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1. Introduction

In 2012, the US Department of Defence (DoD) required an Insensitive High Explosive (IHE) filling
for mortar bombs to replace Composition B, with the aim of increasing personnel safety (Singh et al.,
2012). IHE fills are considered safer to use as they are less sensitive to external stimuli as qualified
by STANAG 4439 and AOP-39 (NATO, 2010, 2006). IHE encompasses a number of melt-cast
formulations that most commonly contain 1,3,5-trinitroperhydro-1,3,5-triazine (RDX), 2,4-
dinitroanisole (DNAN) and 3-nitro-1,2,4-triazol-5-one (NTO). As well as providing the desired
performance characteristics to IHE formulations, these chemicals have unique physiochemical and
toxicological properties which pose significant challenges for removal from wastewater effluents at
explosive load assembly and pack (LAP) facilities (Arthur et al., 2018). (Table 1)

Table 1: Table of physiochemical properties of energetic materials RDX, DNAN and NTO.

Short Name RDX DNAN NTO

Full Name 1,3,5- 2,4-Dinitroanisole | 3-nitro-1,2,4-triazol-5-
Trinitroperhydro- one
1,3,5-triazine

Structure

Solubility in 42 at 20°C 276 at 25°C 121 | 16636 at 25°C [
water (mg.L™?)

Oral LD50 100 199 Bl >5000 (!
(mg.kg™)

Disassociation | 0.11-1.34["] 0.6-0.63 [¢] 0.02-0.51 [
Coefficient

(Kd)

Compiled from 1 (Pennington and Brannon, 2002), 2 (Taylor et al., 2013), 3 (Spear et al., 1989), 4 (Meyer et al., 2005),
5 (Davies and Provatas, 2006), 6 (London and Smith, 1985), 7 (Katseanes et al., 2016), 8 (Arthur et al., 2017), 9 (Mark
et al., 2016).
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RDX is a heterocyclic nitramine and is considered the most important high explosive for military
application in the United States due to its widespread use (Koutsospyros et al., 2012). The neurotoxic
effects of RDX have been known for some time for both humans and other mammals (Kaplan et al.,
1965). More recently the mechanism by which RDX causes seizures in humans exposed to it for
prolonged periods has been identified (Bannon and Williams, 2015). The low disassociation
coefficient (Kd) of RDX indicates it is mobile in soils and water (Monteil-Rivera et al., 2009).
Exposure has previously occurred from groundwater contaminated from an ammunition production
facility (Fleming et al., 1996). DNAN is a nitro-aromatic compound and has been shown to be toxic
with the effects described as “deleterious” to earthworms, algae, bacteria and plants (Dodard et al.,
2013). NTO is a white crystalline energetic compound that was first used in explosive formulations
in 1987 and in a proposed IHE in 1996 (Lamy et al., 1996; Lee and Coburn, 1988). NTO causes
visible yellow discolouration in water and is a source of visible pollution (Tennant et al., 2019). NTO
has been assessed by the US EPA as having a toxicity of greater than 5000 mg kg, lower than that
of table salt (Winstead, 2011). Whilst it may not pose toxicity issues, the visual pollution of NTO and
the incidental issues cause by its acidification of water due to its ionic nature means it must be
removed from wastewater before it is returned to the environment or municipal system. In addition
to its high solubility, NTO has a low Kd and is therefore mobile in soils. It has also been shown to
degrade quickly, but the degradation products have not yet been detected in the wider environment
and therefore the potential effects remain unknown (Temple et al., 2018). NTO shares some
similarities in terms of size, structure, and charge with RDX and DNAN. Therefore, there is a desire
to use existing water treatment infrastructure in order to process water contaminated through
production of munitions using newer IHE compositions containing these materials, as has been
recorded at Picatinny Arsenal in the United States (Felt et al., 2013).

Adsorption is widely used in drinking water, wastewater and groundwater treatments to remove
organic chemicals (Ali et al., 2012; Bricka and Fleming, 1995; Gupta and Saleh, 2013). Adsorption
is a surface phenomenon caused by intermolecular Van Der Waals forces between molecules, which
attract and bind contaminants (or sorbates) to a sorbent surface. As a result, surface area is the primary
driver in adsorptive capacity and is itself dependent on the preparation method of the activated carbon
(AC) which can change surface groups as well as the primary source material which provides the
inherent material structure (Jain et al., 2016). The commercial success of AC for the adsorption
process is due to a combination of its efficacy and cost effectiveness for removing a wide range of
contaminants such as dyes (Robinson et al., 2001), pharmaceuticals (Garcia-Mateos et al., 2015) and
pesticides (Salman et al., 2011) from water as well as inorganics such as heavy metals (Mohan and
Pittman, 2007). The structure and shape of energetic materials of interest share similarities to



pharmaceuticals such as paracetamol and ibuprofen in the case of DNAN and Metronidazole in the
case of NTO (Figure 1).

Figure 1: Chemical structures of the pharmaceutical’s ibuprofen metronidazole and paracetamol.

There are two modes of adsorption that occur, film diffusion and intra-particle diffusion. Film
diffusion occurs when IHE constituents move from the bulk liquid to the AC surface. After each
adsorption site has interacted with the IHE constituent a monolayer is formed after which no further
adsorption can take place until the contaminant has been drawn into the internal pore structure of the
AC by intra-particle diffusion which then becomes the rate limiting step (Sun et al., 2018). AC has
been successfully used as a treatment method for energetic materials including 2,4,6-trinitotoluene
(TNT), RDX, and 1,3,5,7-tetranitro-1,3,5,7-tetrazoctane (HMX) at both a laboratory and industrial
scale (Hinshaw et al., 1987; Morley et al., 2005) as well as in the remediation of contaminated
groundwater (Bricka and Fleming, 1995; Payne et al., 2013; Wujcik et al., 1992). AC comes in a
variety of forms that are chosen based on the application. Powdered AC is used for water treatment,
often as a tertiary treatment step or in conjunction with biological degradation (Altmann et al., 2014).
Sheet carbon is used in removal of volatile organic compounds from gas streams (Son et al., 2016)
whilst water treatment is most often undertaken using Granular AC in a column or fluidised bed.
Granular AC has also been the subject of research on the adsorption of RDX (Morley and Fatemi,
2010), DNAN (Boddu et al., 2009) and NTO (Chew et al., 2017) from water. DNAN has been shown
to be removable from solution in water by GAC adsorption with efficiency of up to 99% (Boddu et
al., 2009). NTO was shown to be removed from solution using AC under flow conditions but batch
adsorption studies were not reported meaning adsorption kinetics could not be investigated (Chew et

al., 2017). Explosive wastewater treatment facilities have been reported to use Calgon’s Filtrasorb



200 due to its efficiency and relatively low cost (Bricka and Fleming, 1995; Fleming et al., 1996;
Hinshaw et al., 1987). ACs with a larger particle size such as Atochem 8 x 30 mesh AC have also
been reported to perform well at removal of explosives from wastewater (Roy F Weston Inc. et al.,
1990).

However, current AC based systems designed to treat TNT and RDX wastewater have proved
inefficient in the treatment of IHE wastewater (Felt et al., 2013). Analysis of IHE concentrations in
(LAP) processing wastewater from Picatinny Building 809 has been reported to be 1400, 137 and 33
pg/L for DNAN, NTO and RDX, respectively (Felt et al., 2013).

This inefficiency is reportedly due to high concentrations of NTO in the wastewater, which can be
two orders of magnitudes higher than RDX and TNT concentrations in typical wastewater. However,
the inefficiency could be alternatively attributed to poor compatibility with the specific AC used or
other operational parameters of the system. Despite the difficulty of treating IHE wastewater using
current systems, adsorptive treatment remains an attractive proposition due to the ease of installation

and operation of adsorptive systems.

With regards to DNAN, it has been successfully removed from wastewater using natural fibres such
as lignin (Saad et al., 2012) and cellulose (Shukla and Poda, 2016). However, the removal efficiency
of DNAN per gram of lignin adsorbent was 3-10 times lower than for ACs (Boddu et al., 2009)
meaning that AC still has an important role to play in removal of DNAN from waste water with
comparison of adsorption kinetics of DNAN between different ACs providing important information
as to how the wastewater treatment process can be optimised. Other methods for treatment of DNAN
contaminated waste water include an anaerobic fluidised bed reactor with an ethanol feedstock
(Platten et al., 2013) and treatment with zero-valent iron followed by microbial reduction (Ahn et al.,
2011). DNAN has also been biodegraded alongside NTO under aerobic conditions in batch tests using
cultures derives from soil, compost and anaerobic digester sludge (Richard and Weidhaas, 2014).
NTO has been successfully degraded in wastewater using electrolysis (Cronin et al., 2007; Wallace
et al., 2009) with degradation of 95% to Azoxytriazolone from a starting concentration of 0.1mol.L
1. Although promising, these new methods may be difficult to retrofit to some LAP facilities, due to
physical footprint changes, technology readiness levels or additional permitting requirements (Felt et
al., 2013). In addition, Azoxytriazolone is still considered to be an explosive and could be toxic

meaning that the potential safety and environmental hazards remain unaddressed (Cronin et al., 2007).

Due to the issues and challenges identified in treating IHE wastewater with novel treatment methods
carbon adsorption remains a promising method of treatment. However, further research needs to be

conducted on the suitability and efficacy of different commercially available ACs to remove IHE



from wastewater effluents. This is so that the characteristics that affect adsorption can be identified
and applied to the use of alternative adsorptive materials such as biochars. It is also important to
ascertain what changes to the adsorption process take place when mixtures contain more than one
energetic material as well as the adsorption kinetics of each IHE component. This is in order to
optimise the wastewater treatment process for Insensitive Munitions (IM) that contain IHE before

their widespread adoption and use.

One way in which adsorptive processes are measured and compared is through the use of isotherms
(Ncibi, 2008). The Langmuir, Freundlich and Temkin isotherm models are used to evaluate
adsorption each with their own set of assumptions about the process taking place with the Langmir
and Freundlich isotherms most reported (Ahmed et al., 2016). The Langmuir isotherm assumes the
formation of a monolayer on the surface of the adsorbent after which no further adsorption occurs
(Dada et al., 2012). The Freundlich isotherm has been used to evaluate sorption of energetic materials
to AC (Rajagopal and Kapoor, 2001) as well as dyes, pharmaceuticals and other sorbates (Zhou et
al., 2015). The Temkin isotherm specifically takes into account the interactions between the adsorbate
and the adsorbent during the adsorption process and assumes that the binding energy is uniformly
distributed (Dada et al., 2012). By plotting experimental data and quantifying the fit to the different
isotherm models the best fit can be ascertained and therefore an insight into assumptions that best
describe the actual adsorption of IHE taking place.

In this study, three commercial AC were selected including Calgon Filtrasorb 200 (F200), Cabot
Norit 8 x 30 mesh (N830) and Calgon Centaur (Centaur). Filtrasorb 200 was chosen due to use in
previous work removing energetic materials including RDX from solution (Fleming et al., 1996).
Norit 830 was chosen so that the effect of larger particle size could be investigated. Centaur has the
same particle size as F200 but was chosen to investigate the effect of, in-situ reduction of
contaminants as well as adsorption as advertised (Calgon Carbon, 2015). The enhanced
electrocatalytic performance is due to the nitrogen atom replacing carbon in the matrix of the material,
increasing the electron density as well as the ability of pyridinic nitrogen to promote reaction on the
material surface (Lv et al., 2018; Yu et al., 2019). This work assesses the performance of the three
commercial AC adsorbents for the removal of IHE constituents of wastewater effluent. This was
achieved by a combination of modelling experimental data from adsorption processes, to determine
the mechanisms of adsorption, and comparison of the timed adsorption of individual and mixed IHE

constituents in solution.

2. Materials and Methods



2.1 Preparation of the IHE samples

IHE samples were prepared using RDX, DNAN and NTO. RDX was provided by an industrial partner
and was recrystallized prior to use to ensure purity of > 99%. DNAN was purchased from Alfa Aesar
at a purity of 98%. NTO was synthesized in house using the method detailed in (Lee and Coburn,
1988). Acetonitrile was purchased from Fisher Chemical at a purity of > 99.9%. The individual [HE
constituents were dissolved by agitation using a Heidolph MR3002 with a magnetic bar stirrer in
distilled water at pH 6 to create stock solutions. Distilled water was also used to dilute the IHE stock
solutions to the required concentrations for equilibrium and timed adsorption tests (Table 2). All
commercial ACs used in this research were provided by their respective manufacturers, carbon types
and specification are listed in Table 3. A single grain of each AC was imaged using a Hitachi SU5000
Scanning Electron Microscope (SEM) at 10kV, spot size of 6.4 mm and a magnification of 120x.

All experiments were carried out in a thermally regulated environmental chamber (21°C £ 0.6 °C)
(Morley and Fatemi, 2010). Tests using a mixture of IHE constituents were carried out with a solution
containing each individual constituent at a concentration of 10 mg.L™* with all experiments carried
out in triplicate. In addition, it was assumed that during the tests, IHE adhesion to the interior of the
container was negligible so any change in the mass of IHE in solution was equal to the amount of
IHE adsorbed onto the AC.

Table 2: Concentrations of IHE constituents used for equilibrium and timed adsorption tests.

Concentrations of IHE Constituents in individual solutions (mg.L™)
RDX 40 30 20 15 10
DNAN 150 120 75 50 25 12.5
NTO 1400 700 350 140 70 14

Table 3: Specification of AC materials

Minimum Minimum
Activated Source lodine Abrasion Density Particle Data Sheet
Carbon Material Number (9/ml) | Diameter (mm)
Number
- (mg/g) b
Norit GAC | bituminous Cabot
830 coal 920 s 0.50 0.6-2.36 Corportion, 2011)
Filtrasorb bituminous i (Calgon Carbon,
200 coal 850 75 0.58 0.55-0.75 2019)
Centaur bituminous (Calgon Carbon,
19%40 coal 825 75 0.56 0.9-1.1 2015)

2.2 Evaluation of Adsorption Equilibria



Stock solution (50 mL) of RDX, DNAN or NTO in water (Table 2) were added to commercial AC
(20 mg) which had been prepared by pulverisation with a pestle and mortar and poured into 60 mL
amber glass vials. (Maneerung et al., 2016)(Morley and Fatemi, 2010). Samples were agitated on a
Stuart SSL 1 flatbed orbital shaker for 7 days at 150 rpm (Metcalf & Eddy, 2014). Sub-samples were
collected before contact with the AC (TO) and after seven days (T1) (Maneerung et al., 2016).
Samples were left to settle for 30 seconds and sub-samples were extracted. Samples with a
concentration higher than 50 mg L™ were diluted with water 1:1 ACN:Water before analysis by
HPLC.

2.3 Evaluation of Adsorption over time

Stock solution (100 mL) of RDX, DNAN or NTO (Table 2) (5 of RDX, 6 of DNAN, 6 of NTO) were
added to 40 mg of each AC (Maneerung et al., 2016) as supplied by the manufacturer in 500 mL
amber glass jars. The tests were agitated on a Stuart SSL 1 flatbed orbital shaker (150 rpm) for 6
hours. Samples were taken before contact with the AC and at 0.5, 1, 2, 3, 4, 5 and 6 hours, each after
a settling period of 30 seconds. Sub-samples were taken and diluted with 1:1 ACN:Water to below
50 mg.L if necessary before analysis by HPLC. For the mixed IHE tests, the same method was used

as for the individual constituents with a solution containing 10mg.L? of each IHE constituent.
2.4 High Performance Liquid Chromatography

Aliquots of 10 pL from each of the sub-samples taken during the experiment were analysed using
High Performance Liquid Chromatography (HPLC). The HPLC system consisted of a Waters
Alliance 2695 fitted with a Waters 996 photodiode array detector. Separations were performed with
a 150 x 4.6mm Agilent ZORBAX Eclipse Plus C18 column maintained at 30°C. The mobile phase
used was a 40:60 acetonitrile/water mix at a flow rate of 1.5 mL.min"! and was calibrated against
reference samples of each IHE constituent at known concentrations from the highest initial
concentration of each to 0.05 mg.L™. Detection wavelengths, linearity, limits of detection and
quantifiability and precision are displayed in Table 4. Precision was determined using six replicate
injections at the same concentration for each IHE constituent and calculating the percentage error

between injections to six standard deviations.



Table 4: Quality assurance data for HPLC methodology.

Chemical Wavelength Linearity LOD/ LOQ Precision
(nm) (R%) (ML.mL1) (%)
RDX 235 0.9998 0.04/0.40 1.56
DNAN 296 1 0.05/0.45 1.25
NTO 315 0.9997 0.04/0.42 1.80

2.5 Data Analysis

Data generated from the experiments was analysed using Microsoft Excel 2016. The statistical
validity of adsorptive capacities was evaluated using standard error of mean to evaluate if differences
between the mean values of adsorptive capacity where great enough to not overlap and therefore be
relevant. Data points for the timed adsorption tests were evaluated using standard deviation to
evaluate the variability between the individual replicates for each data point. In order to infer the
adsorption kinetics taking place between the commercial ACs and the IHE constituents, equilibrium
experimental data was plotted using the Langmuir, Freundlich, and Temkin isotherms. For each
isotherm model the data was plotted with a linear trend line using Microsoft Excel software which

gives a regression value R?for the data set (Arthur et al., 2017).

3 Results and Discussion
3.1 SEM Analysis of Activated Carbons

Scanning electron microscope (SEM) images were used to initially observe the surface morphology
of asingle grain of each AC used (Figure 2). The SEM images shown that the surface of F200 (Figure
2b) is flatter and more rounded compared to Cabot Norit 830 (Figure 2a). This indicates a reduction
in available surface area on the F200 carbon grain for sorption to take place and therefore providing
a more homogenous surface on which adsorption can occur. Despite multiple grains being observed
with consistent lighter patches visible on the Centaur carbon (2c), it is unclear whether this was a
result of the modification carried out. However, the visible evidence of crags and valleys on the grain
surface translate into additional surface area for adsorption to take place (Mohan et al., 2011).



400um

Figure 2: SEM Images of Cabot Norit 830 (a) Calgon Filtrasorb 200 (b) and
Calgon Centaur (c) granular activated carbons, Cranfield University 2019.

3.2 Adsorptive Capacity

Adsorptive capacity was calculated from the equilibrium data as the total amount of IHE constituent
adsorbed per gram of pulverised AC. The adsorptive capacities for each AC and IHE constituent can
be seen in Tables 5-7. At low concentrations of RDX (<10 ppm), the adsorptive capacity of all the
ACs was comparable. A trend is shown throughout where adsorptive capacity increases with
concentration of IHE in solution, e.g. when the AC is fully saturated then adsorptive capacity will no
longer increase with increases in initial concentration. As expected from previous work all ACs tested
removed high concentrations of RDX from solution (Morley and Fatemi, 2010). The results also show
that any one of the ACs tested would be effective at RDX adsorption as the levels expected in
wastewater treatment facilities are low enough that saturation of the AC does not occur (Felt et al.,
2013).

Table 5: Adsorptive capacity (mg.g*) of RDX at atmospheric pressure and constant temperature (21°C +
0.6°C) including the standard error of the mean.

Activated RDX (mg.L™?)

Carbon 40 30 20 15 10
Norit 830 784+12 58.7+1.2 40102 30.8+0.1 205+0.1
Filtrasorb 200 76.0+05 58.2+0.3 336+0.1 226+0.2 195+0.2
Centaur 769+ 1.3 585+ 0.3 33.7+0.1 229+0.1 19.6 +0.2

Table 6 shows the equilibrium adsorptive capacities of each AC for DNAN. The adsorptive capacity
of the three ACs started to plateau at initial DNAN concentrations greater than 120 mg.L™? as



evidenced by the decreasing rate of change between adsorptive capacity for 120 mg.L* and 150 mg.L"
! (Figure 3). This suggests that the maximum adsorptive capacity is being approached at which higher
initial concentrations of DNAN would not result in higher adsorptive capacity for the AC due to it
being saturated. In a previous study conducted by Boddu et al, (2009), concentrations were two orders
of magnitude lower and therefore the plateau of adsorption capacity effect was not observed although
adsorptive capacities for the initial concentrations tested were similar.

Table 6: Adsorptive capacity (mg.g™) of DNAN at atmospheric pressure and constant temperature
(21°C £ 0.6°C) including the standard error of the mean.

Activated DNAN (mg.L™)

Carbon 150 120 75 50 25 12.5
Norit 830 337.2+90.6 | 292.4+114 | 182.5+110 | 129.9+36 | 535%34 | 27.6%15
Filtrasorb 200 296.6+16.2 | 273.8+18.8 | 1788+ 11.3 | 126.1+6.7 525+2.6 27.1+1.0
Centaur 296.7 + 16.7 2744+ 9.4 178.8+9.2 127.8+ 3.0 529+29 274+14

DNAN Adsorption Capacity
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Figure 3: DNAN adsorption capacities for 3 ACs from a series of initial concentrations.

Norit 830 had the highest adsorptive capacity of all three ACs across the initial concentrations of
NTO from 14 mg.L* to 1400 mg.L™ as expected due to its higher iodine number, whereas Centaur
had the lowest (Table 7). In addition, Centaur was not as sensitive to changes in initial concentration
to adsorptive capacity and had the lowest adsorptive capacity of the three ACs tested at all
concentration higher than 14 mg.L™. This suggests that there was an inhibition to adsorption
occurring due to the pyridinic modification on the surface and the ionic nature of NTO causing an
electrostatic repulsion that inhibited adsorption. A plot of the equilibrium adsorptive capacity of the
ACs against the initial concentration of NTO is linear, indicating that the saturation adsorptive
capacity of the ACs has not yet been reached (Figure 4).



Table 7: Adsorptive capacity (mg.g™) of NTO at atmospheric pressure and constant temperature
(21°C £ 0.6°C) including the standard error of the mean.

Activated NTO (mg.L™)

Carbon 1400 700 350 140 70 14
Norit 830 2285.2+401.1 | 1145.1+£250.9 | 579.0 £126.0 | 288.4+126 | 1229 +15|335+4.1
Filtrasorb 200 | 1734.8 + 188.4 | 884.2 + 157.3 | 498.5+92.1 2622+19 105.1+7.3 | 33.4+43
Centaur 1270.0 £ 337.7 | 558.1 + 30.8 2675+ 3.7 78.4+75.3 61.9+275 | 31.5+5.3
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Figure 4: NTO adsorption capacities for 3 ACs from a series of initial concentrations.

3.3 Isotherm Model Fit

Each isotherm model allowed extrapolation from the data points that had been measured (Table 8).

By comparing the linear regression values between isotherm models, the assumptions that underpin

each isotherm were verified for each combination of IHE and AC. Isotherm coefficients are also used

to estimate the amount of AC required to treat contaminated water when process details such as flow

rate and inlet concentration are known.

Adsorption of RDX was consistent between all ACs tested, with the Freundlich isotherm model

providing the best fit to the empirical data. Poor fit to the Langmuir isotherm suggests that the

formation of a monolayer does not best represent the method of adsorption taking place and at the

concentrations tested. This is due to the Freundlich isotherm taking into account the heterogeneous

surface of the ACs as seen in Figure 2.

Table 8: Regression factors for linear isotherm equation compared to empirical data plots for all ACs

and IHEs tested.

Isotherms Explosives

N830

F200

Centaur




RDX 0.8281 0.6961 0.7706

Langmuir DNAN 0.9945 0.9990 0.9978
NTO 0.0446 0.7479 0.4545

RDX 0.9566 0.9439 0.9806

Freundlich DNAN 0.9815 0.6910 0.9652
NTO 0.9465 0.9427 0.8668

RDX 0.8912 0.9274 0.9306

Temkin DNAN 0.9724 0.8480 0.9815
NTO 0.6067 0.5573 0.5225

The best fit of the DNAN data was to the Langmuir isotherm across all ACs tested, suggesting that a
monolayer is formed on the ACs and makes film diffusion the limiting step of adsorption (Sun et al.,
2018). In addition, the inter-adsorbate interactions indicated by correlation to the Temkin isotherm
model had more of an effect when adsorbing DNAN to N830 than NTO and RDX. The interaction
between the DNAN molecules and its non-polar nature meant that film diffusion was the limiting step
of the adsorption process rather than intra-particle diffusion. The Temkin isotherm continues to

provide high regression factors as the DNAN is also still interacting with itself during adsorption.

NTO showed a correlation to the Freundlich isotherm although had a much greater variability
between the ACs tested indicating that there were other interactions affecting the adsorption
behaviours. Poor fit to the Temkin isotherm suggests limited inter-adsorbate interactions between
NTO molecules which was attributed to the disassociation of NTO in solution. Very low regression
factor to the Langmuir isotherm shows a monolayer was formed quickly and before diffusion was
overtaken by intra-particle diffusion as the limiting step of adsorption. This was due to the charge
differential across the NTO molecule when dissolved in water making disruption of the boundary
film layer at the carbon surface easier. The concentration gradient between each side of the film
barrier then inhibits further adsorption until NTO is absorbed into the internal structure of the AC

allowing further surface adsorption to take place.

3.4 Rate of adsorption over time

Evaluation of timed adsorption was undertaken using AC in granular form as provided by the
manufacturer. By comparing the rate of IHE constituent adsorption between each of the ACs tested
it was possible to identify the affinity of each AC for the individual IHE constituents in solution.
Figures 5 and 7 both initially display high rates of adsorption with subsequent slowing resulting in a
logarithmic curve. This was expected based on the amount of IHE in solution and availability of

unreacted AC and would continue until equilibrium was reached. There was no significant difference



between the rates of adsorption of the ACs tested for adsorption of RDX which demonstrates that any

of them would be suited to RDX removal from wastewater.

Timed adsorption experiments for DNAN are shown in Figure 5 wherein Norit 830 consistently
performs well in adsorbing DNAN which correlated with the adsorptive capacity data (Table 6). The
larger particle size of N830 provided a greater external surface area for film diffusion which was
identified to be the predominant adsorption mechanism for DNAN. Despite the total surface area
being comparable between all ACs, the greater percentage external surface area of N830 meant there
was a greater area for film diffusion to take place initially when compared to the greater percentage

of internal surface area of the other ACs tested.
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Figure 5: DNAN sorption over time from an aqueous solution of 120 mg DNAN.L?® All tests

conducted in triplicate.

The results for the adsorption of NTO are inconclusive for concentrations greater than 350 mg.L™.
The AC was quickly saturated with NTO and then underwent repeated adsorption and desorption
cycles (Figure 6). This behaviour in batch experiments using AC was also seen in the work by Chew
et al. (2017). The cycling behaviour is due to the higher rate of adsorption from the bulk fluid to the
surface film compared to intra-particle adsorption. As the concentration gradient across the boundary
film layer fluctuates the NTO adsorbs and desorbs to compensate. Timed tests that were left for 7
days stabilised to equilibrium as demonstrated in the equilibrium experiments (Section 3.2). The
expected concentration of NTO in contaminated wastewater was reported as 1400 mg.Lt (Felt et al.,
2013), potentially up to saturation (16636 mg.L™) (Spear et al., 1989). These adsorption tests suggest



that a full-scale treatment facility would require large masses of AC that may need to be replaced
after each treatment cycle correlating with the conclusions of Felt et al. (Felt et al., 2013). However,
if low volumes of contaminated wastewater were produced or larger volumes infrequently a batch
process could be used. At lower concentrations (<70 mg.L?) the adsorption of NTO over time initially

undergoes a rapid adsorption phase, followed by a slower phase as equilibrium is reached (Figure 7).
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Figure 6: NTO sorption over time from an aqueous solution of 350 mg NTO. L™* All tests conducted
in triplicate.
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Figure 7: NTO sorption over time from an aqueous solution of 70 mg NTO .L* All tests conducted
in triplicate.

3.5 Adsorption Kinetics

As established by Ho and McKay (Ho and McKay, 1998), the timed adsorption data was plotted using
first order, pseudo-first order, second order and pseudo-second order equations. When plotting the
data linearly, regression factors introduce simplifications to the model that can obscure the true
behaviour of the adsorption reaction. It is therefore necessary to compare the calculated value of the
y-axis intercept against the empirical data to confirm the kinetics to which the reaction is best fitted.
RDX and DNAN both fit to a first order equation over all of the concentrations tested with a constant
proportion of IHE removed from solution over time and this correlates with previously published
work on DNAN adsorption (Boddu et al., 2009). These results indicated that film diffusion is the
limiting factor for adsorption at the concentrations tested. Comparison of calculated values and those
obtained during the tests show the best fit to be a pseudo first order equation for both RDX and
DNAN. Therefore, the availability of the AC’s surface also influenced the adsorption rate rather than
being entirely driven by the availability of IHE constituent in solution. Adsorption of NTO was found
to be highly dependent on initial concentration in solution and did not fit any of the kinetic equations
used over the full range of concentration tested. However, at lower concentrations the fit tended
towards that of the second-order equation. This would indicate that intra-particle diffusion of NTO
through the adsorbent material is the limiting factor in the adsorption reaction due to the rapid
formation of a surface monolayer at high initial NTO concentrations (Kannan and Sundaram, 2001).
A table of kinetic equation results is available in the supplementary material

3.6 Timed adsorption of Mixed IHE constituents

Timed adsorption tests were also undertaken using a mixture of IHE to ascertain if there was any
preferential adsorption occurring. All IHE were prepared at the same concentration of 10 mg.L™ in
order to ensure that any difference in adsorption characteristics shown was due to the physiochemical
properties of the material and not due to the concentration present.
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Figure 8: A comparison of the adsorption of the three IHE materials for a) Norit 830 b) Filtrasorb 200 and c)
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The timed adsorption tests show that DNAN is adsorbed faster than the other two IHE constituents
tested across all ACs (Figure 8). This is likely due to the increased electron density exhibited by
DNAN due to the presence of a six membered ring structure promoting Van der Waals attraction to
the AC surface. RDX and NTO appear to be adsorbed at a similar rate across all ACs and in all cases
the presence of more than one IHE in the mixture did not alter the properties of adsorption compared
to the individual tests carried out. Therefore, the adsorption processes taking place can be considered
independent of one another.

4. Conclusions

The experiments showed that all the commercial ACs tested are capable of removing IHE constituents
from solution in water with the rate of removal dependent upon the initial concentration of IHE in
solution. At the concentrations expected in LAP wastewater, RDX can be adsorbed from solution by
any of the ACs tested due to the low concentration relative to other IHE constituents with the
Freundlich isotherm providing the best fit to design a treatment system. It was found that DNAN
adsorption is step limited by film diffusion due to its non-polar nature and is best modelled with the

use of the Langmuir isotherm. Adsorption of NTO is step limited by the rate of intra-particle diffusion



inside the AC grain. This is because the charge differential of NTO when in solution in water means
that it passes through the boundary film layer easily. This ease of movement can cause the
concentration gradient on either side of the boundary film layer to fluctuate, leading to
adsorption/desorption cycles at initial concentrations greater than 140 mg.L™? as are expected in
wastewater from LAP facilities. Despite this, the Freundlich isotherm was found to provide the best
fit to NTO adsorption data for use in designing adsorption facilities. It was shown that there was no
interaction between the adsorption methods of the three IHE constituents when present in a mixed
solution compared to individual tests and that DNAN was adsorbed the fastest from mixed solution
due to the preference for film diffusion. This work has shown that there is not a technical or scientific
barrier to adsorptive treatment to IHE contaminated wastewater from a LAP plant. Possible barriers
to the use of currently available commercial ACs come from the high concentrations of NTO in
solution making the mass of AC required uneconomical for large scale or continuous production
facilities. Despite this, smaller facilities generating lower volumes of wastewater or at lower
frequency, may still be able to use AC as an IHE wastewater treatment method. Therefore, alternative
carbon sources that reduce the cost of AC should be investigated, alongside potential preferential
adsorption of NTO in a pre-treatment step, in order to make adsorption a commercially viable water

treatment process for IHE wastewater.
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