahydro-1,3,5-trinitro-1,3,5-triazine, or RDX (Figure 1), is a powerful 
military explosive. The United States Environmental Protection Agency 
(USEPA) has determined RDX to be a possible carcinogen and set the 
lifetime drinking water health advisory at 2 µg/L (USEPA 2004). RDX 
migration into drinking water supplies has resulted in negative impact on 
Army activities (Clausen et al. 2003). 

Several abiotic and biotic methods exist for removing RDX from aqueous 
waste streams. RDX may be removed from aqueous solution by several 
grades of granular activated carbon (GAC) (Fleming et al. 1996; Bricka and 
Fleming 1995), and ex situ treatment using GAC adsorption is ongoing 
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Figure 1. Hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). 

at some sites (Wani et al. 2007; Clausen et al. 2003). Various oxidative 
processes have been investigated for the degradation of RDX in water and 
soils (Bose et al. 1998; Adam et al. 2006; Fleming et al. 1997). RDX is 
unstable under highly reducing (-150 mV) conditions (Price et al. 2001) 
and RDX degradation at low oxidation-reduction potentials occurs in both 
biotic and abiotic systems. RDX has proven to be susceptible to anaerobic 
biodegradation under a range of cultures and nutrient additions (Freed-
man and Sutherland 1998; Wani and Davis 2006; Beller 2002; Binks et al. 
1995). Iron and ferrous minerals have been demonstrated to degrade RDX 
in biologically active systems (Shrout et al. 2005; Oh et al. 2001; Wildman 
and Alvarez 2001) and in abiotic systems (Park et al. 2004; Hundal et al. 
1997; Wanaratna et al. 2006; Naja et al. 2008; Kim and Strathmann 
2007). The current study investigated two additional methods of RDX 
destruction in water, alkaline hydrolysis and electrochemical destruction.  

Alkaline hydrolysis of RDX 

While RDX is stable at low and neutral pHs, it is unstable at high pH. 
Alkaline hydrolysis of RDX has been reported since 1951 (Epstein and 
Winkler 1951). Balakrishnan et al. (2003) proposed the mechanism of 
alkaline destruction of RDX detailed in Figure 2. Kinetic rates for this 
reaction have been reported in aqueous solutions (Heilmann et al. 1996; 
Hwang et al. 2006) and soil slurries (Brooks et al. 2003). The end prod-
ucts of alkaline hydrolysis at pH above 12 are primarily formate and 
nitrate (Davis et al. 2007).  
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Figure 2. Mechanism of RDX destruction by alkaline hydrolysis proposed 

by Balakrishnan et al. (2003). 

Previous work evaluated alkaline hydrolysis of RDX in an HSAAP waste-
water matrix (Gent et al., in preparation). The degradation of RDX in 
HSAAP wastewater under alkaline hydrolysis is shown in Figure 3. 
Alkaline hydrolysis experiments were carried out in 500-mL stirred batch 
reactors. Over the pH range of 12-13.3, the half life of RDX decay ranged 
from 4.4 hr to 0.2 hr. Given the potential of alkaline hydrolysis to provide 
a destructive treatment technology for RDX in wastewater, the current 
work extended previous experiments to design and test a larger scale 
reactor for alkaline treatment. 

Electrochemical destruction of RDX 

Electrochemical reduction of RDX has been reported by several groups 
(Pehkonen et al. 1999; Bonin et al. 2004; Gilbert and Sale 2005; Wani et 
al. 2005). A proposed degradation mechanism from Bonin et al. (2004) is 
detailed in Figure 4. Electrochemical reduction has been investigated as a 
wastewater treatment technology (Doppalapudi et al. 2001) and an in situ 
treatment of contaminated groundwater (Wani et al. 2005; Gilbert and  
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Figure 3. RDX disappearance with time at varying pH in 500-mL reactors. 
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Figure 4. Proposed mechanism for the direct electrochemical reduction of RDX 
in aqueous solution. 

Sale 2005). The final products of RDX transformation were observed to be 
small compounds (formate, formaldehyde, and nitrate) without buildup of 
the nitroso breakdown products. Efforts to scale electrochemical reduction 
to an industrial process have not been made. 
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Direct electrochemical reduction of RDX in HSAAP wastewater has been 
evaluated in 500-mL batch reactors (Gent et al., in preparation). The 
disappearance of RDX in HSAAP wastewater with varying electrode 
surface areas is shown in Figure 5. The rate of RDX decay under direct 
electrochemical reduction was found to depend linearly on electrode 
surface area. Increased current density on the electrodes also provides for 
increased reaction rates until mass transfer from the bulk fluid to the 
electrode surface becomes the rate limiting step. Small batch reactors 
containing 300 cm² of cathode surface area exhibited an RDX treatment 
half life of 14 minutes at a current density of 7.0 A/m². The current work 
extends these experiments to test larger scale reactor configurations for 
the destruction of RDX in wastewater streams. 
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Figure 5. RDX disappearance with time under electrochemical reduction with varying 

electrode surface areas. 

Reactor configurations 

Simple block diagrams of three basic reactor configurations are shown in 
Figure 6. There are two basic ways to configure a chemical reactor. Batch 
reactors hold a defined volume of reaction medium for a specified amount 
of time to accomplish the desired reaction. Semi-batch configuration of  
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Figure 6. Simple block diagrams of three basic reactor types: (a) Batch reactor, (b) Continuous 

stirred tank reactor (CSTR), and (c) Plug flow reactor. 

a batch reactor may be used if the desired reaction occurs while the reactor 
volume is inconstant (i.e., during the reactor fill time). Continuous flow 
reactor configurations accomplish the desired reaction while continuously 
feeding reactants to and removing products from the reactor system. Con-
tinuous flow reactors may be further divided into continuous stirred tank 
reactors (CSTRs) and plug or pipe flow reactors (PFRs). The effectiveness 
of any reactor depends on the amount of contact time between reactants 
that the reactor provides and the rate at which the reaction in question 
proceeds. Because of this, design of any reactor configuration requires a 
model for the hydraulic retention time and a model of the reaction 
kinetics. 

Detailed discussion of reaction modeling may be found in reaction 
engineering texts, such as Fogler (1999). Previous efforts in RDX 
degradation by both alkaline hydrolysis and electrochemical reduction 
have confirmed that the first order decay model is a reasonable 
representation of reaction kinetics: 

 dC
kC

dt
  (1) 

In this model, C is the instantaneous concentration of reactant at time t in 
a batch reaction. By completing a mass balance around the reactor, a 
design equation may be written for each of the three basic reactor types by 
solving for the time required to complete a specified reduction in reactant 
concentration (Table 1). Further refinements to these equations for the 
particular cases of the studied technologies are discussed as part of this 
report. 
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Table 1. Design equations solved for reaction time 
for three simple reactor types. 

Reactor Design Equation 

Batch ln
-

C
t

C k

          0

1
 

CSTR 
C

t
k C

          
01 1  

PFR ln
C

t
k C

        
01

 

 

Objective 

The objective of this effort was to advance the development of two abiotic 
technologies, alkaline hydrolysis and direct electrochemical destruction, at 
a laboratory pilot scale with multiple possible configurations. This demon-
stration will provide the basis for determining the effectiveness of each 
technology and configuration for end use as an RDX pretreatment system. 
This effort will increase the body of engineering knowledge on these abi-
otic systems. It will aid the development of an innovative, effective, low-
cost treatment method to remove RDX from wastewater. Since alkaline 
hydrolysis is a homogeneous reaction, a single reactor configuration was 
studied, and multiple other configurations were designed using the results. 
Direct electrochemical reduction depends on mass transfer to the surface 
of an electrode. Two configurations were studied in this demonstration to 
determine the most efficient approach to designing large-scale electro-
chemical reactors. For each technology and configuration, the operational 
parameters, capital cost, and operating cost for a full-scale pilot system 
were estimated. These estimates were compared to determine the most 
promising candidate for an onsite pilot demonstration at HSAAP. 
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2 Semi-batch Alkaline Treatment Reactor 

Background 

Aqueous alkaline hydrolysis has been tested in small batch reactors with 
HSAAP process wastewater (Gent et al., in preparation). Observed half 
lives for alkaline destruction of RDX are summarized in Table 2. Since 
alkaline hydrolysis is a homogeneous reaction, the reaction rate coefficient 
at a given pH will remain constant at larger reactor volumes assuming that 
the reactants are well mixed. For reactors operating in continuous mode, it 
is advantageous to add sodium hydroxide directly to the reactor influent 
stream for pH adjustment. Previous experiments have used 50% NaOH 
(w/w) for pH adjustment. The density of 50% NaOH is greater than that of 
water (SG = 1.52). A laboratory demonstration was undertaken to confirm 
the earlier RDX destruction results, and to test the ability of an injection 
valve/static mixer system to adjust the pH of an influent stream. This was 
accomplished by designing a semi-batch alkaline hydrolysis reactor. 

Table 2. First-order reaction coefficients and half lives for alkaline destruction of RDX. 

pH 

Hydroxide 
Concentration 
(mM) 

Initial RDX 
Concentration 
(mg/L) 

1st Order Kinetic 
Rate Constant  
k (hr-1) 

Standard Error 
of k  
(hr-1) 

Half Life 
(hr) 

12.0    10 9.63 0.16 0.01 4.4 

12.5    32 8.91 0.50 0.06 1.4 

13.0 100 6.85 1.61 0.03 0.4 

13.3 200 6.09 3.14 0.05 0.2 

Laboratory demonstration of semi-batch reactor 

Materials and methods 

The pilot-scale study of the semi-batch alkaline treatment system con-
sisted of two separate trials as detailed in Table 3. Wastewater collected 
from the HSAAP sewer system at manhole P-6 was used in the pilot-scale 
study. Initial RDX concentrations were 7.2 mg/L and 9.1 mg/L for the first 
and second experimental trials, respectively. Treatment pH levels of 13 
and 13.3 were targeted to provide comparison with the levels previously 
investigated at the 0.5-L scale. A 45-cm-diameter cylindrical acrylic glass 
tank with a capacity of 115 L was used as the treatment tank. The tank was 
constructed by the ERDC modeling shop.  
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Table 3. Summary of experimental conditions. 

Trial pH RDX concentration (mg/L) NaOH added 

1 13.37 7.24 13 mL 50% NaOH /L water 

2 13.11 9.14   7.5 mL 50% NaOH /L water 

Figure 7 is a block diagram of the semi-batch alkaline treatment system 
and Figure 8 is a photograph of the system. A 1.2-gpm diaphragm pump 
(Floject, Inc.) fed RDX containing water from a 55-gal drum through a 
static mixer into the treatment tank. The wastewater pump operated at 
5000 mL/min, requiring 22.4 minutes to fill the treatment tank (115-L 
capacity). Upstream of the static mixer, 50% NaOH was injected into the 
process stream to raise the wastewater pH. For trial #1 approximately 
13 mL of 50% NaOH (w/w) was added for every liter of RDX-laden water, 
which yielded a sample pH that ranged from 13.35 to 13.38. For trial #2, 
the ratio of sodium hydroxide to RDX containing water was 7.5 mL per 
liter resulting in a sample pH range from 13.05 to 13.19. Once the treat-
ment tank was full, the injection system was turned off, and the treated 
volume was held for 6 hr. This holding time was sufficient for the hydroly-
sis reaction to come to completion (complete degradation of RDX). Fol-
lowing the alkaline treatment, 50% (w:w) sulfuric acid was added directly 
to the treatment tank to lower the solution pH below 9.  

Highly alkaline conditions made pH electrodes unreliable for monitoring 
the system pH, so monitoring was accomplished by titration using the 
Henderson-Hasselbalch equation: 

 
 
[ ]

pH loga

A
pK

HA



   (2) 

 
Figure 7. Block flow diagram of laboratory pilot alkaline treatment system. 
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Figure 8. Laboratory pilot system for the alkaline destruction of RDX in a semi-batch reactor. 

Thirteen samples were taken at time intervals ranging from 5–60 minutes 
during a total experimental run of 6 hr in each of the trials. The samples 
were neutralized by adding 6 M HCl. Neutralizing samples stopped the 
hydrolysis reaction and reduced sample pH to values that did not damage 
the analytical instruments.  

Samples were analyzed for RDX and its associated breakdown products, 
hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX), hexahydro-1,3-
dinitroso-nitro-1,3,5-triazine (DNX), and hexahydro-1,3,5-trinitroso-1,3,5-
triazine (TNX). The analyses were performed using high pressure liquid 
chromatography (HPLC) following a modified USEPA SW-846 method 
8330 (USEPA 1998) on a Dionex Acclaim EC2 (cyano) column, with a 1:1 
v/v methanol-water mobile phase at 1 mL/min. Sample detection was 
accomplished by monitoring absorbance at 254 nm using an electrode-
diode array spectrophotometric detector. Analytes were identified by 
comparison to retention times of known standards and were quantified 
using a 7-point standard curve that was linear from 0.025 to 5 mg/L.  
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Results and discussion 

The nitroso-derivatives MNX, DNX, and TNX were not detected 
(<20 µg/L) in any samples during this study. The nitroso-derivatives are 
intermediate products usually associated with anaerobic biodegradation, 
and are not formed during the alkaline hydrolysis of RDX. Products of 
RDX alkaline hydrolysis identified in the literature include nitrite, nitrous 
oxide, ammonia, formate, and formaldehyde (Balakrishnan et al. 2003; 
Croce and Okamoto 1979; Hoffsommer et al. 1977; Hwang et al. 2006; 
Gent 2007). 

Gent (2007) reported that the alkaline hydrolysis of RDX follows a first 
order decay model. The laboratory pilot setup in this study was a semi-
batch reactor with two distinct time intervals to be modeled. The first time 
interval to be modeled occurred when the treatment tank was being filled. 
RDX was continually being added to the tank while the alkaline hydrolysis 
reaction continued. A mass balance for this condition is 

 dM
C dV kM

dt
 0  (3) 

where M is the total mass of RDX in the treatment tank, C0 is the concen-
tration of RDX in the wastewater, dV is the volumetric flow rate of the 
wastewater, and k is the first-order reaction constant of alkaline decay of 
RDX. Assuming that M(0) = 0 and integrating, the instantaneous con-
centration of RDX in the treatment tank C may be modeled as 

  ktC
C e

kt
 0 1  (4) 

where t is the reaction time from the point when wastewater begins filling 
the treatment tank. 

The second distinct time interval occurred after the tank was full. At this 
point, no additional RDX was introduced into the treatment tank and the 
alkaline hydrolysis reaction proceeded as a first order decay 

 ktC C e 0  (5) 

Results from the two accomplished trials are detailed in Tables 4 and 5. 
The first order decay constant k was determined for each trial by fitting 
the observed RDX concentrations to Equation 4 during the tank fill,  
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Table 4. Alkaline hydrolysis of RDX at pH 13.4 in a 115-L semi-batch reactor. 

Trial 1 

Time RDX (mg/L)  
Calculated RDX  
when Filling (mg/L) 

Calculated RDX 
Concentration after  
Fill (mg/L) Diff2 

11:00 7.24 7.24  0 
11:10 3.90 4.18  0.082 
11:15 3.59 3.32  0.070 
11:20 2.58 2.71  0.016 
11:25 1.49  1.49 0 
11:30 1.14  0.81 0.108 
11:45 0.46  0.13 0.107 
12:00 0.12  0.02 0.001 
12:30 n.a.   n.a. 
13:00 n.a.   n.a. 
13:30 n.a.   n.a. 
14:00 n.a.   n.a. 
15:00 n.a.     n.a. 
     Sum of Diff2: 0.392 
      k (min-1) = 0.122 

 
Table 5. Alkaline hydrolysis of RDX at pH 13 in a 115-L semi-batch reactor.  

Trial 2 

Time RDX (mg/L)  
Calculated RDX when 
Filling (mg/L) 

Calculated RDX 
Concentration after  
Fill (mg/L) Diff2 

10:30 9.14     
10:40 7.08 7.39  0.098 
10:45 6.80 6.68  0.013 
10:50 6.18 6.07  0.011 
10:55 5.86  5.86 34.386 
11:00 5.10  4.70 25.979 
11:15 3.85  2.42 14.784 
11:30 2.38  1.25 5.660 
12:00 1.23  0.33 1.503 
12:30 0.63  0.09 0.396 
13:00 0.40  0.02 0.163 
13:30 0.16  0.01 0.026 
14:30 0.01   0.00 0 
     Sum of Diff2: 83.020 
      k (min-1) = 0.044 
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and Equation 5 for the remainder of the reaction time. Microsoft Excel©’s 
solver routine minimized the sum of squares of residuals to determine the 
best fit value of k. The experimental data are plotted with the best fit 
model results in Figure 9. At the higher pH used in the first trial, the first 
order decay constant was 0.122 min-1, indicating an RDX half life of 
5.7 min. A nominal pH of 13 was maintained during the second trial and 
the first order decay constant for the second trial was 0.022 min-1, indi-
cating an RDX half life of 15.8 min. 

 
Figure 9. Alkaline hydrolysis of RDX in a 115-L semi-batch reactor. 

Comparisons of the kinetic rates for the previously conducted 0.5-L batch 
and 115-L semi-batch reactor trials are presented in Table 6. First order 
decay constants of 0.027 min-1 at pH 13 and 0.052 min-1 at pH 13.3 were 
determined during previous batch studies of alkaline hydrolysis of RDX. 
These first order decay constants correspond to half lives of 25.7 and 
13.3 min, respectively. A first order decay rate of 0.122 min-1 was observed 
for the first pilot-scale trial and 0.022 min-1 was observed for the second 
trial. Overall, the calculated first order decay rates were similar for the 
pilot-scale reactor and the bench scale experiments. 
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Table 6. Comparison of kinetics rates calculated for batch and pilot-scale experiments. 

Reactor Type pH 
1st Order Decay Constant, k 
(min-1) 

RDX Half Life  
(min) 

Small Batch Reactors 
13.0 0.027 25.7 

13.3 0.052 13.3 

115 L Semi-Batch 
Reactor 

13.1 0.022 15.8 

13.4 0.122   5.7 

 

Design considerations 

Neutralization 

After alkaline treatment, the pH in the reactor(s) remains elevated. The 
high pH must be neutralized before the water can be discharged to an 
industrial wastewater treatment plant (IWWTP). The target pH for 
neutralization depends on what is acceptable to the IWWTP and could be 
as high as pH 9 or 10. Potential neutralizing agents considered at HSAAP 
are acid waste, re-carbonation with either air or carbon dioxide, hydro-
chloric acid (HCl), and sulfuric acid (H2SO4).  

Preliminary tests of re-carbonation by air and carbon dioxide were con-
ducted. High pH solutions subjected to several days of air and carbon 
dioxide sparging exhibited no significant change in pH. Therefore re-
carbonation is not a viable option because of the length of time required.  

An existing acid waste stream generated at HSAAP was also considered as 
a neutralizing agent. The acid strength of the waste and the logistics of 
supplying the waste stream to the reactor location are uncertain, however, 
so this option was also rejected.  

Hydrochloric or sulfuric acids are the most viable neutralizing agents for 
the treated HSAAP wastewater. The molar ratios for neutralizing sodium 
hydroxide with hydrochloric or sulfuric acid to pH 7 are 1:1 and 2:1, 
respectively. The estimated quantities and costs of neutralizing the batch 
or plug flow reactors to pH 7 with HCl and H2SO4 are listed in Table 7. 
Neutralization value of pH 7 for the treated wastewater was used here to 
provide a conservative cost estimate.  
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Table 7. Summary of quantity and cost of treatment and neutralization materials.1 

pH [OH-] 

10,000 gpd 40,000 gpd 

NaOH 
(lb/day) 

HCl 
(lb/day) 

H2SO4 
(lb/day) 

NaOH 
(lb/day) 

HCl 
(lb/day) 

H2SO4 
(lb/day) 

12.0 0.010 15 98 44 267 392 178 

12.5 0.316 211 310 140 843 1240 562 

13.0 0.100 667 981 444 2669 3923 1778 

13.3 0.200 1331 1956 887 5324 7826 3547 

    $/day $/day $/day $/day $/day $/day 

12.0 0.010 3.3 17 7 59 67 27 

12.5 0.316 46 53 21 186 211 84 

13.0 0.100 147 167 67 587 667 267 

13.3 0.200 293 333 133 1171 1330 532 
1 Treatment cost based $/lb of NaOH – $0.22, HCl - $0.17, H2SO4 - $0.15. 

Chloride and sulfate at river outfall 

The use of either HCl or H2SO4 as a neutralizing agent will increase the 
concentration of chloride or sulfate in the waste stream. The estimated 
concentrations of neutralizing agents at the outfall were calculated by the 
mixing equation 

 process process w w
out

w process

C q C Q
C

Q q





 (6) 

where: 

 Cout = ionic species concentration at the outfall after the IWWTP 
(mg/L) 

 Cprocess = neutralizing agent concentration required (mg/L) 
 qprocess = process stream flow (gpd) 
 Cw = ionic species concentration in the IWWTP (assumed zero here) 

(mg/L) 
 Qw = assumed IWWTP flow (gpd). 

Alkaline hydrolysis may not be a favored treatment option at flows greater 
than 10,000 gpd because acidic anion concentrations at the IWWTP out-
fall point of compliance may be relatively high. The chloride or sulfate 
concentration added to the total IWWTP outfall with a flow of 5 million 
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gallons per day (Mgd) from a process flow of 10,000 gpd will be 22.8 mg/L 
as Cl- or 10.2 mg/L as SO42-. These ion concentrations will rise as the flow 
is increased to 40,000 gpd. The estimated concentrations of Cl- and SO42- 
at the outfall with three different wastewater flows using alkaline treat-
ment at pH 13 are listed in Table 8. Estimated sulfate concentrations at the 
outfall by pH and a wastewater flow of 5 Mgd are listed in Table 9. 

 

 

Precipitation 

Alkaline hydrolysis treatment of the wastewater stream may result in 
precipitation due to hard water.  Any precipitate formed during RDX 
pretreatment must be managed in a full-scale system. 

Hardness 

Hardness is principally caused by the presence of calcium and magnesium 
ions (Kawamura 1991). Possible precipitation of calcium and magnesium 
compounds can be caused by adding excess quantities of sodium 
hydroxide (caustic soda).  

The HSAAP water was analyzed using Inductively Coupled Plasma spec-
troscopy (ICP) to determine the calcium and magnesium concentrations. 
The HSAAP water contained 32.9 mg/L calcium and 8.4 mg/L magne-
sium.  The total hardness of the water sample was then calculated using 
Standard Method 2340 B Hardness by Calculation (American Public 
Health Association (APHA) 1995). Total hardness is defined as the total of 
the calcium and magnesium ion concentrations when the concentrations 
are expressed in mg CaCO3/L. The calcium, magnesium, and total hard-
ness from the HSAAP sample were calculated to be 82.2, 34.6, and 
116.8 mg/L as CaCO3, respectively. These hardness values are shown in 
Table 10.  

Table 8. Increase in acid anions from neutrali-
zation at IWWTP outfall using pH 13. 

Production 
(gpd) 

Wastewater 
(Mgd) 

Cl- 
(mg/L) 

SO42- 

(mg/L) 
  4 28.5 13.0 
10,000 5 22.8 10.2 
  6 19.0 8.7 
  4 113.2 51.7 
40,000 5 90.8 41.4 
  6 75.7 34.6 

Table 9. IWWTP outfall sulfate by pH and treated 
volume with 5-Mgd flow. 

 10,000 gpd 40,000 gpd 
pH mg/L mg/L mg/L mg/L 
12   2   1    9 4 
12.5   7   3    29 13 
13 23 10    91 41 
13.3 46 21 181 83 
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Alkalinity 

The alkalinity of water is defined as its 
acid neutralizing capacity. Because the 
alkalinity of many surface waters is pri-
marily a function of carbonate, bicar-
bonate, and hydroxide content, alkalinity 
is also taken as an indication of the con-
centration of these constituents. Low alkalinity can lead to acidic and 
corrosive water in public water systems. Acidic water will damage pipe 
systems and cause pipes to be replaced frequently. Excessively high 
alkalinity (high pH) can lead to rapid scaling in pipe systems, which also 
contributes to poor pipe performance.  

Some chemical reactions or processes affected by alkalinity include coagu-
lation, disinfection, water softening, and corrosion control. Because pH 
levels affect the chemical processes that occur during drinking water and 
wastewater treatment, the determination and monitoring of pH during 
these processes is of fundamental importance. 

Alkalinity was measured in sampled HSAAP wastewater using an acid 
titration method done in triplicate. The total alkalinity of HSAAP water 
was 5.7 mg CaCO3/L as determined using Standard Method 2320B (APHA 
1995). The theoretical alkalinity was then calculated using the titration 
acid normality, the sample volume, and the equilibrium dissociation con-
stants for the carbonate system (Table 11). The titration results are illu-
strated in Figure 10. The pH and the 
slope of the titration curve were plotted 
versus the titration volume. Figure 10 
graphically illustrates the different 
types of alkalinity present in the 
HSAAP water. The HSAAP production 
wastewater alkalinity is so low that it 
should not pose a precipitation issue 
for an alkaline hydrolysis treatment 
system. 

Table 10. Hardness of HSAAP water 
from P-6 by hardness type. 

Hardness Type 
Hardness 
(mg/L as CaCO3) 

Calcium 82.2 

Magnesium 34.6 

Total Hardness 116.8 

Table 11. Alkalinity results and theo-
retical values for titration pH 1. 

Alkalinity 
Type 

Results 
(mg/L as 
CaCO3) 

Theoretical 
(mg/L as 
CaCO3) 

CO32- 2.58 1.29 

HCO3- 3.22 4.51 

H2CO3* 0.24 0.06 

Total 6.05 5.94 



ERDC/EL TR-10-8 18 

 

0

1

2

3

4

5

6

7

8

9

0 0.2 0.4 0.6 0.8 1 1.2 1.4

titrant (mL)

pH

0

2

4

6

8

10

12

Sl
op

e 
of

 ti
tr

at
io

n 
cu

rv
e

pH tiration curve CO3/HCO3 HCO3/H2CO3 slope of titration curve

CO3
2- HCO3

- H2CO3
*-

 
Figure 10. Titration pH 1 with pH and the slope of the titration curve 

vs. titrant volume used. 

Precipitation during treatment 

Traces of a light white precipitate were seen in the bottom of each reactor 
at the end of each alkaline experiment. Some precipitation was expected 
since the HSAAP water contains both calcium and magnesium. The pre-
cipitate masses were measured by removing the aqueous phase following 
each batch reactor experiment by pouring the reaction mixture through a 
glass fiber filter. The retained solids were dried and weighed to determine 
the amount of precipitated solids. The formula used to calculate the mass 
of precipitate was 

 Total Solids ( ) ( )mg A B  1000  (7) 

where A is the weigh boat with filter and precipitate (g), and B is the weigh 
boat with the filter (g).  

The total weights of precipitate observed for each alkaline treatment repli-
cate are detailed in Table 12. The pH 13 and 13.3 replicates contained the 
highest precipitate masses. At pH 13 the average solids present were 
51.9 ± 11.8 mg. The pH 13 highest replicate (61.9 mg) was used to calculate 
the mass of precipitate that may be produced by alkaline hydrolysis at the 
design flows. The estimate shows that 10.3 lb/d of CaCO3 will be produced 
at a flow of 10,000 gpd and 41.2 lb/d of CaCO3 produced at 40,000 gpd.  
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Table 12. Mass of precipitate produced for each pH by replicate. 

 pH 12 pH 12.5 pH 13 pH 13.3 

Description R1 R2 R3 R1 R2 R3 R1 R2 R3 R1 R2 R3 

Weigh boat tare (g) 5.87 5.77 5.95 5.92 6.04 5.65 5.70 5.58 5.71 6.08 5.92 6.03 

Weigh boat + dry filter (g) 6.37 6.28 6.43 6.42 6.52 6.14 6.20 6.06 6.20 6.46 6.35 6.52 

Weigh boat + dry filter + 
precipitate (g) 

6.39 6.30 6.44 6.45 6.55 6.18 6.26 6.10 6.26 6.42 6.42 6.58 

Solids present (mg) 22.0 21.0 14.6 28.9 22.6 32.5 61.9 38.9 54.9  57.6 61.6 

Mean & st. dev. 19.2 ± 4.0 28.0  ± 5.0 51.9  ± 11.8 57.6 

 

The majority of the light precipitate mass would be expected to flow out of 
the reactor with the neutralized effluent into the sewers. The precipitate 
mass for each replicate experiment is shown in Table 12 along with its 
mean and standard deviation by pH. 

Reactor configurations 

In order to design a large-scale treatment process, several parameters 
must be known or assumed. Some of these parameters include design flow, 
initial contaminant concentration, target treatment concentration, and 
configuration of reactor. The three reactor types chosen for the initial 
investigation of alkaline hydrolysis were a sequenced batch reactor system 
(SBR), continuous stirred tank reactor (CSTR), and a plug flow reactor 
(PFR) also known as a tubular reactor.  

A batch reactor is a well-stirred tank with no inflow or outflow during the 
treatment process. A sequenced batch system includes several tanks where 
treatment takes place in parallel. In a CSTR reactor, the fluid enters the 
reactor and is immediately dispersed throughout the reactor volume. The 
result of this mixing is that the concentration leaving the reactor has the 
same concentration as the material in the reactor.  

A number of complete mix reactors can be connected in series. As the 
number of reactors increases the system begins to mimic a plug flow 
reactor. In a plug flow reactor, the fluid passes through the reactor and is 
discharged in the same sequence as it entered the reactor. Fluid flow 
through a PFR is usually laminar or non-turbulent (Reynolds Number 
< 2,300) to ensure minimum lateral mixing. A reactor’s size is primarily a 
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function of the hydraulic retention time (HRT), which is defined as the 
average length of time a soluble compound remains in the reactor. 

The treatment time required for each reactor 
type was calculated using the kinetic coeffi-
cients determined during the laboratory 
demonstration. Table 13 lists each reactor 
type considered along with its design equa-
tion solved for time of treatment. The vari-
ables used in the design equations are defined 
such that C0 is the initial RDX concentration 
(assumed close to saturation, 50 mg/L), C is 
the final RDX concentration after treatment 
(0.1 mg/L), k is the first order rate coefficient 
determined by laboratory studies (min-1), t is 
the time required to treat RDX (hr), and m is 
the number of CSTR reactors in series. 

The target wastewater flow was estimated to be between 10,000 and 
40,000 gpd. These flow values were used as the design flow for scale-up. 
The observed rate coefficients from the laboratory batch experiments were 
used to estimate the treatment time, size, and number of reactors required 
for each reactor type (Table 14). For flow at the lower range (10,000 gpd) a 
sequential batch reactor system could be used. At flows of 40,000 gpd or 
higher, a plug flow reactor would be a more efficient design. CSTR reactor 
calculations for treatment time show that they are not appropriate for high 
RDX concentrations because of the long treatment time and large reactor 
volume required.  

Table 14. Treatment time required for each reactor type. 

pH 

Treatment Time (hr) 

BR CSTR 5 CSTR PFR 
12.0 39.8 3,199 79 39.8 
12.5 12.3 990 24.5 12.3 
13.0 3.9 310 7.7 3.9 

13.3 2.0 159 3.9 2.0 
BR – batch reactor; CFSTR – continuous-flow stirred tank reactor, PFR – plug flow reactor. 
Treatment times are based on batch experiment reaction rate coefficients using each specific 
reactor equation with treatment from 50 mg/L to 0.1 mg/L. 

Table 13. Reactor equations solved 
for treatment time. 

Reactor Design Equation 

Batch ln
C

t
C k
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k C
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Pilot system designs 

Sequenced batch treatment system 

A sequenced batch treatment system consists of multiple tanks operated in 
parallel. Figures 11 and 12 illustrate a conceptual model of a batch treat-
ment tank and a sequenced batch treatment system capable of handling 
10,000-gpd flow. The tank fill times for both design flows are listed in 
Table 15. While one tank is filling, sodium hydroxide is added to the tank 
fill system through a chemical feed pump and static mixer at the proper 
dosing rate. After that tank is filled, another tank would begin filling from 
the same pump and hydroxide injection system. While the second tank is 
filling, the treatment process in the first tank is completed. The entire 
process can be automated by adding timers, pH controllers, conductivity 
detectors, control valves, and level switches. 

After treatment in the first tank is complete, the fluid is neutralized. Once 
neutralization is complete, the fluid is pumped to waste. The “N” tank in 
Figure 12 is used to show neutralization as a separate unit process. A sepa-
rate neutralization tank is not required since each treatment tank can be 
used for neutralization.  

IN
CATCH BASIN

In-line
mixer

Hydroxide
pump

Acid
pump

Tank can be drained by gravity

 
Figure 11. Illustration of batch treatment with neutralization. 
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Figure 12. Illustration of a sequenced batch treatment plant for 10,000 gpd. 

Table 15. Tank fill times at design flows. 

Design Flow 
gal/day 

Tank Fill time 
hr 

Number of Tanks 
Required 

10,000 12 3 

40,000   3 9 

Tank Fill Volume = 5,000 gal. 

 

A 6,000-gal tank was chosen for this design because of its treatment 
capacity, ease of mixing, and cost. Industrial tank prices almost double 
when capacity exceeds 7,000 gal. A third tank was added to the design to 
accommodate peak loading and maintenance. The time to fill each batch 
reactor at 10,000 gpd is 12 hr.  

Plug flow reactor 

A PFR could either be a rectangular covered channel or a large-diameter 
long pipe. A conceptual rectangular covered system resembling a potable 
water treatment system is shown in Figure 13. For the purpose of this 
discussion, circular pipes will be used to estimate treatment lengths and 
cost.  
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Figure 13. Idealized rectangular channel reactor system. 

The pipe lengths for different size PFRs were calculated from the time 
required to treat RDX from Table 14. The estimated length(s) using several 
pipe diameters with calculated Reynolds number at the design flows are 
listed in Table 16. The final pipe diameter and reactor length for the PFR 
should be determined by available space and pipe cost. The calculations 
presented here do not include the pipe diameters and lengths required for 
neutralization. Neutralization can be considered almost instantaneous, so 
pipe diameter and lengths required may be shorter than the alkaline treat-
ment section.  

Table 16. PFR calculation with pipe diameter, length, flow, and Reynolds number. 

 10,000 gpd 40,000 gpd 
Nominal Pipe 
Diameter 
(in) 

Reynolds 
No. 

PFR 
Pipe Length 
(ft) 

Reynolds 
No. 

PFR 
Pipe Length 
(ft) 

12 1,860 274 7,441 - 

14 1,595 201 6,378 - 

16 1,395 154 5,581 - 

18 1,240 122 4,961 - 

20 1,116 99 4,465 - 

22 1,015 81 4,059 - 

24 930 68 3,721 - 

36 620 30 2,480 122 

48 465 17 1,860 68 
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A conceptual drawing of a PFR designed to treat RDX at pH 13 and 
40,000 gpd is shown in Figure 14. Table 17 lists the quantity and cost of 
sodium hydroxide necessary to decompose RDX at each pH. As an exam-
ple, at a flow of 10,000 gpd and pH 13, the estimated cost of sodium 
hydroxide (50% NaOH) to decompose RDX is $147/day based on a 
hydroxide cost of $0.22/lb.  

 
Figure 14. Idealized alkaline PFR. 

Table 17. Sodium hydroxide cost based on observed kinetics and design flow. 

  10,000 40,000 

pH 
[OH-] 
(mmol) 

NaOH  
Required 
(lbs/day) 

Cost 
($/day) 

NaOH  
Required 
(lbs/day) 

Cost 
($/day) 

12.0 10 67 15 267 59 
12.5 32 211 46 845 186 
13.0 100 668 147 2,671 588 
13.3 200 1,332 293 5,330 1,173 
NaOH (50%) cost ($/lb) 23 SEP 2007 $0.22. 

 

Cost estimate of an alkaline treatment system 

The estimated capital costs of a four-tank sequenced batch alkaline treat-
ment system are detailed in Table 18. The cost summary is based on a 
10,000-gpd alkaline treatment system. The system uses four 6,000-gal 
polyethylene tanks. The capital cost estimate lists all major equipment 
required plus miscellaneous costs near 20% of the equipment cost. The 
estimated equipment cost is $219,600. Installation labor is estimated to be 
equal to the equipment purchase cost. This leads to a total estimated capi-
tal cost of $439,200. Material costs were estimated based on available 
vendor pricing in March of 2008.  



ERDC/EL TR-10-8 25 

 

Table 18. Major capital equipment and cost for 
a 10,000-gpd Alkaline Hydrolysis system. 

Item Quantity Cost Total 
6000-gal tanks 4 7,000  28,000 
Tank stands 4 4,700  18,800 
Pumps 5 4,000  20,000 
Mixing motors 4 3,000  12,000 
Impellers & shafts 8 1,500  12,000 
pH controller 4 1,000  4,000 
pH electrode 8  300  2,400 
Metering pump 4  600  2,400 
Toroidal conductivity 4 1,000  4,000 
NC solenoid valves 8 1,000  8,000 
Pipe and fittings 1 10,000  10,000 
Float switches 8 1,000  8,000 
Electronics/control 1 50,000  50,000 
Misc. 1 40,000  40,000 

Estimated Equipment Cost 219,600 
Installation labor cost - assumed equal to material cost 219,600 

Estimated Capital Cost (CC)  $439,200 

 

The estimated annual operating costs are listed in Table 19. Chemical costs 
include 1,331 lb/day of 50% (w:w) of sodium hydroxide to achieve the 
treatment pH, and 887 lb/day of sulfuric acid to adjust the outlet pH to 
neutral. A semi-batch reactor system such as this is anticipated to require 
one operator shift per day with additional assistance estimated at 15% of 
the operating labor cost. Maintenance costs may be estimated as 2% of the 
total capital cost (Turton et al. 1998). This yields an estimated annual 
operating cost for alkaline treatment of $296,737. 

Table 19. Estimated annual operating cost for a 10,000-gpd alkaline treatment system. 

Chemicals Cost lb/day lb/yr $/lb $/year 
NaOH 1,331 485,837 0.22 106,884 
Sulfuric Acid 887 323,632 0.15 48,545 

Annual chemical costs 155,429 
Operating Labor Cost (COL) 

Operator Shifts per Day $/hr d/yr $/yr 
 1.0 50 288 115,000 

Miscellaneous Labor (0.15 COL) 17,280 
Yearly Maintenance (0.02 CC) 8,784 

Estimated Annual Operating Costs $296,737 
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The present worth (PW) of a 10,000-gpd alkaline treatment system is 
determined by  

 
 
rn

C M rn r

e
PW C C

e e

       

1
1

 (8) 

where: 

 CC = capital cost 
 CM = operating cost 
 r = suitable discount rate 
 n = evaluation period in years (Newman 1991).  

The discount rate r is set by the Office of Management and Budget (OMB) 
as 4.2% for a 10-year evaluation period (OMB 2008). The present cost of 
this alkaline treatment system is $2.81M over an evaluation period of 
10 years. 

Summary of alkaline treatment systems 

Laboratory experiments in a 115-L pilot semi-batch reactor confirm the 
efficacy of alkaline hydrolysis as a method for destroying RDX in process 
wastewater. Relatively short treatment times (on the order of 3 hr) are 
achievable at pH 13. By operating a full-scale system of 10,000 gpd in 
sequenced batch mode, the estimated capital cost of the system is 
$439,200. The corresponding estimated annual operating cost of the 
system is $296,737.  

Alkaline hydrolysis of munitions constituents has several benefits. No 
specialized electrical equipment is required, and this technology has been 
used for mitigation of munitions constituent residues in several demon-
stration products. It is more mature as a technology than direct electro-
chemical reduction.  

There are two main drawbacks to an alkaline hydrolysis technology. First, 
a 10,000-gpd system would require 1,331 lb/day of 50% sodium hydrox-
ide, and 887 lb/day of sulfuric acid. These chemicals are highly corrosive, 
and require special handling. Their respective costs lead to relatively high 
operating costs for the estimated system. Second, the concentration of 
sulfate from neutralization with sulfuric acid may be high at the outfall to 
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the Holston River. Sulfate is not currently regulated at the HSAAP dis-
charge point but may be regulated in the future if discharge contains a 
sufficiently high concentration. 
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3 Rotating Electrode Batch Reactor (ReBR)  

Background 

The direct electrochemical reduction of RDX is a surface mediated 
reaction. The reaction can be separated into three distinct processes: 

1. Mass transfer of RDX from the bulk reaction fluid to the surface of the 
cathode 

2. Electron transfer to RDX from the cathode, reducing RDX to small organic 
compounds 

3. Mass transfer of the RDX degradation products from the surface of the 
cathode to the bulk reaction fluid 

As the electrochemical destruction process for RDX is scaled up, the key 
parameters controlling the relative rates of any of these steps may change. 
Previous experiments have delineated the rate of RDX decay in aqueous 
solution for electrochemical reduction at differing current densities (i.e. 
rate of electron transfer from the cathode) (Gent et al., in preparation). 
Results are summarized in Figure 15.  

As current density increases, the RDX decay rate begins to reach a maxi-
mum value indicating that mass transfer is becoming the rate-limiting step 
in the reaction. Current density may be adjusted to operate an electro-
chemical system at peak efficiency. The key to designing an effective 
electrochemical treatment system is developing a reactor configuration 
that facilitates mass transfer from the bulk fluid to the cathode surface. 

A bench scale proof-of-concept study was previously conducted for a 
rotating electrode batch reactor (ReBR) (Gent et al., in preparation). This 
is a mixed compartment electrochemical reactor in which the electrode 
array is designed to act as an impeller as well as the reactive surface. The 
mass transfer based kinetic rates observed in the ReBR are compared to 
those observed in 500-mL batch reactors in Figure 16. The increased 
reaction rates are due to improved mass transfer in the ReBR over a small 
system with static electrodes and a separate mixer. Since the proof-of-
concept showed potential, a larger laboratory demonstration reactor was 
built and tested during this study. 
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Figure 15. Apparent first-order kinetic rate parameter of RDX disappearance in 

electrochemical batch reactors with varying current density and 350 cm² of cathode surface 
area (95% confidence intervals). 
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Figure 16. Comparison of the mass transfer-based kinetic rate of RDX destruction in small 

batch reactors and the rotating electrode batch reactor (ReBR). 
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Laboratory demonstration of rotating electrode batch reactor 

Materials and methods 

The batch reaction tank used to create the rotating electrode batch reactor 
was a 45-cm-diameter clear acrylic cylinder with a total empty volume of 
115 L. The final reactor assembly is shown in Figure 17. Electrodes were 
constructed of an expanded titanium mesh substrate with a mixed  

 

   
       

 
Figure 17. Rotating electrode batch reactor. 
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precious metal oxide coating (Corrpro Companies, Medina, OH). This 
material has 2.46 m² of total surface area per square meter of electrode 
material, and was purchased in 15-cm by 122-cm sheets.  

Electrical connections were made by physically crimping 14-AWG 
stranded copper wire to the electrode material and waterproofing the con-
nection with epoxy resin putty. A total of 16 electrode plates were sus-
pended in the reactor (eight cathodes and eight anodes). Two electrode 
pairs were hung from each of four cross pieces attached to a hollow 1-in. 
anodized aluminum shaft. Electrical leads from each electrode were 
attached to one of two common 8-AWG stranded copper wire leads, which 
were then threaded through the hollow shaft to the main power transfer 
coupling.  

The power transfer coupling consisted of two copper rings attached to the 
rotating shaft inside carbon brush electrical contacts. Power was directed 
through the carbon brush contacts to the copper rings to provide electrical 
current to the working electrodes. 

The key functional characteristics of the reactor are 
summarized in Table 20. Current was supplied to 
the reactor cell through the constructed leads by a 
30V–300A power supply (TDK Lambda Americas, 
Inc. San Diego, CA). Previous batch studies had 
determined the need for periodic current switching 
to keep the cathode clear of deposited solids. A cur-
rent switching unit was constructed of DC power relays (Square D, 
Palatine, IL) controlled by a series of timer/controller switches (Autonics 
Corp., Gyeoungnam, South Korea). A current switching interval of 
30 minutes was maintained throughout all experiments with the flow 
reactor. 

Results and discussion 

The unbalanced reaction for the electrochemical destruction of RDX is  

 k End ProductsRDX e H     (9) 

where the aqueous end products have been determined as formate, 
formaldehyde, and nitrate (Bonin et al. 2004; Wani et al. 2006; Gent 

Table 20. Key functional char-
acteristics of the rotating 
electrode batch reactor. 

Empty Vol.  115 L 
Reactor Vol.  106 L 
Electrode Pairs  8 
Reactive Area  1.79 m² 
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2007). This reaction is irreversible, so an appropriate rate law may be 
hypothesized as  

  
b cadC

k RDX e H
dt

             (10) 

where: 

 C = instantaneous concentration of RDX 
 t = reaction time 
 k = reaction rate constant,  
 a, b, and c = reaction order constants, and the individual reactant 

concentrations all contribute to the reaction rate.  

Assuming that the electrode efficiencies remain constant through the 
experiments, this rate law can be reduced to a single order equation: 

  adC
k RDX

dt
  (11) 

Batch experiments exhibited reaction kinetics that fit well with a first 
order (a = 1) rate law, so that the batch reaction was effectively modeled by 

 ktC C e 0  (12) 

where 

 C = instantaneous concentration of RDX 
 C0 = initial concentration of RDX 
 k = reaction rate constant 
 t = reaction time.  

For a batch reactor accomplishing a surface area mediated reaction, 
reactor sizing is dependent on both the residence time in the reactor and 
the surface area of active electrode available for reaction. This makes it 
useful to use the mass transfer-based kinetic rate km 

 m

V
k k

A
  (13) 
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where: 

 V = reactor volume 
 A = reactive surface area of the electrode.  

Using first-order kinetics and the mass transfer-based kinetic rate con-
stant, the rate law may be solved to determine the final concentration of 
the reactor Cout as 

 m
A

k t
V

outC C e


 0  (14) 

where A is the total reactive surface area of the reactor. 

Experimental trials were carried out varying the current density in the 
rotating electrode batch reactor. Results from the two current densities 
tested in this study are compared to the smaller batch reactors in 
Figure 18. RDX destruction was observed in the 106-L ReBR at current 
densities of 8.4 and 11.4 A/m², resulting in km values of 8.0 × 10-4 m/min 
and 12.3 × 10-4 m/min, respectively.  
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Figure 18. Performance of 106-L laboratory pilot rotating electrode batch reactor relative to 

small bench-top units for electrochemical destruction of RDX in HSAAP wastewater. 
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The half lives of RDX in the reactor were 51 and 33 minutes for the lower 
and higher current densities, respectively. This is compared to half lives on 
the order of 10 minutes observed in the 2.7-L ReBR. The lower overall 
reactivity is explained by the lower amount of surface area per unit volume 
in the reactor as the volume scales increase. 

Reactor design considerations 

The key scale-up assumption for the surface area mediated electro-
chemical reaction is the maintenance of similar mass transfer charac-
teristics across scales. Using this assumption, the determined km values 
from laboratory pilot testing may be carried over to design the pilot and 
full-scale units. The conceptual design of a pilot scale rotating electrode 
batch reactor system is detailed in Figure 19.  

 
Figure 19. Conceptual design of a rotating electrode batch reactor for direct electrochemical 

destruction of RDX in a process wastewater. 
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Following the analysis of the alkaline system design, a 6,000-gal poly-
ethylene tank was taken as the best combination of size and cost to provide 
a reactor vessel. An axis and spoke assembly constructed of non-
conductive anodized aluminum is suspended within this reactor vessel. 
Each spoke would support two electrode pairs. The electrode plates for 
this design are welded sheets of electrode material 60 cm wide by 180 cm 
tall. 

Pilot system design 

Two 6,000-gal polyethylene tanks will be 
used as a design basis for a 10,000-gpd 
ReBR treatment system. The design com-
ponents of the reactive vessel are sum-
marized in Table 21. The design hydraulic 
retention time is approximately 8 hr. This 
treatment time will allow a single tank to 
be outfitted with electrodes while the 
remaining tank acts as an equalization 
vessel. In this way, electrode material may 
be used with a minimum amount of down 
time.  

From Equation 14, the total amount of reactive electrode surface area 
required to accomplish an 8-hr treatment time in one vessel is 179 m². By 
suspending 132 electrode plates (66 electrode pairs) within the reactive 
vessel, 175 m² of reactive surface area will be made available. This total 
reactive surface area corresponds to a treatment time of 8.2 hr (Table 21). 
The current density observed from laboratory pilot studies to maintain a 
km of 1.22 × 10-3 m/min is 8.33 A/m². In order to maintain this current 
density, the reactive vessel will require a total direct current power supply 
of 1,461 A at approximately 35 V. 

Estimated cost of a rotating electrode batch reactor system 

The estimated costs associated with the construction of a rotating elec-
trode batch reactor treatment system are detailed in Table 22. The cost 
summary is based on a 10,000-gpd rotating electrode batch reactor 
operated 365 days per year. This reactor capacity is achieved by running 
two treatment cycles per day through a 6,000-gal reactor vessel,  

Table 21. Major design characteristics of 
the proposed rotating electrode batch 

reactor. 
Reactive Surface Area =  179 m² 
Number of Electrode Plates =  132 
Estimated Treatment Time =  8.2 hr 
Reactor Capacity =  5,000 al 
Treatment Cycles per Day =  ~2.5 
Current Density =  8.33 m² 
Required Current =  1,461 A 
Estimated Voltage =  35 V 
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Table 22. Major equipment capital costs for a 10,000-gpd 
rotating electrode batch reactor. 

Item Quantity Cost Total 
Reactor and Surge Vessels 2 7,000 14,000 
Tank Stands 2 4,700 9,400 
Mixing Motors 2 4,000 8,000 
Shaft and Frame for Electrodes 1 10,000 10,000 
Power Commutator 1 8,000 8,000 
Electrode Plates 132 1,480 195,360 
Power Supply 1 37,000 37,000 
Pipe and Fittings 1 10,000 10,000 
Float Switches 12 1,000 12,000 
Misc. 1 40,000 40,000 

Estimated Equipment Cost 343,670 
Installation Labor cost - assumed equal to material cost 343,670 

Estimated Capital Cost (CC) 687,520 

 

with a 6,000-gal equalization vessel used for surge capacity. The specified 
reactor performance is 99.8% destruction, which will reduce a saturated 
(50,000 µg/L) RDX waste stream to 100 µg/L.  

The capital cost estimate lists all major equipment. The single largest 
driver of capital costs is the cost of electrode plates. Currently, electrode 
plate costs are estimated at $1,366/m2. Given the high costs of electrode 
material, it will be beneficial to investigate alternative electrode materials, 
and to determine the maximum useful life of the electrodes.  

Estimated annual operating costs are listed in Table 23. Electrical power 
costs are based on the standard assumption of $0.10 per kW-hr, and an 
estimated 1,461 A at 35 V power requirement. A sequenced batch reactor 
system such as this is anticipated to require one operator shift per day 
with additional assistance estimated at 15% of the operating labor cost.  

Table 23. Estimated annual power cost for a 10,000-gpd 
rotating electrode batch reactor. 

Power Cost kW-hr/cycle kW-hr/d $/d $/year 
$0.10 per kW-hr 420 1,050 105 38,325 

Operating Labor Cost (COL) 

 
Operator Shifts per Day $/hr d/yr $/yr 
     1.0      50 288 115,000 

Miscellaneous Labor (0.15 COL) 17,280 
Yearly Maintenance (0.02 CC) 13,750 

Estimated Annual Operating Costs $184,599 
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Maintenance costs may be estimated as 2% of the total capital cost (Turton 
et al. 1998). This yields an estimated annual operating cost for the rotating 
electrode batch reactor of $184,599. 

The present worth (PW) of a 10,000-gpd electrochemical treatment 
system is determined by  
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 (15) 

where: 

 CC = capital cost 
 CM = operating cost 
 r = suitable discount rate 
 n = evaluation period in years (Newman 1991).  

The discount rate r is set by the Office of Management and Budget as 4.2% 
for a 10-year evaluation period (OMB 2008). The present cost of this 
electrochemical treatment system is $2.16M over an evaluation period of 
10 years. 

Summary of rotating electrode batch reactor 

Laboratory experiments in a 106-L rotating electrode batch reactor system 
confirm its efficacy as a novel application of electrolytic treatment for 
removal of RDX from a process wastewater. Based on the laboratory 
results, a 10,000-gpd demonstration system may be built for $687,520. 
The corresponding annual operating cost would be $184,599. Power 
requirements to accomplish RDX removal in this system are approxi-
mately one quarter the cost of chemicals required to remove RDX via 
alkaline hydrolysis.  

The drawbacks to this system lie in the unknowns of engineering a large-
scale system, and in the cost of electrode material. Building a proper frame 
for suspending the electrodes in a 6,000-gal tank, sourcing a power com-
mutator, and providing mixing power to the electrode frame are efforts 
that will require new engineering.  

The electrode material itself is currently priced at $1,366/m2 of material. 
The costs of either of the electrochemical treatment systems would be 
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greatly improved if a less expensive material could accomplish the same 
treatment goals within one or both of the systems. The ideal material 
would possess high surface area, dimensional stability under oxidizing and 
current reversal conditions, and efficiency in transferring electrons across 
the electrode/fluid interface.  
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4 Packed Electrode Continuous Flow 
Reactor 

Background 

The direct electrochemical reduction of RDX is a surface-mediated reac-
tion. Because of this, the reaction can be separated into three distinct 
processes: 

1. Mass transfer of RDX from the bulk reaction fluid to the surface of the 
cathode. 

2. Electron transfer to RDX from the cathode, reducing RDX to small organic 
compounds. 

3. Mass transfer of the RDX degradation products from the surface of the 
cathode to the bulk reaction fluid. 

As the electrochemical destruction process for RDX is scaled up, the key 
parameters controlling the relative rates of any of these steps may change.  

Previous experiments have delineated the rate of decay of RDX in aqueous 
solution for electrochemical reduction at differing current densities (i.e., 
rate of electron transfer from the cathode) (Gent et al., in preparation). 
Results of these previous experiments are summarized in Figure 20. Mass 
transfer becomes the rate-limiting step in an electrochemical reaction as 
current density increases. The key to designing an effective electrochem-
ical treatment system will be development of a reactor configuration to 
facilitate mass transfer from the bulk fluid to the cathode surface. 

Previously, a bench-scale proof-of-concept study was performed for a 
packed electrode flow-through reactor (Gent et al., in preparation). In this 
reactor design, electrode plates are packed closely together in a flow chan-
nel parallel to the direction of flow. This configuration allows for a large 
amount of reactive surface area to be placed in a relatively small reactor 
volume, reducing the average mass transfer distance from the bulk fluid to 
the cathode surface. The mass transfer-based kinetic rate for this reactor 
was on the order of 7×10-4, similar to those observed in the small batch  
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Figure 20. Apparent first-order kinetic rate parameter of RDX disappearance in electro-

chemical batch reactors with varying current density and 350 cm² of cathode surface area 
(95% confidence intervals). 

reactors. Since the proof-of-concept model showed potential as the basis of 
an efficient pilot treatment system, a larger laboratory demonstration 
reactor was built and tested. 

Laboratory demonstration of packed electrode flow reactor 

Materials and methods 

The packed electrode continuous flow reactor cell was constructed of 
0.5-in. (1.25-cm) clear acrylic (Figure 21). The basic unit is a rectangular 
channel 15 cm wide by 6.35 cm deep and 122 cm long with flanged end 
pieces. The end caps are also rectangular channels 15 cm wide by 8 cm 
deep by 25 cm long with 0.5-in. nominal NPT fittings to facilitate con-
nection to a pumping system.  

Electrodes were constructed of an expanded titanium mesh substrate with 
a mixed precious metal oxide coating (Corrpro Companies, Medina, OH). 
This material has 2.46 m² of total surface area per square meter of elec-
trode material, and was purchased in 15-cm by 122-cm sheets. Electrical 
connections were made by physically crimping 14-AWG stranded copper 
wire to the electrode material and waterproofing the connection with 
epoxy resin putty.  
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Figure 21. Rectangular channel with packed electrodes, insulator material, 

and leads; and the final reactor assembly. 

The reactor cell was loaded by layering electrodes with 15-cm by 124-cm 
polypropylene mesh material as insulators. A total of 18 electrode plates 
were packed into the reactor with alternating electrical leads protruding 
from the upper and lower ends of the rectangular channel. The electrical 
leads at each end of the reactor were bolted together with a common lead 
of 10-AWG stranded copper wire and waterproofed with epoxy resin putty 
to create two main electrical leads for the reactor cell. The two leads for the 
reactor cell were brought out through the end caps using waterproof strain 
relief connections to create a watertight electrochemical reaction cell. The 
final reactor assembly was suspended vertically within a steel frame to 
provide access during the experimental runs. 

The key functional characteristics of the 
reactor are summarized in Table 24. 
Current was supplied to the reactor cell 
through the constructed leads by a 30V–
300A power supply (TDK Lambda 
Americas, Inc. San Diego, CA). Water was 
supplied to the reactor by means of a 

Table 24. Key functional characteristics 
of electrochemical flow-through reactor. 

L x W x H =  15 x 6.35 x 122 cm 
Total Vol. =  11.62 L 
Void Vol. =     9.61 L 

Reactive Area =     4.05 m² 
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constant volume piston pump (Blue-White Industries, Huntington Beach, 
CA) so that the reactor would operate at a constant flow rate in upflow 
mode. 

Previous batch studies determined the need for periodic current switching 
to keep the cathode clear of deposited solids, so a current switching unit 
was constructed of DC power relays (Square D, Palatine, IL) controlled by 
a series of timer/controller switches (Autonics Corp., Gyeoungnam, South 
Korea). A current switching interval of five minutes was maintained 
throughout all experiments with the flow reactor.  

Results and discussion 

The unbalanced reaction for the electrochemical destruction of RDX is  

 k End ProductsRDX e H     (16) 

where the end products have been determined as formate, formaldehyde, 
and nitrate (Gent 2007). This reaction is irreversible, so an appropriate 
rate law may be hypothesized as  

  
b cadC

k RDX e H
dt

             (17) 

where: 

 C = instantaneous concentration of RDX 
 t = reaction time 
 k = reaction rate constant 
 a, b, and c = reaction order constants, and the individual reactant 

concentrations all contribute to the reaction rate.  

Assuming that the electrode efficiencies remain constant through the 
experiments, this rate law can be reduced to a single-order equation: 

  adC
k RDX

dt
  (18) 

Batch experiments exhibited reaction kinetics that fit well with a first 
order (a = 1) rate law, so that the batch reaction was effectively modeled by 
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 ktC C e 0  (19) 

where:  

 C = instantaneous concentration of RDX 
 C0 = initial concentration of RDX 
 k = reaction rate constant 
 t = reaction time. 

For a continuous flow reactor, reactor sizing is dependent on both the 
residence time in the reactor and the surface area of active electrode avail-
able for reaction. This makes it useful to apply the mass transfer-based 
kinetic rate km 

 m

V
k k

A
  (20) 

where:  

 V = reactor volume 
 A = reactive surface area of the electrode.  

Using first-order kinetics and the mass transfer-based kinetic rate con-
stant, the rate law becomes 

 
'

m

dC A
k

dx Q
  (21) 

where: 

 x = distance along the flow path of the reactor 
 A′ = surface area as a function of distance along the reactor 
 Q = volumetric flow rate of the reactor.  

This rate law may be solved to determine the effluent concentration of the 
reactor Cout as 

 
m

A
k

Q
outC C e


 0  (22) 

where A is the total reactive surface area of the reactor. 
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Both current density and flow rate (residence time) were varied during 
experimental runs. Results for the observed first order decay rates are 
shown alongside those observed during earlier batch trials in Figure 22. 
The kinetic rates for the larger reactors are not as high as those observed 
in small batch trials. This is most likely due to the laminar flow regime 
observed in the flow reactor impacting mass transfer to the surface of the 
electrode. There was no significant change in the observed km over the 
range of current densities studied. This indicates that the reactor is run-
ning under mass transfer-controlled conditions. 

Effluent/influent concentration (C/C0) is plotted as a function of retention 
time in the reactor in Figure 23. Flow rate trials were carried out at a cur-
rent density of 7.4 A/m², corresponding to a total reactor current of 30 A. 
This current was accomplished at a potential of 6.3 V and a power input of 
0.19 kW, or 4.5 kW-hr/d. The total power input corresponding to 97.4% 
destruction of RDX was 8.8 kW-hr/m³ treated water. At 77.8% RDX 
destruction the required power input for treatment was 3.0 kW-hr/m³.  

The mass transfer-based kinetic rate across the flow rates studied ranged 
from 3.3×10-4 to 4.2×10-4 m/min. With the large available surface area for 
reaction in the reactor, the residence time-based half life for RDX destruc-
tion in the reactor was 4.23 min, much less than the half lives observed 
during batch experiments. 

Design considerations 

The key scale-up assumption for this surface area-mediated reaction is the 
maintenance of similar mass transfer characteristics across scales. With 
this assumption, the observed km values from laboratory pilot testing may 
be carried over to design the pilot unit. In the laboratory pilot studies, km 
was consistently close to 3.0 x 10-4 m/min. This value will be used for 
scale-up calculations moving forward. 

Pilot system design 

Titanium (Ti) mesh electrode material is produced in 15-cm by 122-cm 
sheets, and this sheet size will be used as a design basis. The basic unit of a 
full-scale packed electrode flow reactor will be a square channel 15 cm 
wide by 15 cm deep by 122 cm long. This size allows use of the currently 
available electrode material. A modular system of these reactor cells can be 
used in parallel or series to build a final treatment system.  
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Figure 22. Comparison of mass transfer-based first order decay constants observed in the electrochemical flow-through reactor 

with those observed in the small batch reactors. 
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Figure 23. Observed reduction in RDX concentration across the electrochemical flow reactor as a function of residence time. 
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The rectangular channel laboratory pilot reactor accommodated 18 elec-
trode panels at a channel depth of 6.35 cm. A square channel reactor cell 
will accommodate 42 panels, or 21 electrode pairs for a total reactive area 
of 9.45 m² per reactor cell. Given this design reactive area and the 
assumed km, the achievable flow rate of a single reactor cell Q may be 
calculated from the required treatment goal. Using Equation 23 

 
 
 ln /

mk A
Q

C C


 
 0

 (23) 

km is the mass transfer-based first-order kinetic rate constant, A is the 
reactive (cathodic) electrode surface area, C0 is the initial concentration of 
RDX in the treatment stream, and C is the final RDX concentration leaving 
the reactor cell. 

The predicted performance of a single reactor cell is shown in Figure 24. A 
full-scale treatment system may now be sized using a total system flow rate 
and the required treatment goals. The maximum flow rate of a single reac-
tor cell can be calculated given the required treatment goal. An estimated 
number of required reactor cells can then be determined by dividing the 
total required flow rate by the flow rate of a single reactor cell.  
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Figure 24. Predicted destruction of RDX in a single flow-through reactor cell containing 

9.45 m² of reactive area operating at a current density of 7 A/m². 
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The required number of reactor cells will be operated as an array of reac-
tors in some combination of series and parallel flow arrangements. HSAAP 
has indicated that the space available for construction of a treatment sys-
tem contains about 30 ft of head space. The proposed treatment system 
will consist of an array of parallel flow columns, each consisting of five 
reactor cells operating in series. 

The predicted sizing requirements of the full-scale treatment systems are 
detailed in Table 25. The size requirements of this design were based on 
the observed performance of the laboratory pilot packed electrode flow 
reactor. Reactor size increases exponentially as the required percent 
destruction increases. This is a result of the observed first-order kinetics. 
Increasing flow rate leads to a linear increase in the required number of 
reactor cells. From these observations it is apparent that building the 
smallest possible reactor unit will result from treating a waste stream with 
concentrated RDX at a low flow rate. 

Table 25. Size of packed electrode reactor arrays required at various treatment goals. 

40,000 GPD 400,000 GPD 800,000 GPD 

Percent 
Destruction 

Required 
Reactor 
Cells 

Required 
Reactor 
Columns 

Percent 
Destruction 

Required 
Reactor 
Cells 

Required 
Reactor 
Columns 

Percent 
Destruction 

Required 
Reactor 
Cells 

Required 
Reactor 
Columns 

99.8 230 46 99.8 2350 470 99.8 4695 939 

95 115 23 95 1115 223 95 2230 446 

90 90 18 90 865 173 90 1715 343 

80 60 12 80 600 120 80 1200 240 

 

Estimated cost of a packed electrode flow reactor treatment system 

The estimated costs associated with construction of a packed electrode 
flow-through treatment system are detailed in Table 26. The following cost 
summary is based on a 10,000-gpd packed electrode flow reactor operated 
365 days per year. The specified reactor performance is 99.8% destruction, 
which will reduce a saturated (50,000 µg/L) RDX waste stream to 
100 µg/L.  

The capital cost estimate lists all major equipment and the single largest 
driver of capital costs is the cost of electrode plates. Currently, the esti-
mated electrode plate cost is $250 per plate. It will be beneficial to  
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Table 26. Major equipment capital costs for a 10,000-gpd 
packed electrode flow reactor. 

Item Quantity Cost Total 
Reactor cells 60 500 30,000 
Electrode Plates 2,520 250 630,000 
Pumps 12 4,100 49,200 
Power Supplies 12 8,400 100,800 
Data Acquisition System 1 15,000 15,000 
Pipe and Fittings 1 10,000 10,000 
Float Switches 12 1,000 12,000 
Misc. 1 40,000 40,000 

Estimated Equipment Cost 887,000 
Installation Labor cost - assumed equal to material cost  887,000 

Estimated Capital Cost (CC) $1,774,000 

 

investigate alternative electrode materials and to determine the maximum 
useful life of the electrodes, given the high costs of electrode material. 
Pump costs are based on individual hose pumps for each reactor column, a 
preferred specification for the HSAAP facility. The total estimated capital 
cost for a packed electrode reactor system is $1,774,000. 

Estimated annual operating costs are listed in Table 27. Electrical power 
costs are based on the standard assumption of $0.10 per kW-hr, and an 
estimated 350 A at 10 V power requirement. A continuous flow reactor 
system such as this is anticipated to require 1/3 operator shifts per day 
with additional assistance estimated at 15% of the operating labor cost. 
Maintenance costs may be estimated as 2% of the total capital cost (Turton 
et al. 1998). This yields an estimated annual operating cost for the rotating 
electrode batch reactor of $82,308. 

Table 27. Estimated annual operating cost for a 10,000-gpd packed electrode flow reactor. 

Power Cost kW-hr/1,000 gal kW-hr/d $/d $/year 
$0.10 per kW-hr 8.4 84 8.4 3,066 

Operating Labor Cost (COL) 

 
Operator Shifts per Day $/hr d/yr $/yr 
0.33 50 288 38,016 

Miscellaneous Labor (0.15 COL) 5,702 
Yearly Maintenance (0.02 CC) 35,480 

Estimated Annual Operating Costs $82,308 
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The present worth (PW) of a 10,000-gpd electrochemical treatment sys-
tem is determined by  

 
 
rn

C M rn r

e
PW C C

e e

       

1
1

 (24) 

where: 

 CC = capital cost  
 CM = operating cost  
 r = suitable discount rate 
 n = evaluation period in years (Newman 1991).  

The discount rate r is set by the Office of Management and Budget as 4.2% 
for a 10-year evaluation period (OMB 2008). The present cost of this 
electrochemical treatment system is $2.43M over an evaluation period of 
10 years.  

Summary of packed electrode flow reactor treatment system 

Laboratory experiments in a 300 mL/min packed electrode continuous 
flow reactor system confirm its efficacy as a novel application of electro-
lytic treatment for removal of RDX from a process wastewater. Based on 
the laboratory results, a 10,000-gpd demonstration system may be built 
for $1,774,000. The corresponding annual operating cost would be 
$82,308.  

This electrochemical system is a simply arranged reactor with no moving 
parts other than the supply pumps. The design of full-scale systems is 
straightforward, and the column array design makes the system flexible. 
Any number of the columns may be put into operation at a given time 
depending on the waste stream flow rate and treatment requirements.  

The cost of power required to remove RDX from the waste stream is 
approximately 1/50th the cost of chemicals required in an alkaline hydroly-
sis system to accomplish the same treatment. The main drawback of this 
system is its relatively high capital cost. The electrode material itself is 
currently priced at $1,366/m2 of material. Either of the electrochemical 
treatment systems would be greatly improved if a less expensive material 
could accomplish the same treatment goals within one or both of the 
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systems. The ideal material would possess high surface area, dimensional 
stability under oxidizing and current reversal conditions, and efficiency in 
transferring electrons across the electrode/fluid interface. 

 



ERDC/EL TR-10-8 52 

 

5 Summary and conclusions 

The objective of this effort was to demonstrate two RDX destruction tech-
nologies at a small pilot scale: alkaline hydrolysis and direct electrochemi-
cal destruction. Both technologies have multiple possible configurations 
for end use as pretreatment systems. Three laboratory-scale pilot reactors 
were constructed and tested: a semi-batch alkaline hydrolysis system, a 
rotating electrode batch electrochemical treatment system, and a packed 
electrode continuous flow electrochemical treatment system. Each of the 
pilot systems was effective in removing RDX from a process wastewater. 
Information developed during laboratory testing provides a basis for the 
design of larger scale processes. For each technology configuration, a 
10,000-gpd treatment system was designed for comparison. 

Estimated capital and treatment costs, including a 10-year net present cost 
for 10,000-gpd demonstration treatment systems, are summarized in 
Table 28. The capital cost of each system is estimated from the scale-up 
design using known material costs. Alkaline hydrolysis presents the lowest 
capital cost, while the electrochemical treatment systems cost more to con-
struct. The increased capital costs of the electrochemical systems are due 
to the cost of the electrode material used for treatment. Because of the 
high cost of chemicals required in the alkaline treatment system, both 
electrochemical systems have lower operating costs. This leads to lower 
present costs over 10 years when comparing the electrochemical systems 
to the alkaline system. 

Table 28. Summary of estimated capital and operating costs for 10,000-gpd treatment systems. 

System 
Configuration 

Estimated Capital 
Cost 

Estimated Annual 
Operating Cost 

Estimated Treatment 
Cost per Thousand 
Gallons 

Net Present Cost  
(10 years) 

Alkaline sequenced 
batch reactor 

$439,200 $296,737 $81.30 $2.81M 

Rotating electrode 
batch electro-
chemical reactor 

$687,520 $184,599 $50.57 $2.16M 

Packed electrode 
continuous flow 
electrochemical 
reactor 

$1,774,000 $82,308 $22.55 $2.43M 
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Uncertainty remains regarding the replacement cost of electrodes over the 
life of the electrochemical systems. The electrode lifespan has not been 
definitively determined for electrochemical treatment systems. While 
titanium mesh electrodes have been successfully used in groundwater 
treatment systems over long periods, the ultimate service life is an 
unknown. The present cost analysis can be expanded to include electrode 
replacement as a comparison. The rotating electrode system maintains a 
present cost lower than the alkaline system assuming that electrode 
replacement occurs every three years or more. The packed electrode 
system requires electrode replacement every 10 years or more to remain 
less costly over the life of the system. 

Additional parameters to be considered in the selection of a pretreatment 
system at HSAAP include process safety, ease of use, and long-term relia-
bility. Both alkaline and electrochemical systems will require engineering 
controls to limit the possibility of chemical or electrical safety concerns. 
The handling of the concentrated chemicals required for alkaline hydroly-
sis will represent an ongoing and labor-intensive safety concern. Neither of 
the electrochemical systems requires chemical addition or hazardous 
materials to operate. 

Based on this effort, it is concluded that: 

1. Alkaline hydrolysis may be an effective pretreatment for RDX-laden 
processing wastewaters. A system can be constructed at costs lower than 
those required for electrochemical treatment. Ongoing chemical require-
ments are substantial, leading to a higher net present cost for the alkaline 
treatment system over 10 years. 

2. Electrochemical treatment systems have the potential to operate at much 
lower operating costs than those observed for alkaline systems. The 
designed systems have lower net present costs than a comparable alkaline 
treatment system. The continued development of electrochemical treat-
ment systems for the destruction of RDX in process waters is warranted. 

3. Electrode service life determination will be required for a rigorous cost 
comparison of electrochemical technologies. The electrode manufacturer 
cites a consumption rate of less than 1 mg/amp-yr at current densities as 
high as 100 A/m² in fresh water, though without further testing they will 
not give an estimated lifespan in this application. 
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Appendix A: Laboratory Pilot Data for Batch 
Alkaline Hydrolysis System 

Table A1. Pilot data for semi-batch alkaline hydrolysis 
of RDX wastewater at pH 13.3. 

Time RDX 
(mg/L)

Calculated RDX 
When Filling (mg/L)

Calculated RDX 
After Fill (mg/L) Diff2

11:00 7.238 7.238 0
11:10 3.895 4.181 0.0821
11:15 3.585 3.321 0.0697
11:20 2.583 2.708 0.0156
11:25 1.494 1.494 0
11:30 1.14 0.812 0.1077
11:45 0.457 0.130 0.1068
12:00 0.12 0.021 0.0098
12:30 n.a. n.a.
13:00 n.a. n.a.
13:30 n.a. n.a.
14:00 n.a. n.a.
15:00 n.a. n.a.

Sum of Diff2: 0.3917
k = 0.122

Trial 1

 

Table A2. Pilot data for semi-batch alkaline hydrolysis 
of RDX wastewater at pH 3.1. 

Time RDX 
(mg/L)

Calculated RDX 
When Filling (mg/L)

Calculated RDX 
After Fill (mg/L) Diff2

10:30 9.14
10:40 7.075 7.388 0.098
10:45 6.798 6.682 0.013
10:50 6.175 6.068 0.011
10:55 5.864 5.864 34.386
11:00 5.097 4.701 25.979
11:15 3.845 2.423 14.784
11:30 2.379 1.249 5.660
12:00 1.226 0.332 1.503
12:30 0.629 0.088 0.396
13:00 0.404 0.023 0.163
13:30 0.161 0.006 0.026
14:30 0.013 0.000 0.000

Sum of Diff2 = 83.02
k = 0.0442

Trial 2
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Table A3. Total alkalinity titration data of HSAAP water. 
AlkalinityTitrations Acid standardization

0.1N HCl added 

(µL)

pH 1 pH 2 pH 3 Vol 50% 
NaOH 
(uL)

pH

mol OH

V (L)

0 8.16 8.15 8.16 10 1.18 1.90E-04 0.0500
100 7.89 7.84 7.85 20 1.18 3.80E-04 0.0500
200 7.52 7.47 7.47 30 1.24 5.70E-04 0.0500
400 7.15 7.11 7.11 40 1.32 7.60E-04 0.0500
500 6.91 6.85 6.86 50 1.44 9.50E-04 0.0501
600 6.63 6.56 6.58 60 1.6 1.14E-03 0.0501
700 6.27 6.21 6.23 70 1.93 1.33E-03 0.0501
800 5.9 5.83 5.83 80 2.3 1.52E-03 0.0501
900 4.91 4.71 4.67 90 11.76 1.71E-03 0.0501
1000 4.61 4.37 4.35
1100 4.32 4.13 4.11 Standardized HCl (M) = 0.0322
1200 4.09 3.96 3.94

V = 50 mL
937.9 861.8 853.1 mwt NaOH = 39.9971 g/mol

mwt H2O = 18.0153 g/mol
Total Alkalinity 6.05 5.56 5.50 50% NaOH = 1520 g/L

50% NaOH = 19.00138 mol NaOH/L
Total alkalinity = 5.7 mg CaCO3/L
Standard Method 2340B Volume = 250 mL HSAAP water (Drum #5)  
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Appendix B: Laboratory Pilot Data for 
Rotating Electrode Batch Treatment System 

Table B1. Pilot data for rotating electrode batch 
reactor current density of 8.33 A/m². 

Sample Reaction 
Time 
(min)

RDX 
Conc 

(mg/L)

RDX C/C0

Run_1_10:40_15A 0 20.827 1
Run_1_11:00_15A 20 15.139 0.726893
Run_1_11:20_15A 40 11.681 0.560859
Run_1_11:40_15A 60 8.816 0.423297
Run_1_12:00_15A 80 6.557 0.314832
Run_1_12:25_15A_DUP 105 4.189 0.201133
Run_1_12:40_15A_DUP 120 3.496 0.167859
Run_1_13:10_15A 150 2.116 0.101599
Run_1_13:40_15A 180 1.34 0.06434
Run_1_14:40_15A 210 0.485 0.023287
Run_1_15:40_15A 240 0.191 0.009171
Initial sample_8:20_10:1 0 29.409 1
Run_2_8:40_15A 20 21.997 0.747968
Run_2_9:00_15A 40 16.752 0.569622
Run_2_9:20_15A 60 13.127 0.44636
Run_2_9:40_15A 80 10.138 0.344724
Run_2_10:00_15A 100 7.282 0.247611
Run_2_10:20_15A 120 5.867 0.199497
Run_2_10:50_15A 150 3.633 0.123534
Run_2_11:20_15A 180 1.833 0.062328
Run_2_11:50_15A 210 1.175 0.039954
Run_2_12:20_15A 240 0.511 0.017376
Run_2_13:20_15A 300 n.a.
Run_2_14:20_15A 360 n.a.  
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Table B2. Pilot data for rotating electrode batch 
reactor current density of 11.45 A/m². 

Sample Reaction 
Time 
(min)

RDX 
Conc 

(mg/L)

RDX C/C0

Initial sample_10:00_10:1 0 41.108 1.0000
Run_1_10:20_25A 20 27.479 0.6685
Run_1_10:40_25A 40 20.521 0.4992
Run_1_11:00_25A 60 12.865 0.3130
Run_1_11:20_25A 80 4.842 0.1178
Run_1_11:40_25A 100 3.673 0.0894
Run_1_12:00_25A 120 1.643 0.0400
Run_1_12:00_25A 120 3.824 0.0930
Run_1_12:30_25A 150 1.961 0.0477
Run_1_13:00_25A 180 1.137 0.0277
Run_1_13:30_25A 183 0.580 0.0141
Run_1_14:00_25A 240 0.287 0.0070
Run_1_14:30_25A 243 0.150 0.0036
Run_1_15:00_25A 300 0.061 0.0015
Run_1_16:00_25A 360 0.020 0.0005
Run_Initial_Sample_9:30 0 29.559 1.0000
Run 1_9:50_20A 20 18.999 0.6427
Run_1_10:10_20A 40 13.041 0.4412
Run 1_10:30_20A 60 8.933 0.3022
Run_1_10:50_20A 80 5.914 0.2001
Run 1_11:10_20A 100 3.937 0.1332
Run_1_11:30_20A 120 2.494 0.0844
Run 1_12:00_20A 150 1.68 0.0568
Run_1_12:30_20A 180 1.03 0.0348
Run 1_13:00_20A 210 1.179 0.0399
Run_1_13:30_20A 240 0.33 0.0112
Run_1_14:00_20A 270 0.199 0.0067
Run_1_14:30_20A 300 0.127 0.0043
Run_1_15:30_20A 330 0.063 0.0021  
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Appendix C: Laboratory Pilot Data for Packed 
Electrode Flow Reactor Treatment System 

Table C1. Pilot data for removal of RDX from a process waste stream by a packed electrode 
flow reactor, flow condition #1. 

Q = 0.58 L/min
A = 4.05 m²
V = 11.62 L

Vvoid = 9.86 L

Run Time 
(min)

Influent RDX 
(mg/L)

Effluent RDX 
(mg/L)

Residence 
Time (min)

C/C0 k (min-1) km (m/min)

0 17.806
20 20.628 1.637 17 0.0794 0.1490 0.0003627
40 20.787 2.242 17 0.1079 0.1310 0.0003188
60 20.741 2.061 17 0.0994 0.1358 0.0003305
80 20.648 1.971 17 0.0955 0.1382 0.0003363

100 20.735 1.975 17 0.0952 0.1383 0.0003366
120 20.187 1.939 17 0.0961 0.1378 0.0003354
140 19.769 1.941 17 0.0982 0.1365 0.0003322
160 19.92 1.953 17 0.0980 0.1366 0.0003325
180 19.948 1.977 17 0.0991 0.1360 0.0003309
240 18.565 1.921 17 0.1035 0.1334 0.0003247
300 12.941 1.533 17 0.1185 0.1255 0.0003054
360 8.06 0.973 17 0.1207 0.1244 0.0003027  

Table C2. Laboratory pilot data for removal of RDX from a process waste stream by a packed 
electrode flow reactor, flow condition #2. 

Q = 3.7 L/min
A = 4.05 m²
V = 11.62 L

Vvoid = 10.18 L

Run Time 
(min)

Influent RDX 
(mg/L)

Effluent RDX 
(mg/L)

Residence Time 
(min)

C/C0 k (min-1) km (m/min)

0 20.805
10 19.39 1.178 2.75 0.0608
20 1.85 1.136 2.75 0.6141 0.1773 0.0004453
30 1.684 1.118 2.75 0.6639 0.1490 0.0003741
40 1.55 1.025 2.75 0.6613 0.1504 0.0003777
50 1.43 0.917 2.75 0.6413 0.1616 0.0004058
60 1.27 0.802 2.75 0.6315 0.1672 0.0004198
80 1.111 0.689 2.75 0.6202 0.1737 0.0004363

100 0.888 0.619 2.75 0.6971 0.1312 0.0003295
120 0.729 0.451 2.75 0.6187 0.1746 0.0004385
150 0.594 0.387 2.75 0.6515 0.1558 0.0003913
180 0.51 0.337 2.75 0.6608 0.1507 0.0003784
210 0.396 0.281 2.75 0.7096 0.1247 0.0003133
240 0.294 0.223 2.75 0.7585 0.1005 0.0002524
280 0.22 0.135 2.75 0.6136 0.1776 0.0004460  
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Table C3. Laboratory pilot data for removal of RDX from a process waste stream by a packed 
electrode flow reactor, flow condition #3. 

Q = 4.9 L/min
A = 4.05 m²
V = 11.62 L

Vvoid = 9.80 L
4.9 L/min

Run Time 
(min)

Influent RDX 
(mg/L)

Effluent 
RDX (mg/L)

Residence 
Time (min)

C/C0 k (min-1) km (m/min)

0 17.823
5 5.477 3.967 2 0.7243 0.1613 0.0003901

10 5.911 2.433 2 0.4116 0.4438 0.0010736
15 5.708 3.362 2 0.5890 0.2647 0.0006402
20 5.131 3.202 2 0.6240 0.2358 0.0005703
25 5.196 2.978 2 0.5731 0.2783 0.0006732
45 4.25 2.445 2 0.5753 0.2764 0.0006686
60 3.723 2.177 2 0.5847 0.2683 0.0006489
75 2.884 1.841 2 0.6383 0.2244 0.0005429
90 2.662 1.635 2 0.6142 0.2437 0.0005895

105 2.427 1.36 2 0.5604 0.2896 0.0007004
120 2.192 1.235 2 0.5634 0.2869 0.0006939  

 

Table C4. Laboratory pilot data for removal of RDX from a process waste stream by a packed 
electrode flow reactor, flow condition #4. 

Q = 1.55 L/min
A = 4.05 m²
V = 11.62 L

Vvoid = 9.30 L

Run Time 
(min)

Influent 
RDX (mg/L)

Effluent 
RDX (mg/L)

Residence 
Time (min)

C/C0 k (min-1) km (m/min)

30.554
20 35.358 10.548 6 0.29832004 0.2016 0.0004627
40 32.619 10.713 6 0.32842822 0.1856 0.0004260
60 29.912 9.605 6 0.32110859 0.1893 0.0004346
80 26.785 9.249 6 0.34530521 0.1772 0.0004068

100 23.037 8.218 6 0.35673048 0.1718 0.0003943
120 18.939 6.957 6 0.36733724 0.1669 0.0003831  
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Table C5. Laboratory pilot data for removal of RDX from a process waste stream by a packed 
electrode flow reactor, flow condition #5. 

Q = 1.04 L/min
A = 4.05 m²
V = 11.62 L

Vvoid = 9.36 L

Run Time 
(min)

Influent RDX 
(mg/L)

Effluent 
RDX 

( / )

Residence 
Time (min)

C/C0 k (min-1) km (m/min)

17.059
10 17.187 3.642 9 0.211904 0.1724 0.0003983
20 17.163 3.793 9 0.220999 0.1677 0.0003875
30 17.1 3.811 9 0.222865 0.1668 0.0003853
40 17.498 3.77 9 0.215453 0.1706 0.0003940
50 17.259 3.723 9 0.215714 0.1704 0.0003937
60 16.891 3.744 9 0.221657 0.1674 0.0003867
80 16.299 3.645 9 0.223633 0.1664 0.0003845

100 14.016 3.308 9 0.236016 0.1604 0.0003706
120 12.444 2.864 9 0.230151 0.1632 0.0003771  

 

Table C6. Laboratory pilot data for removal of RDX from a process waste stream by a packed 
electrode flow reactor, flow condition #6. 

Q = 0.355 L/min
A = 4.05 m²
V = 11.62 L

Vvoid = 9.59 L

Run Time 
(min)

Influent 
RDX (mg/L)

Effluent 
RDX (mg/L)

Residence 
Time (min)

C/C0 k (min-1)
km 

(m/min)
9.509

40 9.798 0.396 27 0.040416 0.1188 0.0002811
50 9.755 0.17 27 0.017427 0.1500 0.0003548
60 9.379 0.233 27 0.024843 0.1369 0.0003238
80 9.358 0.182 27 0.019449 0.1459 0.0003452

100 8.719 0.223 27 0.025576 0.1358 0.0003212
120 9.124 0.224 27 0.024551 0.1373 0.0003248
180 8.609 0.419 27 0.04867 0.1120 0.0002648
240 9.463 0.127 27 0.013421 0.1597 0.0003777
300 9.172 0.187 27 0.020388 0.1442 0.0003411
360 9.373 0.234 27 0.024965 0.1367 0.0003233  
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Table C7. Laboratory pilot data for removal of RDX from a process waste stream 
by a packed electrode flow reactor, flow condition #7. 

Current = 25 A
Q = 0.352 L/min
A = 4.05 m²
V = 11.62 L

Vvoid = 9.50 L

Run Time 

(min)

Influent 
RDX 

(mg/L)

Effluent 
RDX 

(mg/L)

Residence 

Time (min)
C/C0 k (min-1)

km 

(m/min)

32.022 1.178 27 0.036787 0.1223 0.0002869
34.467 1.399 27 0.04059 0.1187 0.0002784
33.977 1.381 27 0.040645 0.1186 0.0002783  

 

Table C8. Laboratory pilot data for removal of RDX from a process waste stream 
by a packed electrode flow reactor, flow condition #8. 

Current = 35 A
Q = 0.352 L/min
A = 4.05 m²
V = 11.62 L

Vvoid = 9.50 L

Run Time 

(min)

Influent 
RDX 

(mg/L)

Effluent 
RDX 

(mg/L)

Residence 

Time (min)
C/C0 k (min-1)

km 

(m/min)

33.354 0.936 27 0.028063 0.1323 0.0003104
36.162 0.854 27 0.023616 0.1387 0.0003254
36.721 0.808 27 0.022004 0.1414 0.0003316
28.69 0.726 27 0.025305 0.1362 0.0003194  
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Appendix D: Supporting Information from 
Technology Development Process 

Establishment of Technical IPT Meeting Minutes 

Representatives from ERDC, PM – Joint Services, BAE Systems, the 
National Defense Center for Environmental Excellence, Stevens Institute 
of Technology, and Holston Army Ammunition Plant (HSAAP) met 15-16 
August 2007 to discuss a path forward on RDX releases to the Holston 
River. Attendees were as follows: 

Attendee Organization Email 

Bob Winstead BAE Systems Bob.winstead@baesystems.com 

Pam Wigle HSAAP Pam.wigle@us.army.mil 

Donald Yee PM-JS Donald.w.yee@us.army.mil 

Greg O’Connor PM-JS goconnor@pica.army.mil 

Jared Johnson USACE-ERDC Jared.l.johnson@us.army.mil 

Deborah Felt USACE-ERDC Deborah.felt@erdc.usace.army.mil 

David Gent USACE-ERDC David.b.gent@erdc.usace.army.mil 

Scott Shelton HSAAP Hubert.scott.shelton@us.army.mil 

Todd Hayes BAE Systems Todd.hayes@baesystems.com 

Jason Spears BAE Systems Jason.spears@baesystems.com 

Janice Lyles BAE Systems Janice.lyles@baesystems.com 

Donald W. Moore PM-JS dwmoore@pica.army.mil 

Michael B. Mills HSAAP Michael.b.mills@us.army.mil 

Steve Larson USACE-ERDC Steven.l.larson@us.army.mil 

Paul Brezovec NDCEE/Concurrent 
Technologies 

brezovec@ctc.com 

Washington Braida Stevens Inst Tech wbraida@stevens.edu 

Mark Marshall BAE Systems Mark.marshall@baesystems.com 

Larry Pierce BAE Systems Larry.pierce@baesystems.com 

Dr. Donald Yee gave an initial presentation to summarize events to date, 
as follows. 
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1. During 2008, a drinking water intake for the town of Church Hill, 
TN, will be built 5 miles downstream of the HSAAP industrial 
treatment plant outflow. 

2. A draft permit has been issued with a 3-year compliance schedule. 
HSAAP and BAE are working to keep a 5-year compliance schedule, 
and will need to provide justification to the Tennessee Dept of 
Environmental Compliance (TDEC) nlt 24 Aug. 

3. RDX concentrations at Morristown, TN (50 river miles 
downstream) are just a shade below health advisory levels (2 ppb). 

4. The goal of this meeting is to set up technical and project 
management IPTs to provide recommendations on a path forward 
for keeping HSAAP in RDX discharge compliance. 

5. The state of TN is asking for RDX levels below 2 ppb 7 miles 
downstream of outfall 

a. RDX is ~1 ppb 97 river miles downstream at the head of 
Cherokee dam 

b. RDX is ~1 ppb 141 river miles downstream at the headwaters 
of the Tennessee River 

c. Low flow in the Holston River (30Q5) is estimated at 780 
MGD 

d. The estimated TMDL will be ~280 ppb at the outfall, ~100 
lbs/d 

6. Pump and treat is being used at Milan AAP (groundwater, using 
GAC) 

7. RDX is a batch process 
8. Wastewater from each building flows through a catch basin 

a. Catch basins are ~3’x6’ concrete basins with wooden baffles 
for settling 

b. Product is periodically removed from the basins and burned 
c. Flow through the basins during production is normally 10-30 

thousand G/d 
d. Each building sits on a concrete apron. Stormwater from 

each building and apron flows through the catch basin 
e. All wastewater goes through the industrial treatment plant 
f. Total treatment plant flow averages 3.5 MGD (7.5 MGD 

during a storm) 
 

ERDC presented available technologies for the treatment of RDX 
wastewater. Discussion notes are as follows: 

1. What about safety issues? 
a. Dr. Yee – We expect ERDC to work closely with HSAAP 

safety office for technical validation 
b. Mike Mills – Remember that the water may have solids. 

Some contractors use improper bolts/grounding 
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2. Dr. Braida – What about the low pH or producing flammable gases 
through electrolysis? 

a. Electrochemical treatment will neutralize the waste stream 
b. H2 and O2 are low efficiency products. We do not anticipate a 

serious buildup 
3. M. Mills – Make sure that you evaluate process upsets: startup, 

concentration spikes, pH spikes. 
4. Bob Winstead – We need to evaluate things like freeze protection 

early in the process. There may be solids in the waste stream. 
a. Dr. Gent – This type of destructive technology is envisioned 

for post solids removal 
5. What will the effect be on the wastewater treatment plant? 
6. Bob Winstead – I am more attracted to the idea of having smaller 

skid or trailer-mounted units that can be moved to wherever the 
RDX is. 

7. Dr. Kim – We have observed higher efficiencies [than those of the 
electro-iron column] with our zvi 

8. Todd Hayes – What is your projected timeline for providing us with 
a technology? 

a. Dr. Larson – I would like data from the bench scale for 
consideration by the technical IPT downselect and do data 
gap analysis in 6 months. 

9. Dr. Yee – Toele has sequencing batch reactors for caustic destruc-
tion of energetics 

a. Todd Hayes – that’s where we’ve seen nitrosamine produc-
tion. Be sure to do a cost estimate based on our own site 
water. 

10. Dr. Kim – The base hydrolysis option seems like a lot of high pH 
water sitting around as a potential hazardous waste 

a. Mike Mills – this is just brainstorming, we will go over pros 
and cons once the data is in 

11. Bob Winstead – the passive base treatment reminds me of an 
anoxic limestone trench treatment for acid mine drainage. 

12. Dr Yee – Can you do all of this with the money you have? 
a. Dr. Larson – Some of this work is already set up and ready to 

go with bench testing. Some of the technologies will be 
discarded early in the process. 

13. Dr. Kim – We have been working with passive zvi treatment for 10 
years. The pilot plant at HSAAP has not worked. Remember that 
RDX treatment has to be reductive, then oxidative. I will provide 
data to and support Dr. Larson’s technical IPT. 

14. Dr. Yee – we would like to include Dr. Steve Maloney’s fluidized bed 
bioreactor in the technical selection process. 

a. McAlister AAP is using this. They have built a retention pond 
in order to ensure steady flow 



ERDC/EL TR-10-8 69 

 

15. Dr. Kim – I have tried filtration for RDX, and it does not work well. 
We have installed a slinky filter at Iowa AAP. Any proposed 
technology must not contain moving parts. 

16. Dr. Larson – We would like to come again and do a stream 
characterization for particle sizing, etc.  

a. Early September 
b. Debbie will coordinate 

 

Three more items to finish the meeting: 

1. A technical IPT will take the lead on technology downselect 
a. Steve Larson will lead the ERDC element 
b. Dr. Braida will be the Stevens POC 
c. Bob Winstead will represent HSAAP/BAE with additional 

representatives from the safety and process engineering 
elements 

d. Paul Brezovec from NDCEE 
2. A program management IPT will direct the process 

a. Don Yee, Todd Hayes, Pam Wigle, and others 
3. Action items 

a. Input to support HSAAP’s response to TDEC 
i. ERDC will provide project timeline by 20Aug 

ii. More detail is needed to justify a 5-year compliance 
schedule and increase of load above 100 lb/d (2.1-
2.5 ppm) 

b. DOSC contract vehicle to keep BAE’s end moving 
i. PM-JS/BAE will work it out 

c. Budgeting request 
i. All – Don Yee needs to be prepared for the FY08 

money 
d. Meeting minutes 

i. Don Yee – will distribute draft copy on 20 August 
2007 

e. IPT Charters 
i. Don Yee - will distribute draft copy on 20 August 

2007 
f. Technical evaluation parameters 

i. Don Yee - will distribute draft copy on 20 August 
2007 

g. Onsite data collection 
i. ERDC will provide sampling plan for consideration by 

HSAAP nlt 1Sep 
ii. Trip in the first 2 weeks of September 

h. Quarterly management review 
i. 15Nov 
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i. Mass loading performance parameters 
i. 8 Buildings at ~20000 gpd 

ii. Currently seeing 60-70% treatment at WWTP 
iii. ERDC/BAE will work to set goals 

1. ERDC will target treatment to 100 ppb 
iv. CHPPM has a good report on data collection 

j. Technical team meeting in Vicksburg 
i. Oct 2007 

k. Project status review and technical downselect 
February 2008 

Progress Report Slides of 24-Sep-2007 
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Progress Report Slides of 17-Oct-2007 
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Progress Report Slides of 24-Oct-2007 
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Technology Review and Evaluation Meeting 28-Nov-2007 

Agenda 

Agenda for Technology Review and Evaluation  
Hazardous Waste Research Center 

ERDC-EL 
Wednesday 28 November 2007 

 
 
8:30 to 9:00 Arrive at ERDC, Vicksburg and transfer to HWRC  
   
  (Lunch orders will be taken at this time.) 
 
9:00-9:15 Introduction of ERDC-EL, EP-E Management 
 
9:30-9:35  Opening Remarks           Mr. Greg O’Connor,  
       ARDEC 
 
9:35-9:45 Break 
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9:45 - 10:00   Regulatory Environment/Time Frame  HSAAP and/or BAE 
 
10:00-10:30 “Quick Fix” solutions discussion Mr. Don Yee  
 
10:30-11:00 Alkaline hydrolysis            Dr. David Gent,  
        ERDC-EL  
       
11:00-11:30 Electrochemical treatment          Mr. Jared Johnson,  
        ERDC-EL 
       
11:30-12:00 Bimetallic Catalysis & GAC Enhanced Sulfide Reduction 

 Dr. Braida,  
  Stevens Institute 

   
12:00-13:00 Lunch  
 
13:00-13:30 Filtration techniques    Mr. Paul Brezovec,  
        NDCEE  
 
13:30-14:00 ZVI      Dr. Byung Kim,  
        ERDC-CERL 
 
14:00-14:30 Fluidized bed reactors   Dr. Steven Maloney, 
        ERDC-CERL 
 
14:00-15:00 Group discussion     All 

 
15:00-15:15 Break   
 
15:15-16:15 Technology Down-select Criteria   All  
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Alkaline Hydrolysis Presentation 
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Electrochemical Destruction Presentation 
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Ultraviolet Destruction Presentation 
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Progress Report 27-Feb-2008 
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Progress Report 21-May-2008 
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Progress Report 11-Jun-2008 
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Technology Review and Evaluation Meeting 24-Jun-2008 

Agenda 

Agenda 
RDX Wastewater Technology Review Meeting 

24 June 2008 
 

0800 Arrive at ERDC 
0830 Welcome and Introductions - Don Yee  
0840 Walk through of laboratory  
0900 Electrochemical Flow Through Reactor - Jared 
Johnson  
0930 Electrochemical Stirred Tank Reactor - David Gent  
1000 Break 
1015 Upflow Anaerobic Bioreactor - Steve Maloney  
1045 Alkaline Stirred Tank Reactor - David Gent  
1115 Results of on site sampling at HSAAP - Jared 
Johnson  
1145 Lunch  
1245 Holston River hydrology overview – SAIC (call-

in)/Don Yee  
1315 Catch basin flow rates and best practices for RDX 

mitigation - Larry Reynolds  
1415 RDX Phase II Scope - Don Yee  
1445 Break 
1500 Discussion of issues and future scheduling - all  
1600 Adjourn 
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Alkaline Hydrolysis Presentation 
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Packed Electrode Flow Reactor Presentation 
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Rotating Electrode Batch Reactor Presentation 
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Technology Review and Evaluation 24-Sep-2008 

Meeting Minutes – Recorded by Mr. Don Yee 

Minutes 

24-25 September 2008 Waste Water IPT Meeting 

1. Purpose 
The objectives of this meeting are to provide the IPT a quick review 
of the bench-scale technologies; status of the nutsches procure-
ment; introduce the Bimetal process; develop the working cost 
estimate for the FY09 program; and review the down-select criteria 
for the successful RDX reduction technology.  

2. Background 
At Jun 2008 meeting, the IPT agreed that we should proceed with 
development of a bench-scale pilot for the activated CFB and the 
Electrolysis. In addition we also continued to develop a better 
nutsche filter system to reduce the RDX load in the waste water 
effluents. BAE has developed two competing designs that NDCEE 
will be purchasing for demonstration (two of each design). The 
anoxic filter media development should be bench scale for demon-
stration before we scale up the prototype design. The hydrology 
study should continue and provide a predictive pattern for HSAAP’s 
to control the amount of effluents to be discharged into the Holston 
River. Also continue to finalize the water balance around the RDX 
dewatering operation.  

Since the Jun 2008 meeting, Stevens Institute of Technology has 
made rapid progress in their bimetal technology to totally decom-
pose the RDX contaminants in waster water. The potential sim-
plicity of the operation provides an intriguing situation for the IPT. 
Also, FY09 project funding considerations are being developed, 
along with questions on how affordable are the technologies, as well 
as supporting data/document including life cycle economics 
required to support the fund release document. This project must 
be approved by DA. 

Due to conflicts, Dr. Maloney was not able to attend. A draft of 
down-select criteria was provided for discussion. 
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3. Discussion 
a. Mr. Paul Brezovec of NDCEE provided a status of the 

nutsche procurement. If there are no delays, we can expect 
delivery in late Nov/early Dec 08. However, the vendor 
indicated that it would be safe to expect delivery about Jan 
09. Supporting documents including COTR approval were 
received and should proceed smoothly.  NDCEE will provide 
two nutsches for each of the two designs. There will be a 
need to purchase 5 more to complete full set of nutsches at a 
cost of $25K for each nutsche. In FY09, they will need to 
purchase 14 more nutsches at a total cost of $350K. Also, 
there will be a need to purchase a vacuum system to extract 
the settle RDX in the settling basin. The cost of this is 
expected to be about $100K. 

b. Review of the Hydrology of the Holston River shows that the 
Tennessee authority maintains the river at a fairly high level 
to insure there is sufficient flow to support the TVA opera-
tions. However, SAIC will design a monitor for tracking this 
flow at a cost of $150K. 

c. Mr. Mark Klingenstein of SAIC discussed the benchscale 
anoxic media unit located in the waste water plant. The 
anoxic bugs are being grown in the new media. SAIC will 
support the effort with staff periodically. The expected cost 
for implementing this new design is $1.5M. 

d. The current FY09 project is budgeted for $15M. We are 
concerned about the affordability of the process. We need to 
keep track of the RDX treatment technology and its 
flexibility to handle varying loads. Mr. Todd Hayes agreed to 
provide the team with the projected Modernization produc-
tion number. The IWWTP will be designed with modularity 
in mind and has the expansion capability for meeting the 
Modernization number. This is to be discussed later in the 
project. 

e. A list of down-select criteria was provided for the IPTs con-
sideration. The IPT could not agree with a score due to 
insufficient data. We will revisit this at a later date. It is 
agreed that the next proposed meeting be held during the 1st 
week in Dec 08. A teleconference is scheduled for mid Oct 
08. 

f. Mr. Jared Johnson presented the Electrolysis process and 
the unit is located in the line 10.  The two bench-scale unit 
has a power generator located outside. Concern was raised 
about the electric spark in an explosive plant and the genera-
tion of hydrogen and oxygen by-products. Need safety 
review. Cost of this process is at $3.5 M for a 40,000-GPD 
unit. Projected cost of this process for 400,000 GPD is 
$35.0M. 
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g. Mr. Larry Reynolds presented the water balance study. He 
indicated that we have a total flow of 800,000 GPD. There is 
a potential to separate contaminated from non-contact water 
to reduce this load. The unit needs to be designed for more 
efficient operation and should be sized at the regular produc-
tion. This writer suggests that a modular design be used if it 
is determined that normal operation is 40,000 or larger.  
Also, we should include the decision to design the plant with 
expansion features for future expansion if the product mix 
changes.  

h. Mr. Reynolds also presented the activated CFB process. A 
bench-scale pilot plant was installed at HSAAP and uses a 
20 to 1 recycle rate. Questions about the need for this recycle 
should be studied. We should contact Dr. Maloney for his 
opinion and whether we need to fully decompose the RDX? 
The cost of this option is about $1.5M for 40,000 GPD. 
Projection cost for this operation is about $7.5 M for a 
400,000 GPD. 

i. Dr. W. Braida presented the Bimetal process in its simplicity. 
However, the source of bimetal needed major investigation 
and research. There are still many optimization and limita-
tion parameters that need major development. Expedited 
effort to get this information would be recommended. 
Projection cost for this facility would be much lower than the 
CFB since existing equipment already has stirred tanks with 
a filter cloth quick separation of the bimetal. This should 
allow for much reduced reaction and separation time. Two of 
these units could be used for a 40,000 GPD. The cost would 
be refurbishment of the building and equipment. The cost for 
this refurbishment has to be developed. SAIC agreed to help 
SIT prepare this estimate. Also, to better control the process, 
it is recommended that HSAAP establish an analytical labor-
atory with HPLC capability to analyze the RDX. Currently, it 
takes about one week for turnaround and costs a few hun-
dred dollars to analyze a sample for RDX. 

j. To support Mr. Smolinski’s task to prepare the FY09 D&F, 
costs for the FY09 program were reviewed. As indicated 
above, the non-RDX treatment will require $2.5M unbur-
dened. Adding the burden overhead cost will increase this to 
about $3.75M. This will only have $11.25M for the RDX 
treatment plant. More detailed information for this project 
are being discussed and a detailed review will be performed.  
 



ERDC/EL TR-10-8 128 

 

4. Conclusion 
The meeting met its objective and has provided key critical infor-
mation for development of a path forward. 

5. Path Forward 
a. Follow-up on Phase II scope at JMC and expedite if possible. 
b. Expedite the funding to SIT to insure concerns about the 

maturity of the bimetal technologies are addressed, 
especially the production and availability of the bimetal. 

c. Cost estimate for a prototype bimetal process if E-7 is used. 
SAIC will perform the estimate. 

d. Dr. Maloney will be invited to HSAAP for critique of the 
bench pilot plant and help develop the test plan. Also request 
input on what by-products the CFB do not have to treat 
because existing IWWTP could treat non-complex organic 
products. 

e. Assess any safety issues related to any of the processes. 
f. Follow-up with action items. 

6. Action Items 
a. Next meeting is scheduled for the first week in Dec 2008. 
b. Provide a copy of meeting presentation to IPT. 
c. Support Ben Smolinski in preparing the FY09 D&F and 

project estimates. 
d. Develop a critical list of additional development research 

data for the bimetal process. 
e. Identify what other contaminants we could expect in the 

effluents. 
Follow-up with above action items. 
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ERDC Technology Demonstration Presentation 
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Progress Report 10-Feb-2009 
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