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investigated. The results showed that >99% TNT was degraded when the initial TNT concentration was
80 mg L−1 after degradation for 3 h by 5 g L−1 of nZVI at pH 4, 40 ◦C using a rotary oscillation incubator
operating at 200 rpm. The Langmuir–Hinshelwood kinetics model fit the kinetics of TNT degradation by
nZVI well. Fourier transform infrared (FT-IR) and ultraviolet–visible spectrophotometry showed that TNT
was adsorbed on the surface of nZVI, and this reduced TNT in aqueous solution. X-ray diffraction (XRD)
demonstrated that the surface of nZVI changed during the degradation of TNT.
,4,6-Trinitrotoluene (TNT)
egradation

. Introduction

One explosive that is widely used for military and civil purpose
ll over the world is 2,4,6-trinitrotoluene (TNT) [1]. As a result of
his ubiquitous use, residual TNT in both soil and groundwater have
een detected [2,3]. The presence of TNT and its degradation prod-
cts in the aquatic environment have been associated with adverse

mpacts on biological receptors and communities [3,4]. Thus, TNT
as been listed as a significant pollutant to public health and aquatic

ife by the USEPA [5].
Currently, TNT contaminated water is treated by various meth-

ds, including activated carbon adsorption [6,7], oxidation with
ydrogen peroxide/ozone [8], supercritical water oxidation [9],
enton reagent oxidation [10] and photocatalytic oxidation [11,12].
hese methods are all useful for the degradation of TNT. However,
he residual products after treatments with these methods are still
otentially harmful. The use of nanoscale zero-valent iron (nZVI)

s an alternative that has been demonstrated to be effective for the
reatment of many pollutants commonly encountered in ground-
ater [13]. Due to its nanoparticle size, large surface area, and high

n situ reactivity [14], nZVI has a great potential in environmental
pplication such as the remediation of contaminated soil, sediment,

nd groundwater [15]. Since nZVI can be transported effectively by
roundwater and can be injected as sub-colloidal metal particles
nto contaminated soils, sediments, and aquifers [15], it can be used
or the remediation of wastewater contaminated by chlorinated
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hydrocarbon, such as reduction of chlorinated ethenes, chlorinated
ethanes [16,17] and PCBs [18] as well as degradation of benzo-
quinone [19] and chlorophenol [20]. In addition, the removal of
Cr(VI) and Pb(II) from water [21] while oxidizing Fe0 to goethite
(�-FeOOH), and removal of As(V), As(III) and humic acid [22,23] by
adsorption of nZVI have been reported. Furthermore, zero-valent
iron was used to reduce nitroaromatic compounds (NACs) in con-
taminated water and soil [24]. However, it is interesting to note
that the studies on the degradation of TNT using nZVI are still lim-
ited. Despite their minuscule status, nanoscale particles may hold
the potential to cost-effectively address some of the challenges of
site remediation [14,15].

Therefore, the aim of this paper was to study the degradation
and degradation kinetics of TNT by nZVI. Fourier transform infrared
(FT-IR), ultraviolet–visible spectrophotometric (UV–vis) and X-ray
diffraction (XRD) studies were all used to provide insight into the
degradation mechanism.

2. Materials and methods

2.1. Instruments and reagents

nZVI powder (purity >99%) was purchased from Shenzhen Junye
Nanomaterial Co. Ltd. (Shenzhen, China). The nZVI ranged in size
from 0 to 60 nm with a mean size of 25 nm and a specific surface

area of 40–60 m2 g−1. Industrial-grade TNT (purity of >99%) was
provided by Fuan Chemical Plant (Fujian Province, China). All other
chemicals used were of analytical reagent grade or better.

A known amount of TNT powder was dissolved in deoxygenated
distilled water heated to 70 ◦C, and this dissolved TNT solution was

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:zlchen@fjnu.edu.cn
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tored in a brown reagent bottle in the dark at 4 ◦C for 3–5 days
rior to use [25].

Batch experiments were conducted in 15 mL serum bottles with
nown amounts of nZVI and TNT stock solution. The degrada-
ion reaction was initiated by adding 80 mg L−1 TNT stock solution
10 mL) to a known amount of nZVI. The bottles were capped
ith Teflon Mininert valves and mixed on a rotary shaker in an

ncubator at different temperatures. At selected time intervals dur-
ng the degradation of TNT by nZVI, three samples were taken
nd separated from the solution by centrifugation at 3500 rpm for
min, and after centrifugation 2–5 mL of the supernatant phase was
ithdrawn and the concentration of TNT was determined by spec-

rophotometry. The effects of nZVI dose, pH of initial TNT solution,
nd reaction temperature on degradation time were examined and
ptimized. Blank experiments (without nZVI) were carried out in
arallel. Preliminary results showed that the adsorption loss onto
lastic container walls and degradation of TNT without nZVI was
egligible. All experiments were undertaken in triplicate.

.2. Analysis of TNT

The concentration of TNT in aqueous solution was determined
sing a UV–vis spectrophotometer method as described in the fol-

owing steps: TNT sample solution (2–5 mL) was diluted to 10 mL
ith distilled water, then 2 mL of 4% H2SO4 (v/v water), 5 mL of
% Na2SO3, 2 mL of 0.3% cetylpyridinium chloride (CPC) and 2 mL
f 33% (v/v water) 2-diethylamino ethanol (DEAE) were succes-
ively added. Finally the mixture was diluted to 25 mL with distilled
ater and shaken to combine the mixture. TNT in solution was

ubsequently determined using a 722 UV–vis spectrophotometer

ig. 1. Effects of different factors on TNT degradation by nZVI: (a), (b), (c) and (d) represe
ptimized conditions for the degradation of TNT, respectively.
g Journal 158 (2010) 566–570 567

at 466 nm where TNT had the maximum absorption [26]. FT-IR
(Fourier-380FT-IR, America) and a XRD (X’ Pert Pro MPD, Holland)
spectrometer were used to examine both the initial industrial grade
TNT, the degradation products of TNT and nZVI after use.

3. Results and discussion

3.1. Degradation of TNT by nZVI

The effect of nZVI dosage on TNT degradation is shown in Fig. 1a,
which suggested that the degradation efficiency of TNT by nZVI
was increased as nZVI dosage increased. When the concentration
of nZVI increased, the total specific surface area and active sites of
nZVI in solution also increased, which favoured degradation of TNT
[27,28]. For example, when the concentration of nZVI was at 1.0,
2.0, 3.0, 5.0 and 7.5 g L−1, the percentage of TNT degradation was
59%, 74.5%, 88.6%, 96.2%, and 99.6%, respectively, over 8 h. Fig. 1a
also shows that the concentration of residual TNT in solution was
<0.1 mg L−1 when the concentrations of nZVI ranged from 5.0 to
7.5 g L−1. Since nZVI have nanoparticle sizes and the nanoparticles
could agglomerate easily [22], the addition of nZVI into an aque-
ous solution of TNT made the mixed solution difficult to centrifuge
and separate, hence, an nZVI dose of 5.0 g L−1 was used for the
remainder of this study.

To test the effect of pH on the degradation of TNT, the initial solu-

tion pH was adjusted to 3.96, 4.90, 6.07, 9.00, and 10.01 using 0.1 M
HCl or NaOH, and 5 g L−1 of nZVI was added to each solution. Subse-
quently, the mixture was shaken on a rotary shaker with 150 rpm
at 30 ◦C for 8 h. The rate of TNT degradation varied with pH and
was faster under acidity condition (Fig. 1b). When the initial pH

nts the concentration of nZVI, initial pH of TNT solution, reaction temperature and
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petition for available electrons and it is therefore suggested that the
Fig. 2. The relationship between ln(Ct/C0) and time.

as at 3.96, 95.2% of the TNT was degraded within 6 h, whereas
nly 84.7% of TNT was degraded under alkaline conditions during
he same periods. Increased degradation of TNT under acidic con-
itions was due to increased amounts of hydrogen ions in solution,
hich could react with nZVI and produce new hydrogen with a
igher reactive activity [29]. Consequently hydrogen ions acceler-
ted the degradation of TNT [30]. In comparison, ferrous and ferric
ons, produced by electrochemical corrosion of Fe0 [31], were prone
o form hydroxide precipitates under alkaline conditions, which
overed the surface of nZVI powders and reduced degradation reac-
ions [19]. There was no significant difference in TNT degradation
ffectiveness when the degradation time was longer than 8 h. An
nitial aqueous solution pH in the range of 4–6 was chosen as this

as also compatible with the pH required for TNT determination
ia visible spectrophotometry.

The concentration of residual TNT at different degradation tem-
eratures (20, 25, 30, 35, 40 and 45 ◦C) is presented in Fig. 1c.

ncreased TNT degradation efficiency with increased temperature
esulted from decreased active energies of either nZVI or TNT
olecules at higher temperature [32]. Consequently, 40 ◦C was

hosen in this study.
On the basis of above studies the optimized degradation con-

itions were: 5 g L−1 nZVI, pH 4, and a degradation reaction
emperature of 40 ◦C if the initial TNT concentration was set at
0 mg L−1. There was a little decrease in the residual concentration
f TNT in blank solutions within 4 h (Fig. 1d), while the residual
oncentration of TNT in the initial solution was a <0.1 mg L−1 when
g L−1 nZVI was present.

.2. Degradation kinetics

Variation of selected experimental factors such as nZVI dose,
H, and reaction temperature indicated that TNT degradation by
ZVI could be optimized to effectively degrade TNT in aqueous
olution. However, the degradation kinetics of TNT by nZVI was not
nown and need to be examined. To do this, aqueous solution of TNT
ere equilibrated with nZVI for various reaction times to determine
egradation kinetics. A plot of the logarithm of residual TNT con-
entration versus degradation time was linear (Fig. 1a), and from
inear regression (Fig. 2), it was concluded that the degradation of
NT by nZVI had pseudo-first order kinetics. Since the degradation
f TNT occurred on the surface of nZVI, the Langmuir–Hinshelwood

inetics equation [33,34] was used:

= −dCTNT

dt
= kSAas�m = kobsCTNT (1)
g Journal 158 (2010) 566–570

where C is the TNT concentration (mg L−1) at time t (h), kSA is
the specific reaction rate constant based on the surface area of
the nanoparticles (L h−1 m−2), as is the specific surface area of the
nanoparticles (m2 g−1) and �m is the mass concentration of the
nanoparticles (g L−1). For a specific reaction, kSA, as, and �m are
fixed, so Eq. (1) can be reduced to:

kobs = kSAas�m (2)

where kobs is the observed pseudo-first rate constant (h−1). From
Eqs. (1) and (2), formula (3) can be obtained based on the relation-
ship of ln(C/C0) and time:

ln
(

C

C0

)
= −kt (3)

On the basis of our results, the degradation kinetics of TNT using
nZVI is summarized in Eq. (3) and the degradation rate constant can
be obtained by the slope of the linear regression slope from Fig. 2
(0.31 h−1).

3.3. The degradation mechanism

The mechanism of TNT degradation by nZVI involves complex
surface chemistry during in situ corrosion of the nZVI surface,
reduction of TNT to the degraded products through coupled oxi-
dation of Fe0 and Fe2+ [31]. In this section, a possible degradation
mechanism of TNT by nZVI was investigated using UV, FT-IR and
XRD to provide insight into the structure of the TNT degradation
and Fe reaction products.

In aqueous solution, oxidation of metallic Fe0 to ferrous ions by
substances such as water and oxygen leads to the dissolution of
solid iron, which is the primary cause of iron corrosion. Metallic
corrosion is an electrochemical process in which oxidation of zero-
valent iron to ferrous ions has the anodic half-reaction [31]

Fe0 → Fe2+ + 2e− (4)

TNT in a Fe0-H2O system accepts electrons donated by corrosion
of nZVI and nitro groups are reduced [31]:

(5)

In addition, ferrous ion and hydrogen molecule also provide
electrons in the aqueous phase as described below:

Fe2+ → Fe3+ + e− (6)

H2 → 2H+ + 2e− (7)

Eq. (4) is the primary of the three equations for donating elec-
trons.

In the Fe0-H2O system, water and dissolved oxygen molecules
may compete for available electrons according to the following
half-reactions:

H2O + 2e− → 2OH− + H2 (8)

O2(g) + 2H2O + 4e− → 4OH− (9)

As described in Eq. (9), since oxygen accepts electrons this would
hinder the reduction reaction of TNT in aqueous solution via com-
degradation of TNT by nZVI should proceed better under anaerobic
conditions.

As nZVI has high specific surface area and strong adsorption
capacity, TNT molecules are absorbed on the surface of nZVI in
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Fig. 3. XRD spectra of nanoscale Fe0: (a) nZVI; (b) nZVI reacted with TNT.

queous system, and then adsorbed TNT accepts electrons donated
y the nZVI powder corrosion, and hence TNT is reduced [31]:

When nitro groups of TNT molecule are reduced to the amino
roup, 2,4,6-trinitrotoluene is reduced to aromatic amine com-
ounds. Though aromatic amine compounds are still toxic, these
mine compounds are biodegraded relatively easily [24].

XRD spectra of commercial nZVI exhibits peaks due toFe0 at

5, 65, 84 (2-theta degree) (Fig. 3a) which was consistent with
anosized Fe0 synthesized by KBH4 reducing FeCl3 [21]. These
hree peaks were found to have low intensity because of the pres-
nce of an amorphous iron phase. Peaks at 35, 37, 43, 67 (2-theta

ig. 4. FT-IR spectra of TNT and after degradation by nZVI: (a) TNT powders before
egradation reaction; (b) nanoscale Fe0 including degradation products.
(10)

Fig. 5. Ultraviolet spectra of TNT solution: (a) TNT solution without nZVI; (b) degra-
dation solution including reaction products.

degree) are attributed to magnetite–maghemite (Fe3O4/�-Fe2O3)
and a peak at 63◦ is attributed to lepidocrocite (�-FeOOH) [35]. The

existence of these peaks showed that nZVI had been partly oxi-
dized because of passivation treatment by the company. The XRD
spectra of nZVI after being used to reduce TNT under the optimal
conditions showed that the three diffraction peaks of Fe0 became
weaker and the amorphous phase appeared more, whereas peaks
attributable to magnetite–maghemtie and lepidocrocite weakened
or even disappeared (Fig. 3b).

Fig. 4 shows the FT-IR spectra of TNT and TNT-adsorbed nZVI.
In Fig. 4b, a new strong adsorption peak appeared at 3427 cm−1,
corresponding to the absorption peak of an amino group (−NH2)
indicating that the nitro group (−NO2) had been reduced by nZVI.
This finding was supported by the disappearance of a strong absorp-
tion peak attributable to the nitro group (−NO2) at 1352 cm−1

originally in Fig. 4a. Furthermore, TNT adsorbed on nZVI was
reduced since the peak at 2962 cm−1 corresponded to adsorption
peak of C-H bond stretching vibration and peaks at 1631 cm−1,
1529 cm−1 and 1384 cm−1 corresponded to benzene skeleton
(Fig. 4a).

Fig. 5 shows the UV spectra of TNT in solution with and without
nZVI. The TNT absorption maxima peak at 230 nm [36], was shifted
to lower wavelength after degradation and the intensity of this new
maximum peak was also reduced further demonstrating that TNT
in aqueous solution was at least partially reduced and degraded.

4. Conclusion
In this study the optimal conditions for degradation of TNT
were 5 g L−1 nZVI, pH 4, 40 ◦C and 200 rpm for an initial TNT con-
centration of 80 mg L−1. Under such conditions >99% of TNT was
degraded after 3 h. In addition, the degradation reaction of TNT
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y nZVI followed the pseudo-first order reaction model, which
as well described by Langmuir–Hinshelwood kinetics equation.

urthermore, XRD spectrum showing changes in nZVI did occur
ollowing degradation and FT-IR and UV spectra revealed that TNT
as reduced.
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