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a  b  s  t  r  a  c  t

2,4,6-trinitrotoluene  (TNT),  hexahydro-1,3,5-trinitro-1,3,5-triazine  (RDX),  and  octahydro-1,3,5,7-
tetranitro-1,3,5,7-tetrazocine  (HMX)  are  common  contaminants  around  active  military  firing  ranges.
Dissolution  of these  compounds  is  usually  the  first  step  prior  to their  spreading  in  subsurface  environ-
ments.  Nevertheless,  dissolution  of  individual  TNT,  RDX,  and  HMX  under  continuous  flow  conditions
has  not  been  well  investigated.  This  study  applied  spectral  confocal  microscopy  to  observe  and  quantify
the  dissolution  of TNT,  RDX,  and  HMX  (<100  �m crystals)  in  micromodel  channels.  Dissolution  models
were  developed  to describe  the changes  of  their  radii,  surface  areas,  volumes,  and  specific  surface  areas
as  a  function  of time.  Results  indicated  that  a model  incorporating  a  resistance  term  that  accounts  for
MX
issolution
ass transfer

the surface  area  in  direct  contact  with  the  channel  surfaces  (and hence,  was not  exposed  to  the  flowing
water)  described  the dissolution  processes  well.  The  model  without  the  resistance  term,  however,  could
not capture  the observed  data  at the  late  stage  of TNT  dissolution.  The  model-fitted  mass  transfer  coef-
ficients  were  in agreement  with  the  previous  reports.  The  study  highlights  the  importance  of  including
the  resistance  term  in  the  dissolution  model  and  illustrates  the  utility  of  the  newly  developed  spectral
imaging  method  for  quantification  of mass  transfer  of  TNT,  RDX,  and  HMX.
. Introduction

Numerous site investigations have shown that TNT, RDX, and
MX are three of the most common contaminants around active
ilitary firing ranges [1].  These compounds are associated with

armful effects on the liver [2–4], and TNT and RDX were classified
s potential human carcinogens [5].  The United States Environmen-
al Protection Agency (USEPA) set the lifetime exposure drinking
ater health advisory limits of TNT, RDX, and HMX  in 2006, which

re 2, 2, and 400 �g/L, respectively [5].
The first step to the entry and spreading of these contaminants in

ubsurface environments is the dissolution of TNT, RDX, and HMX
rom the mixed solid-phase energetic residues [6–13], which have
een distributed around military ranges after detonation events
6,14–19]. Residues dissolve through the direct impact of precipi-
ation events, by flowing surface runoff, or by percolating soil pore
ater.
Previous studies on the dissolution of individual TNT, RDX, and
MX  were mostly performed in batch systems [11,20–24].  Con-
entrations of the dissolved TNT, RDX, and HMX  in batch systems

∗ Corresponding author. Tel.: +1 302 831 6962; fax: +1 302 831 0605.
E-mail address: yjin@udel.edu (Y. Jin).

304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.03.012
© 2012 Elsevier B.V. All rights reserved.

generally increased as the dissolution process progressed, coming
to an apparent stop when the concentrations reached their solubil-
ity limits. Valuable information has been obtained in batch systems,
such as data that indicated that the solubility and dissolution rates
of TNT, RDX, and HMX  were not affected by pH in the range from
4.2 to 6.2 [21].

Nevertheless, dissolution of individual TNT, RDX, and HMX
under flow conditions has not been extensively investigated [8,16],
whereas additional information might still be available in regards
to the behavior of their mixed energetic residues under flow condi-
tions. In contrast to batch systems, concentrations of the dissolved
TNT, RDX, and HMX  under continuous flow conditions are usu-
ally low and remain well below the solubility limits. Investigations
under such conditions are of interest because they more closely
represent in situ field conditions.

The purpose of this study was to investigate the dissolution
of individual TNT, RDX, and HMX  crystals under continuous flow
conditions. A newly developed spectral imaging method [25] was
applied to visualize and quantify the dissolution of TNT, RDX,
and HMX  in glass micromodel channels. Such direct visualiza-

tion and quantification complements batch and column studies by
providing additional information into the pore-scale dissolution
processes. Parameters describing individual particles (e.g., radii,
surface areas, volumes, and specific surface areas) were measured

dx.doi.org/10.1016/j.jhazmat.2012.03.012
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:yjin@udel.edu
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hroughout the dissolution processes, and dissolution models were
eveloped and applied to describe the changes of those parameters
s a function of time and to provide insights about the dissolution
rocesses.

. Materials and methods

.1. TNT, RDX, and HMX

Particles of TNT (linear crystals, 100–1000 �m),  RDX (oblong
rystals, 10–100 �m),  and HMX  (oblong crystals, 5–50 �m)  were
btained through the recrystallization from the respective sat-
rated aqueous solutions, which were prepared with 99% pure
ompounds [10]. Representative transmission light (bright field)
mages of individual explosive crystals are shown in Fig. 1(a1)
o (c1). The long linear TNT crystals were manually broken into
maller pieces for the micromodel dissolution experiments.

.2. Micromodel experiments

Uncoated (hydrophobic), sterile IBIDI �-slide VI glass cham-
ers (AutoMate Scientific, Inc., Berkeley, CA) were used as the
icromodel devices for the dissolution experiments. The exper-

mental setup was similar to that described previously by Wang
t al. [25]. Briefly, one of the six micromodel channels in a glass
hamber was loaded with 40 �L of solution which contained TNT,
DX, or HMX  crystals. The experimental solution, which was  a syn-
hetic rainwater/groundwater (pH 5 and ionic strength ∼0.3 mM)  as
escribed elsewhere [25], was thereafter pumped through silicon
ubing to the channel at the flow rate of 60 �L/min (equivalently
58 �m/s). Individual TNT, RDX, or HMX  particle(s) that attached
o the channel wall in the upstream region were observed under a
eiss LSM 510 Meta confocal microscopy. Spectral images [25] of
-dimensional (D) z-stacks over time (4-D) were subsequently cap-
ured using the Zeiss LSM 510 software (Version 4.2). The spectral
mages captured a full emission spectrum, i.e., emission intensity
t the wavelengths from 411 to 754 nm,  at every pixel of the 3-D
mages. Each dissolution experiment was replicated three times
hereafter. Representative parameters and typical instrumental
ettings are summarized in Table S1.

It is worth noting that the flow rate used in the present study was
igh, mainly with the following considerations. First, the adopted
ow rate allowed the dissolution to be observed in a reasonable
ime frame (∼hours) by confocal microscopy. The data could thus
e collected in relatively short time, unlike from those field experi-
ents which usually lasted ∼year. Second, the collected data could

e used to test the model and meanwhile phenomena that would be
bserved might still occur at the low flow rate. Third, the obtained
ass transfer coefficients at the high flow rate could be utilized fur-

her, together with others from the literature, to regress equations
escribing the dependence of mass transfer coefficient on flow rate
s in our next planned publication.

.3. Image analysis

The obtained spectral images were decomposed using the LSM
10 software (Version 4.2) with the linear unmixing method, which

s the most common approach for decomposing spectral images
26,27]. The reference spectrum (or spectral signature) of TNT, RDX,
r HMX  that would be used during the linear unmixing processes
as acquired prior to the dissolution experiments. The unmixed

mages were reconstructed into 3-D images to measure the param-

ters relevant to particles, i.e. volumes (�m3) and surface areas
�m2), using Volocity image analysis software (Version 4.1.0). The
ypical Volocity protocol used for image analysis was  as follows
28]: segment objects based on intensity, fill holes in objects to
aterials 217– 218 (2012) 187– 193

remove internal holes, clip objects into a region of interest, and
exclude objects by size to avoid measurement noise. The measured
data were then processed to calculate the particle radii (�m),  shape
factors, masses (�g), and specific surface areas (m2/g) with equa-
tions described in Section 3.

3. Dissolution models

3.1. Model based on Fick’s Law

The individual particles of TNT, RDX, and HMX  attached to the
channel wall in the present study, with a portion of the particle in
contact with the flowing water [Fig. S1(a)]. The particles also did
not move significantly during the dissolution processes, indicating
that attractive interactions (e.g., most likely hydrophobic attraction
[25]) occurred between the particle and channel wall.

The geometry of the particle can be expressed as [28]

a = 4�r2

S
(1)

V = 4
3

�r3 (2)

where a is surface area (�m2), r is radius (�m) of a perfect sphere
that has spherical shape and smooth surface and also has the same
volume as the real particle, S is shape factor (dimensionless) which
is defined as the ratio of the surface area of the perfect sphere to that
of the real particle, and V is particle volume (�m3). The shape factors
were assumed constant since their values were generally stable
throughout the dissolution processes. Moreover, the shape factor
values give indications on particle shape and/or surface roughness,
i.e., S decreased with increased surface area due to shape deviation
from sphericity and/or because of having rough instead of smooth
surface.

Dissolution kinetics of the particle in the flowing water is
described by Eq. (3) according to Fick’s Law [9,11,29]:

dm

dt
= −ka(CS − Cb) (3)

where m is particle mass (�g), t is dissolution time (min), k is mass
transfer coefficient (cm/min), CS is water solubility (mg/L), and Cb
is bulk concentration beyond the stagnant layer boundary (mg/L).
The particle mass, m, is determined by Eq. (4):

m = �V (4)

where � is particle density (g/mL). At given temperature and flow
rate, the mass transfer coefficient, k, is a constant [30]. Substituting
Eqs. (1),  (2),  and (4) into Eq. (3) and simplifying, results in Eq. (5):

dr

dt
= − k

�S
(CS − Cb) (5)

In the present study, the values of Cb are much smaller than
those of CS (i.e., Cb « CS). First, the flow velocities were high and
the contact times between the flowing water and particles were
short (<0.2 s). Second, the particles under study were situated in
the upstream areas of the flow channels. They were thus subject
to low bulk concentrations of the dissolved TNT, RDX, and HMX
that accumulated from the dissolution of the front particles. Back
calculations using the model parameters obtained with the method
described in Section 3.3 did show that Cb values were <0.5% of CS.

As such, the values of Cb were assumed to be negligible in
comparison to CS, which as was  usually adopted in the literature
[9,11,29], allowing (C − C ) in Eq. (5) to be simplified to C . By inte-
S b S
gration, the following analytical solution of Eq. (5) is thus obtained:

r = r0 − kCS

�S
t (6)
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ig. 1. Bright field and processed spectral images of individual (a1) to (a5) TNT, (b1)
rom  right to left.

here r0 is initial radius (�m)  of the perfect sphere which has the
ame volume as the real particle.
.2. Model incorporating the resistance term

Eq. (6) indicates that the radius of the perfect sphere linearly
ecreases as the dissolution elapses. This, however, did not occur
) RDX, and (c1) to (c5) HMX particles at the various dissolution times. Water flows

at  the latter stages of TNT dissolution. The discrepancy is attributed
to the resistance effect [9] caused by the unexposed surface areas
of particles due to their attachment to channel surfaces.
In our test system (and, correspondingly, in the representative
soil environment), a portion of the surface area of the explosive
particle, a, in Eq. (3),  may  not be in contact with the aqueous phase,
and thus not available for dissolution. The fraction of the unexposed
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urface area can be negligible [e.g. in the case 1 of Fig. S1(b)] and
issolution proceeds as modeled by Eq. (3) (as well as the derived
q. (6)). However, when the fraction of the unexposed surface area
ecomes significant [e.g., in the case 2 of Fig. S1(b)], the dissolution
ay  be considerably reduced, and deviations from both Eqs. (3) and

6) are thus observed.
To take into account the resistance effect caused by the unex-

osed surface, a time-dependent function, f(t), is incorporated into
q. (3) as follows:

dm

dt
= −k [1 − f (t)] aCS (7)

here [1 − f(t)] is regarded as the fraction of exposed surface area
hat is in contact with the aqueous phase (and available for disso-
ution), and f(t) is expressed as

 (t) = 1 − e−Rt (8)

here R is resistance coefficient (min−1). A large R represents a big
(t) and correspondingly a high fraction of unexposed surface area
r equivalently a low fraction of exposed surface area, resulting in
ignificant resistance effect. Eq. (8) is empirical, mainly due to the
ack of theoretical geometric description of the fractional change
f unexposed area during dissolution. Nevertheless, the equation
roved useful and easy to use for the present applications (dis-
ussed below).

Substituting Eqs. (1),  (2),  (4),  and (8) into Eq. (7) and simplifying
ields Eq. (9):

dr

dt
= −kCS

�S
e−Rt (9)

Integration of Eq. (9) leads to the following analytical solution:

 = r0 − kCS

�SR

(
1 − e−Rt

)
(10)

With the value of r on the left side of Eq. (10) determined, the
alues of a, V, and m can be obtained by applying Eqs. (1),  (2),  and
4),  respectively. The specific surface area, A (m2/g), can then be
alculated with:

 = a

m
(11)

.3. Fitting of the models

The calculated results according to Eq. (10) were fitted to the
xperimental data. A summary of all parameters that were used in
he models is shown in Table 1. The parameters of � and CS are con-
tant at a given temperature (Table 1), whereas k, S, and R are fitting
arameters and can be changed upon other factors. Because two of
he three changeable parameters, i.e. k and S, can be lumped into
ne parameter expressed as k/S, it would be inappropriate to treat
oth as fitting parameters simultaneously. Since the S values were
table throughout the dissolution processes [Fig. 2(a4) to (c4)] and
ould be averaged from all measurements, the changeable param-
ters k and R were chosen as the fitting parameters.

The two fitting parameters were then determined by chang-
ng their values in a non-linear Excel solver (Microsoft Office Excel
007) to reach the minimum sum of square error (SSE) between
he model-calculated and experimental data [31]. Once the opti-

al  values were determined, Eqs. (1),  (2),  (4),  (10), and (11) were
ully solved with the known parameter values (Table 1) and initial
ondition (r0). The model-calculated values of r, a, V, m, and A were
hereafter plotted for comparison to their respective experimental
easurements.
For the purpose of comparison, Eq. (6) was also fitted with the

xperimental data using k as the fitting parameter. Eq. (6) repre-
ents the simple model based on Fick’s Law without consideration
aterials 217– 218 (2012) 187– 193

of the resistance effect. Eq. (6) was  fitted using the linear part of
the experimental data. Similarly, after the value of r on the left side
of Eq. (6) was obtained, the values of a, V, m,  and A were calculated
using Eqs. (1),  (2), (4),  and (11), respectively.

4. Results

4.1. TNT dissolution

Bright field images of an individual TNT particle at the beginning
and end of the dissolution process are shown in Fig. 1(a1) and (a5),
respectively. The size of the TNT particle significantly reduced as it
dissolved [Fig. 1(a1) vs Fig. 1(a5)]. The processed spectral images
[Fig. 1(a2) to (a4)] and Movie S1 show that the intensity of green
fluorescence of TNT [25] decreased extensively over time. Because
photo bleaching under the experimental conditions was minimal
as has been discussed elsewhere [25], the decreasing intensity of
green fluorescence of TNT is indicative of the ongoing dissolution
process.

The changes of r, a, V, S, and A of the TNT particles as a func-
tion of time are demonstrated in Fig. 2(a1) to (a5). It is shown that
the TNT radii decreased linearly before t = 30 min and thereafter the
decrease became nonlinear [Fig. 2(a1)]. The TNT surface areas and
volumes declined fast in the first 30 min  and then decreased slowly
[Fig. 2(a2) and (a3)]. Throughout the dissolution process, the shape
factor curve was generally flat [Fig. 2(a4)]. The initial specific sur-
face area of TNT was  0.94 ± 0.03 m2/g [Fig. 2(a5)], much larger than
the previous reported value of 0.0034 ± 0.0008 m2/g [29]. There
was a rapid increase in TNT specific surface area before t = 30 min
and the value rose slowly thereafter [Fig. 2(a5)].

Fig. 2(a1) to (a5) shows that the model based on Fick’s Law with-
out consideration of the resistance effect (dash lines) accurately
captured the experimental data (open circles) before t = 30 min.
From 30 min  onward, the model results deviated from the exper-
imental measurements. In contrast, the model incorporating the
resistance term (solid lines) fit the experimental data throughout
the dissolution process very well (R2 > 0.90 and P < 0.0001).

Furthermore, the calculated apparent mass transfer coefficient
of TNT (defined as k/S) was 1.2 cm/min. This value was higher
than the previously published values, which ranged from 0.023 to
0.14 cm/min [8,9,29]. The average shape factor was  0.068 (Table 1),
and was much less than the value of 1.00 that would be expected
for a perfect sphere.

4.2. RDX and HMX dissolution

Bright field images of RDX and HMX  are presented in Fig. 1(b1)
and (b5) and (c1) and (c5), respectively. It was  observed that the
RDX and HMX  particles became almost invisible at the end of the
dissolution process [Fig. 1(b5) and (c5)]. Previously, both RDX and
HMX  were reported to emit red and blue fluorescence [25]. The
results from the present study confirmed those observations [e.g.,
Fig. 1(b3) and (c3)]. Moreover, Fig. 2(b2) to (b4) and Movie S2 and
Fig. 2(c2) to (c4) and Movie S3 demonstrate that there was  a large
reduction in the overall florescent areas of both RDX and HMX  as
the time elapsed. Again, photo bleaching under the experimen-
tal conditions was minimal for RDX and HMX  [25]; therefore, the
decreasing florescent areas indicated the progressive dissolution of
both RDX and HMX.

The changes of r, a, V, S, and A of the RDX and HMX  parti-
cles as a function of time are demonstrated in Fig. 2(b1) to (b5)
and (c1) to (c5), respectively. As shown, the radii (r) of RDX and

HMX  particles decreased linearly [Fig. 2(b1) and (c1)]; the surface
areas and volumes of both RDX and HMX  declined fast with-
out an apparent slow-down stage [Fig. 2(b2) to (b3) and (c2) to
(c3)]; and the shape factor curves of both RDX and HMX  were
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Table 1
Parameters and variables used in the dissolution model.a

Parameters and variables Symbol Value Unit Reference

TNT RDX HMX

Particle
Surface area a Variable Variable Variable �m2 Measurement
Radius of a perfect sphereb with the same volume r Variable Variable Variable �m Calculation
Initial radius of a perfect sphere r0 25.8 24.5 9.1 �m Calculation
Shape factorc S 0.068 0.076 0.14 Dimensionless Calculation
Volume V Variable Variable Variable �m3 Measurement
Mass  m Variable Variable Variable �g Calculation
Density � 1.65 1.82 1.90 g/mL [32]
Specific surface area A Variable Variable Variable m2/g Calculation

Dissolution
Mass  transfer coefficient k 0.082 0.11 0.27 cm/min Fitting
Solubility CS 116.6 40.2 3.6 mg/L [21]
Bulk  concentration Cb ∼0 ∼0 ∼0 mg/L Assumptiond

Resistance coefficient R 4.72 × 10−2 1.00 × 10−7 2.71 × 10−7 min−1 Fitting

a Parameter means that it was a constant but not a function of time (t, min), whereas variable denotes that it was a function of time; the temperature was  22.0 ◦C.
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b Perfect sphere is here defined as spherical particle with smooth surface.
c The shape factor was averaged from the experimental measurements in Fig. 2(a
d The bulk concentration was assumed as low as almost zero (i.e., Cb « CS) accordi

at [Fig. 2(b4) and (c4)]. The initial specific surface area of HMX
as 1.21 ± 0.24 m2/g [Fig. 2(c5)], much higher than the previous

eported value of 0.012 m2/g [29]. Though the initial particle size
f RDX [24.4 ± 1.8 �m in Fig. 2(b1)] was larger than that of HMX
9.1 ± 0.9 �m in Fig. 2(c1)], the initial specific surface area of RDX
1.2 ± 0.3 m2/g in Fig. 2(b5)] was almost equal to that of the HMX
1.2 ± 0.2 m2/g in Fig. 2(c5)].

Fig. 2(b1) to (b5) and (c1) to (c5) further shows that both the
odel based on Fick’s Law without consideration of the resis-

ance effect (dash lines) and the model incorporating the resistance
erm (solid lines) described the experimental data (open circles)
uite well (R2 > 0.77 and P < 0.0001). In addition, the calculated
pparent mass transfer coefficient (k/S) of HMX  was 1.9 cm/min,
hich is higher than the previously reported values from 0.035 to

.75 cm/min [8,9,29]. The average shape factors of RDX and HMX
ere 0.076 and 0.14, respectively, much smaller than the value of

 perfect sphere of 1.00.

. Discussion

The nearly flat shape factor curves for TNT, RDX, HMX  [Fig. 2(a4)
o (c4)] suggested that the shapes and surface roughness of indi-
idual particles might be unchanged overall during the dissolution
rocesses. The observations were similar to our previous report [25]
hat the shape factors of microscale Composition B residues did not
hange much during dissolution. The values of the shape factors of
NT, RDX, and HMX  were much less than 1.00 (Table 1), indicat-
ng that the crystals of TNT, RDX, and HMX  had very non-spherical
hapes and perhaps also possessed very rough surface due to the
ttachment of some tiny crystals [Fig. 1(b1) and (c1)]. This implies
hat it is important to incorporate a shape factor in Eq. (1) to obtain
mproved modeling accuracy.

The quick increase in the specific surface area at the early stage
f TNT dissolution [Fig. 2(a5)] was mainly attributed to the quickly
ecreasing particle size [Fig. 2(a1)]. The larger specific surface areas
f TNT and HMX than the previous reports were most likely because
f the smaller particle sizes (tens of �m)  used in the present study
han in the literature (∼several mm).  Also, it was likely that the non-
pherical shape or the rough surface might be partially responsible
ecause the particles were most likely assumed to be spherical or
mooth in the previous reports [29]. The observation that the RDX
ad a larger particle size than the HMX, but possessed a similar spe-

ific surface area, indicates that the RDX particles might be more
rregular in shape and/or much rougher on surfaces in compari-
on to the HMX particles. This conclusion was also supported by
(c4).
the discussion in Section 3.1.

their relative shape factors, 0.076 of RDX vs 0.14 of HMX, shown in
Table 1.

The deviations between the predicted and experimental mea-
surements of TNT dissolution at later times suggested that the
model based on Fick’s Law and without consideration of the resis-
tance effect was not valid to describe the dissolution processes
of TNT. Conversely, the model incorporating the resistance term
captured the experimental data of individual TNT, RDX, and HMX
throughout the dissolution processes very well, indicating that this
model was  more robust. Thus, Eqs. (7) and (8),  developed from the
latter model, would be more appropriate for incorporation into a
general model for describing the dissolution of mixed energetic
residues.

Surface attachment seems to be more important in controlling
the dissolution of TNT than that of RDX and HMX. This is likely
because TNT’s linear shapes [Fig. 1(a1)] gave rise to larger fraction
of unexposed surface area due to attachment, whereas RDX and
HMX  were oblong [Fig. 1(b1) and (c1)] and led to smaller or even
negligible fractions of unexposed surface area under the exper-
imental conditions. Apparently, the resistance effect is reflected
only important to TNT in the present study.

The observation of the resistance effect due to surface attach-
ment implies that, when microscale energetic residues, such as
Tritonal (TNT/aluminum: 80/20), Composition B (RDX/TNT/wax:
60/39/1), and Octol (HMX/TNT: 70/30) [8],  migrate into soil sys-
tems and attach to soil grains, their dissolution rates are likely to
be lower than their unattached counterparts. Under such circum-
stances, longer duration of the spreading of explosive compounds
from the particles’ dissolution might occur in the contaminated soil
systems.

The apparent mass transfer coefficients (k/S) obtained in this
study were higher than the previously reported values, most likely
because of the much higher flow rates used in the present study.
Interestingly, the acquired mass transfer coefficients (k) followed
the order of TNT < RDX < HMX, which is in contrast to the solubility
order of TNT > RDX > HMX  (Table 1), suggesting that compounds
with high solubility may  have low mass transfer coefficients. In
the meantime, assuming that the surface areas of TNT, RDX, and
HMX  were all 1.0 m2, according to Eq. (3) and Table 1 the calculated
dissolution flux [dm/(a·dt)] of TNT, RDX, and HMX  during the ini-
tial dissolution stage would be 0.96, 0.44, and 0.097 mg/(m2 min),
respectively. These results suggest that the TNT dissolved much
faster than RDX and HMX, consistent with the general knowledge

and implying that the newly developed spectral imaging method
[25] could be reliable.
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. Conclusions
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changes of radii, surface areas, volumes, and specific surface areas
of those individual energetic particles as a function of time. The
following conclusions were drawn based on the experimental and

modeling results:

(1) Surface attachment of explosive particles on channel surfaces
could be important in controlling the particles’ dissolution
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when the fraction of unexposed surface area was high due to
the surface attachment. This implies that in contaminated soil
systems, attached explosive particles may  serve as long-term
sources for spreading of explosive compounds from the parti-
cles’ dissolution.

2) A model incorporating a resistance term that takes into account
unexposed surface area was found to accurately describe the
dissolution of TNT, RDX, and HMX  under continuous flow con-
ditions. The developed model laid a foundation for the further
development of a general modeling approach to capture the
dissolution of mixed energetic residues.

3) The spectral imaging method provides a new pore-scale tech-
nique for mass transfer investigation of TNT, RDX, and HMX,
which provides mechanistic insight and is complementary
to batch and column studies. The measured mass trans-
fer coefficients in the present study followed the order of
TNT < RDX < HMX.
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