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a b s t r a c t

Subcritical water was used at laboratory scale to reveal information with respect to the degradation
mechanism of TNT on contaminated soil. Highly contaminated soil (12% TNT) was heated with water at
four different temperatures, 150, 175, 200 and 225 ◦C and samples were obtained at appropriate time
intervals. At the same time, similar experiments were performed with TNT spiked on to clean soil, sand
eywords:
ubcritical water
NT

and pure water in order to compare and eliminate various factors that may be present in the more complex
contaminated soil system. Subcritical water was successful at remediating TNT-contaminated soil. TNT
destruction percentages ranged between 98 and 100%. The aim of this work was to study the soil–water-
contaminant interaction and determine the main physical parameters that affect TNT degradation. It was
shown that the rate-limiting step of the process is the extraction/diffusion of TNT molecules from the
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soil core to the soil surface
catalyses degradation to a

. Introduction

TNT (2,4,6-trinitrotoluene, molecular weight, 227.1, solubility in
ater at 25 ◦C, 100–200 mg/L reported in literature) has been exten-

ively used as a military explosive for more than 50 years. Although
any novel explosive compounds have been developed, TNT is still

ne of the most widely used explosives in plastic formulations with
ther substances such as HMX and RDX. Fig. 1 shows the structure
f TNT. Its success is due to the low manufacturing costs, safety of
andling and high explosive power. The toxicity and mutagenicity
f TNT to animals, fish, plants and microorganisms is well docu-
ented [1–3]. To humans, it is relatively toxic through inhalation,

ral absorption and skin contact [4]. Some of the common symp-
oms of TNT toxicity are severe headaches, nausea, cyanosis and
naemia [3–4].

The long-term exploitation of TNT has resulted in large
reas of contaminated soil and groundwater at processing and
anufacturing sites, as well as military testing fields. Waste dis-

osal procedures and destruction of out-of-date munitions have

xtended the problem. A study perfomed by the U.S. Army Cold
egions Research and Engineering Laboratory showed that TNT
ccurs in ca. 80% of the contaminated soil samples obtained from
.S. military sites [5].

∗ Corresponding author. Tel.: +30 28210 37820; fax: +30 28210 37847.
E-mail address: dimitrios.kalderis@enveng.tuc.gr (D. Kalderis).
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re they degrade. Additionally, it was determined that the soil matrix also
r extent. Autocatalytic effects were not clearly observed.

© 2008 Elsevier B.V. All rights reserved.

Incineration is widely used for remediation of explosives-
ontaminated soil. It can effectively (99.9%) remediate soils
ontaminated with TNT and it is not affected by the presence of
ther explosives or debris in the soil. However, it is an expen-
ive method that destroys the soil structure (ash is produced after
reatment) and continuous monitoring of air emissions is required
o ensure that toxic by-products are not released into the atmo-
phere [5–8]. Bioremediation methods such as composting and
lurry-phase treatment can degrade TNT in a more environmentally
riendly manner and are not as expensive as incineration. However,
iological methods require longer times (weeks or even months) to
egrade the contaminants and often during treatment more toxic
y-products are produced [5,9–10].

Other methods used for treating TNT-contaminated soil include
hytoremediation and reduction using zero-valent iron, how-
ver, both have serious limitations. Phytoremediation can only
e applied to sites with low, near-surface contamination and
onitoring of degradation and potential by-products is diffi-

ult [11]. Zero-valent iron reduction of TNT-contaminated soil
equires the addition of considerable quantities of Fe to be effective
6].

Subcritical water is hot water (>100 ◦C) under enough pressure

o maintain the liquid state. It is an environmentally friendly and
nexpensive solvent that exhibits a wide range of properties that
ender it very effective in solvating and decomposing moderately
olar or non-polar substances from a wide range of environmental
atrices.

http://www.sciencedirect.com/science/journal/03043894
mailto:dimitrios.kalderis@enveng.tuc.gr
dx.doi.org/10.1016/j.jhazmat.2008.02.041
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2.2. Subcritical water apparatus
Fig. 1. Structure of 2,4,6-trinitrotoluene.

Several studies have shown that subcritical water can decom-
ose naturally occurring substances and materials, such as complex
mino acids [12], proteins and carbohydrates (sucrose, fructose and
orbose) [13–17], sodium alginate [18] and brown coal [19], to pro-
uce more valuable and useful products. Additionally, subcritical
ater has been proved to decompose hazardous organic substances

nd materials such as pentachlorophenol (PCP), fluorochemicals,
ioxins, polycyclic aromatic hydrocarbons (PAHs), polychlorinated
iphenyls (PCBs) and polyvinyl chloride (PVC).

Hori et al. [20–21], investigated the decomposition of perfluo-
ohexanesulfonate (PFHS) and perfluorooctanesulfonate (PFOS), in
ubcritical water at temperatures between 150 and 380 ◦C. They
ound that at 350 ◦C and 6 h residence time, PFHS concentration
as reduced by 84.7% when 9.61 mmol of iron powder was added

o the system. F−, SO4
2−, and CF3H were formed as by-products. At

he same conditions, PFOS was reduced to non-detectable levels.
Pentachlorophenol (PCP) is a well-known carcinogen. The

ydrothermal decomposition of PCP was examined in a tubular
eactor under sub- and supercritical water conditions with sodium
ydroxide addition [22]. At the subcritical temperatures of 300 and
50 ◦C, approximately 30 and 40% destruction was achieved respec-
ively, at a residence time of 70 s. Temperatures at the supercritical
egion proved to be more effective. Near-complete degradation
>99%) was achieved between 380 and 420 ◦C in less than 60 s
esidence time. Hashimoto et al. [23] studied the effectiveness of
ubcritical water extraction for removing and degrading dioxins
rom contaminated soil. After 4 h of extraction, 99.4, 94.5 and 60%
f PCDDs were removed from samples at 350, 300 and 150 ◦C,
espectively. It was also determined that degradation of dioxins
ad occurred, since the sum of dioxins in the soil plus water extracts
fter the experiments had considerably decreased. For example, the
otal amount of dioxins found in the aqueous extract at 300 ◦C was
nly 20% or less of the original amount.

Fang and Kozinski [24] studied the phase behavior and com-
ustion of hydrocarbon-contaminated soil in subcritical and
upercritical water, using a hydrothermal diamond anvil cell. Their
esults showed that 99.86% benzo(a)pyrene and 100% naphtha-
ene were converted during 300 s reaction time at 450 ◦C, 30.6 MPa
nd 17.1 excess oxygen. They concluded that even residues with
igh ash content (∼20%) and stable PAHs could become almost
ompletely oxidized to CO2 and H2O under supercritical condi-
ions. Using the same methodology the group managed to oxidize
rganic residues obtained from nuclear plants [25] as well as deca-
hlorobiphenyl (10-CB, a known PCB). At 450 ◦C and 225% excess
xygen, 99.2% of 10-CB was destroyed in 1200 s. To minimize cor-
osion, the authors added Na CO and then the 10-CB destruction
2 3
ate increased to 99.7% at 93% excess O2 [26]. When they added
ethanol to enhance the destruction rate of 10-CB, they managed

00% destruction at 450 ◦C in 10 min, without the use of excess
xygen. They showed that methanol promoted PCB decomposition

t
f
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hrough the production of highly reacting free radicals. Compared
o excess oxygen, methanol also leads to the formation of fewer
y-products [27].

Yang and Hildebrand [28] studied the degradation of pure
henanthrene in subcritical water at temperatures ranging from
00 to 350 ◦C. They found that, without the addition of any oxidants,
t 350 ◦C only 61.9% of phenanthrene was degraded, whereas, when
% hydrogen peroxide was added, 100% degradation was achieved
t the same temperature. They concluded that the main parameters
ffecting the subcritical water degradation of phenanthrene is the
emperature and the initial concentration of the substance.

Polyvinylchloride is a plastic material widely used in domestic
ower and lighting applications, car wiring, switchboards and tele-
hone leads. When disposed of, phthalates and heavy metals can

each into the soil and groundwater. Takeshita et al. [29] investi-
ated the decomposition of PVC by sub- and supercritical water.
t 300 ◦C, chlorine in PVC dissolved in water as hydrochloric acid,
nd no harmful chlorinated organic compounds were observed in
he liquid and gas fractions after treatment. At subcritical condi-
ions, polyene was produced as a residual solid. Low-molecular
eight aromatic and aliphatic compounds were determined in the

iquid and gas fractions. Further decomposition at over 350 ◦C in
upercritical water produced acetone, phenol, benzene, benzene
erivatives, and aliphatic alkane and alkene in the liquid and gas
ractions. Waste polymers such as polycarbonates have been effi-
iently decomposed by Tagaya et al. [30] using subcritical water at
00 ◦C. At 2 h residence time, polycarbonate degradation yielded
65% phenol, when Na2CO3 was added to accelerate the process.

In our previous work [31], the pilot-plant scale destruction of
NT, HMX and RDX on contaminated soil using subcritical water
nder non-oxidative conditions, was studied. As far as TNT is con-
erned, it was found that near complete (>99.9%) degradation was
chieved at 250 ◦C and 30 min residence time. The results from the
ilot-plant scale experiments agreed well with those obtained at

aboratory-scale. When the contaminated soil was heated at 275 ◦C
or 1 h, in the presence of water, >99% destruction of TNT was
chieved. Similar results were obtained with respect to HMX and
DX.

This study examines the degradation of TNT at lower temper-
tures, namely 150, 175, 200 and 225 ◦C and attempts to bring an
nsight on the soil–water-contaminant interactions of TNT degra-
ation on soil by subcritical water. The use of subcritical water
eactions without oxidants is largely unstudied and therefore the
ole of the soil matrix under these conditions is not well understood.

. Experimental

.1. Soils

TNT-contaminated soil was from a Ministry of Defense site in the
nited Kingdom and contained 12 wt % (120,000 ± 10,000 mg/kg)
f TNT but no significant levels of other explosives. It was mixed for
h in a concrete mixer to ensure homogeneity [18].

Concentration of TNT was based on the analysis of eight 2-g
ubsamples of the homogenized bulk soil sample. An uncontam-
nated agricultural soil (obtained locally) was used for spiking
xperiments. Particle size distributions and water contents for
he TNT-contaminated soil and the agricultural soil are shown in
able 1.
One type of small laboratory reactor was used for the degrada-
ion studies. The 5 mL reactors for 2-g samples were constructed
rom 77-mm long, 7-mm i.d. (12-mm o.d.) 316 stainless steel pipe
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Table 1
Particle size distribution and water contents of the TNT-contaminated soil and the
agricultural soil

TNT contaminated soil (%) Reference soil (%)

<0.125 mm 20 15
0.125–0.25 mm 19 12
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Table 2
Recovery results for TNT spiked on to sand and reference soil

Sand Reference soil
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Fig. 3 shows the times required to achieve 100% degradation of
TNT at different temperatures. The times are in good linear agree-
ment, enabling us to predict complete TNT degradation times at
temperatures in the range of 100–150 ◦C.
.25–0.5 mm 19 28

.5–1 mm 23 20
–6 mm 19 25
ater content 14 6

ith national pipe threads (npt) and end caps sealed with Teflon
ape [32]. These cells were loaded with 2 g of soil and 2 mL of HPLC-
rade water and capped. Water had been purged with nitrogen
o remove dissolved oxygen, to ensure that degradation is per-
ormed under non-oxidative conditions. This ensures that the toxic
y-products formed during oxidative approaches such as wet air
xidation, supercritical water oxidation and bioremediation are
voided. The handling and preparation of the cells was performed
n a fume cupboard under an Argon atmosphere.

This procedure left ca. 1.5 mL of headspace in the cell. Cells
ere placed in a (pre-heated at the required temperature) GC oven

Hewlett-Packard 5890, series II) for heating. Each of the cells was
emoved from the oven at appropriate time intervals, allowed to
ool to room temperature. The resultant slurry was centrifuged and
he soil (or sand) and water phases were recovered separately for
nalysis. All experiments were carried out in triplicate and error
ars were added to the figures accordingly.

Safety note: All static (nonflowing) reaction vessels must con-
ain a sufficient headspace so that the pressure inside the vessel
s controlled by the steam/liquid equilibrium. A full vessel must
ever be used since the pressures could reach several thousand bar
33].

.3. Analysis

All untreated soils, treated soil residues, and wastewaters from
very degradation experiment were analyzed using EPA method
330. To determine the concentration of TNT on the contaminated
oil, the soil was extracted with acetonitrile by sonication for 18 h,
nd the water sample was diluted 1:1 in acetonitrile before analysis
y HPLC with UV detection (HPLC/UV) at 254 nm with isocratic
lution with 82/18 water/2-propanol [18]. The same dilution was
sed for the subcritical water extractions. Solvent programming
rom 85/15 water/methanol to 100% methanol was used to obtain
igher resolution in order to analyze selected samples for inter-
ediate products. All separations were conducted with a Waters
PLC (model 2487 dual wavelength UV–vis detector, and model
15 pump) equipped with a “Nova-Pak” C-18 HPLC column (15 cm
ong, 4 mm i.d., with 4 �m packing). Peak identifications and
uantitations were based on the injection of known compounds.

.4. Recovery experiments for TNT spiked on to sand and
eference soil

The maximum levels of TNT that could be recovered from
and and the reference soil after spiking at room temperature
ere tested, using 1000 �g of explosive substance spiked on 1 g

f sand and reference soil respectively. This test was performed to
etermine whether some of the explosive compound spiked on a

eference matrix is lost before the start of the experiment. In this
ay it is possible to determine the ‘realistic’ maximum concentra-

ions to be expected when analyzing the water and soil phases after
he spiked degradation experiments are carried out. After spiking,
he solvent was allowed to evaporate for ∼15 min. Then water was
TNT in water 98 90
TNT in solid matrix 2 9

otal (%) 100 99

dded and the extraction vessels were mechanically shaken for
5 min and the two phases were finally separated and analyzed.
he experiment was performed at ambient conditions. The results
re shown in Table 2.

. Results and discussion

.1. Recovery results for TNT spiked on to sand and reference soil

After ∼30 min, the distribution of TNT in the solid and water
hase is comparable between sand and reference soil. The major-

ty of TNT molecules are found in the water phase, indicating
hat the degree of sorption on each of the solid matrices is very
ow.

.2. TNT degradation on historically contaminated soil

The degradation kinetics of TNT were studied at four different
emperatures, 150, 175, 200 and 225 ◦C. Fig. 2 shows the results for
NT degradation on contaminated soil at the above temperatures.
t 150 ◦C, 99.6% degradation of TNT is achieved in 420 min. In the
rst 30 min TNT degrades slowly, then follows a faster rate until
10 min and after that degradation continues more steadily to the
nd-point of 420 min.

At 175 ◦C, a similar trend is observed. Degradation is initially
low, the rate is then increased and finally slows down again until
00% destruction is achieved in 240 min. At 200 ◦C, 100% destruc-
ion is achieved in 90 min. At 225 ◦C, complete (100%) degradation
f TNT is achieved in 20 min.

It is very important to note that small concentrations of TNT are
etected in the water phase in comparison with the soil phase, after
reatment. As shown in our earlier work [18], this may be due to
he fact that solvated, undegraded TNT molecules return to the soil
pon cooling or the molecules once diffused from the soil matrix
nd solvated, they degrade.
Fig. 2. TNT degradation on contaminated soil at 150, 175, 200 and 225 ◦C.
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Fig. 3. Plot of the degradation temperatures used in this study against the times
required for 100% TNT destruction.
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Table 3
Metals/complexes concentrations in the contaminated and reference soil

Metals/complexes TNT Reference soil

Mg 0.44% 0.47%
Al2O3 0.90% 0.93%
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Fig. 4. TNT degradation on sand at 150, 175, 200 and 225 ◦C.

.3. TNT degradation spiked on to sand

The degradation of TNT spiked on to sand was examined at the
ame temperatures as on historically contaminated soil. As shown
n Fig. 4, at 150 ◦C, 97.9% TNT degradation is achieved in 600 min,

hereas at 175 ◦C complete degradation is achieved in 200 min.
t 200 and 225 ◦C, complete degradation is achieved in 120 and
5 min, respectively.

.4. TNT degradation spiked on to reference soil and in water (no

olid matrix present)

The degradation of TNT spiked on to a reference soil and in pure
ater was examined. This was done to examine whether a solid
atrix (soil or sand) affects the degradation rate or not. Fig. 5 shows

ig. 5. Comparison of TNT degradation on reference soil, water, contaminated soil
nd sand at 150 ◦C.

t
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s
t
T
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e 1.87% 2.15%
n 0.79% 1.08%
i 0.453 ppm 0.220 ppm
u 0.600 ppm 1.433 ppm

he results of TNT degradation on to reference soil and water. In
he case of the reference soil, complete degradation is achieved in
0 min. Approximately 40% of TNT was found in the water phase and
0% in the soil phase after treatment. Since extraction and diffusion
f TNT molecules does not occur in this case, this indicates that
ot all of TNT returned to the soil after cooling but a significant
mount remained dissolved in water. In pure water, TNT was 98.8%
egraded in 600 min.

.5. Microanalysis results for metals

The TNT-contaminated soil and the two-reference soil were
ested for Mg, Al2O3, Fe, Ni, Zn and Cu, to determine whether the
oncentrations of these substances in the soils affect the rate of TNT
egradation. The results are indicated in Table 3.

The concentrations of the metals are very low, therefore it is
nlikely that any of the metals acted catalytically in the case of the
NT contaminated soil. However, they may have affected the TNT
egradation on the reference soil, since the amount of TNT spiked
as only 1000 ppm compared to the much higher amounts of TNT

n contaminated soil.

.6. Comparison of degradation rates on historically
ontaminated soil, spiked soil and in pure water

Evidence of the processes occurring can be obtained by com-
aring the rates of degradation of TNT in historically contaminated
oil samples, spiked on to soil, sand and simply injected directly in
ater.

Initially, it is useful to compare the degradation of TNT on sand
nd in pure water at 150 ◦C (Fig. 5). As can be seen, the curves and
he end-points for the two situations are similar. On sand, 97.9%
egradation was achieved in 600 min, compared to 98.8% in water.
herefore, the presence of sand has a minor effect in TNT degrada-
ion. It can be concluded that degradation on sand is a good basis
or comparisons, when looking for catalytic effects on soils.

We can now compare the degradation of TNT on contaminated
oil and sand at all temperatures (Figs. 2 and 4). The times for >99%
egradation are comparable to those on the contaminated soil. At
50 ◦C, it interesting to see that at the early stages of degradation,
he rate is similar. As degradation progresses TNT on soil is degraded
little faster compared to sand. At 175 ◦C, TNT degradation on con-

aminated soil progresses more slowly at the beginning compared
o degradation on sand (at 15 min, 94 and 86% TNT remains on soil
nd sand, respectively), however degradation on soil continues at a
aster rate and ∼99% destruction is achieved in 105 min compared
o 180 min on sand.

At 200 ◦C, in the first 5 min, degradation on soil proceeds more
lowly compared to sand. At the end, complete degradation on con-
aminated soil is achieved in 90 min compared to 120 min on sand.

his indicates an increase in degradation rate on soil. At 225 ◦C a
imilar trend is observed. In the first 5 min, ∼23 and 57% is degraded
n soil and sand respectively. However, 100% destruction on con-
aminated soil is considerably faster than that on sand, 20 and
5 min, respectively. Therefore in all cases, degradation on contam-
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nated soil starts more slowly than on sand, but the rate is increased
ith time and as a result, complete or near complete degradation

n soil is achieved in less time.
There are three possible reasons that one can use to explain the

ncrease in degradation rate: autocatalysis of TNT degradation by a
eactive intermediate, slow extraction/diffusion of TNT molecules
ollowed by faster degradation and the exothermicity of the reac-
ion in the case of the historically contaminated soil. These effects
re expanded on below.

Autocatalysis is a phenomenon where one or more compounds
roduced during the reaction, catalyze it. In autocatalysis, the rate
f degradation increases, indicating that a substance produced dur-
ng degradation catalyses the reaction. The slower degradation
nitially, is followed by a faster rate due to the autocatalytic inter-

ediate(s), ending with a slower degradation as the concentration
f the explosive diminishes to zero [34].

In the case of the degradation of TNT, identifying the autocat-
lytic intermediate(s) may be useful not only from a theoretical but
lso from a practical point of view. Attempts to analyze the autocat-
lytic behavior of the system mathematically, were not successful.

The reactions that take place inside the reaction cell are not fully
nown, therefore there may be more than one autocatalytic inter-
ediate. Additionally, it is likely that concurrent reactions occur,

uch as

NT → products (1)

NT + B → products (2)

+ B′ → products (3)

NT + TNT → products (4)

To examine if autocatalysis occurs, the complete degradation
athway has to be determined. This would require identification of
ll major by-products, their temperature and time of formation and
isappearance, which was beyond the scope of this study. However,
utocatalysis could occur in both cases of degradation on soil and
and, therefore the differences in degradation cannot be explained
hrough this hypothesis.

The experimental temperature and the heating rate control the
ime that the degradation products are formed, as well as the dura-
ion of their possible catalytic activity. At lower temperatures (150
nd 175 ◦C), processes with lower activation energies and greater
xothermicities are favored and there is enough time for stable
roducts to form and serve as catalysts. At higher temperatures
200 and 225 ◦C), the products have a shorter time to act catalyti-
ally [35].

The degradation process may initially governed by a slow, rate-
etermining extraction step, followed by a rapid degradation step.
he initial rate of degradation observed in these graphs could be
ue to degradation of the TNT molecules located on or near the soil
urface. For these molecules extraction does not occur. While this
appens, the bulk of TNT that exists in the core of the soil particles,

s being extracted and for them extraction is the rate-limiting step
efore the reach the soil surface and degrade. As soon as they reach
he soil–water interface, they degrade and this is indicated by the
aster-rate observed in the graphs.

Finally, in the degradation of TNT on contaminated soil the
hange in degradation rate may also be due to self-heating of the
ystem. This self-heating is a result of the exothermic reactions that
ccur during degradation. The heat generated is significant since

he TNT concentration on the contaminated soil was 120,000 ppm.
ne also has to take into account the nature of TNT present in

he contaminated soil and that spiked on the reference soil. The
ormer is rather crude with impurities and has undergone sev-
ral processes (e.g. weather effects, soil aging, open burn/open

R
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etonation), whereas the latter are in pure, unprocessed form. Mak-
imov [38] has proposed that impurities sharply change the rate
f decomposition of nitroaromatic compounds. Furthermore, the
NT concentration on the contaminated soil is ∼120,000 ppm, com-
ared to the 1000 ppm on the reference soil and sand.

We have to assume that the heat produced during degradation
s the heat of TNT detonation, which is 4476 kJ/kg. The amount of
NT present in 1 g of soil will give, when detonated, 537 J of energy.
ince we already know the specific heat capacity of water [33], soil
36] and stainless steel [37], the temperature increase of the system
an be calculated. Therefore, the 537 J produced, will increase the
emperature of the system by 8.7 K. This temperature increase is
ubstantial considering the rule of thumb that the rate of a reaction
ncreases twofold every 10 K. However, one has to remember that
ome of the heat generated by the TNT reactions will be lost. All
hree effects may be important in some cases.

By comparison of the TNT degradation on the contaminated
nd reference soil at 150 ◦C (Fig. 5), TNT degrades much faster on
he reference soil, 80 min compared to 420 min. Provided that the
wo soils show no major structural or other differences, the slower
egradation on contaminated soil can be appointed to the time
equired for the TNT molecules to be extracted and diffused from
he soil matrix to the water phase. This mass transfer limitation is
ot present in the case of the reference soil.

If we compare the degradation rates of TNT spiked on to sand
nd reference soil at 150 ◦C (Fig. 5), it is obvious that degradation
n the reference soil, proceeds much faster. Complete degradation
n spiked soil is achieved in 80 min compared to >600 min on sand.
n both cases, the amounts spiked are the same and the extrac-
ion/diffusion step does not occur, therefore the reason for the faster
egradation on the reference soil is the catalytic effects of the soil
urface or any substances that exist in the soil. The levels spiked
n to soil are quite low (1000 ppm) and small amounts of organics
nd other reagents in the soil can have a large effect. Several stud-
es reviewed by Brill and James, showed that many compounds,
ncluding essentially any source of H+, accelerate the rate of TNT
ecomposition [35]. One or more of such organic compounds may
e present in the reference soil.

. Conclusions

Although much work has been done in the degradation of TNT
nder oxidative conditions (e.g. wet air oxidation), no data are avail-
ble on the interactions of TNT on aged contaminated soil with
ubcritical water under non-oxidative conditions. The presence of
oil, largely increases the complexity of the system, therefore more
esearch is required to clarify the exact degradation pathway and
ll the by-products that are formed. Our results have shown that
ffective remediation of TNT-contaminated soil can be performed
t a range of temperatures, starting as low as 150 ◦C. There is a mass
ransfer limitation in the degradation of TNT on aged, contaminated
oils, which controls the rate of degradation. Additionally, the soil
atrix or any organic substances that exist in it act catalytically to

ome extent. Finally, no clear evidence was found that self-heating
r autocatalytic effects are taking place.
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