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A B S T R AC T

Trinitrotoluene (TNT), a nitroaromatic explosive, is encountered groundwater contaminant that 
can pose a human health risk, even at very low aqueous concentrations. In this study, a series of 
catalytic degradation of dissolved TNT have been investigated using iron nanocatalysts (zero 
valent and its oxide) and Fe2O3 bentonite nanocomposite. The prepared nano catalysts were 
characterized via XRD, BET and TEM. The degradation of TNT by Fe-PILC, is almost complete 
after 30 min, whereas 65, 100 min on using the Fe-zero valent and Fe-oxide, respectively. These 
results indicate that the reaction rate is a strong function of the number of iron surface active 
sites, and therefore the Fe-catalysts an important reaction variable.
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1. Introduction

2,4,6-Trinitrotoluene (TNT) has been the most widely 
used nitroaromatic explosive and TNT concentrations 
have been reported to range from 10 to 12,000 mg kg−1 
at contaminated sites [1]. Most of these sites contain also 
contaminated groundwater.

Nanocatalysts have the advantage of very high 
reaction rates due to high specifi c surface areas and 
low mass-transfer restrictions. These nano-catalysts 
have been successfully tested in different reactor 
systems at the laboratory scale [2]. Zero valent iron 
treatments have been successfully applied for TNT 

degradation in water and soil treatment [3], Fenton-like
reactions using iron minerals as heterogeneous cata-
lysts is scarcely available [4], although the effi ciency 
of such processes has been clearly demonstrated for 
others organic pollutants [5,6]. Heterogeneous cataly-
sis offers signifi cant advantages. Use of iron oxides 
instead of dissolved iron may be especially advanta-
geous for in situ remediation of contaminated ground-
water where pH cannot be adjusted. The catalyst can 
be easily recovered by sedimentation or fi ltration for 
further uses.

In this paper, the synthesis of nanocomposite ben-
tonite clay based Fe, zero-valent iron nanocatalysts and 
its oxide was performed. The catalytic activity of the 
prepared nano catalysts for TNT degradation was eval-
uated in aqueous solution.
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 2. Experimental

2.1. Instruments

1. X-ray diffraction was carried out for the catalyst sam-
ples, with a Philips diffractometer (type pw1050) at 
λ = 1.54 Å. A Cu Kα target with a nickel fi lter.

2. Surface area and pore volume of catalyst samples 
were analyzed by means of nitrogen adsorption using 
Nova 2000, Quanta Chrome (commercial BET unit).

3. TEM image and selected-area electron diffraction 
(SAED) was taken with a JEOL JEM-2000 EX model 
transmission electron microscope, using an accelerat-
ing voltage of 100 kV. The sample of TEM was prepared 
by 2 h ultrasonic dispersion of 0.2 g of product in 50 ml 
ethanol. Then, a drop of the solution was placed on a 
copper micro grid, and dried in air before performance.

4. High performance liquid chromatography (HPLC)
  Apparatus: HPLC Waters 600 Equipped with: an 

autosampler (Waters 717 plus) and a dual wave-
length absorbance diode array detector (Waters 4487) 
set at 254 nm.

  Column: C 18 column for TNT column length: 15 cm,
internal diameter: 46 mm. The mobile phase: grade 
water/acetonitrile (40/60) operating at a fl ow rate of 
1 cm3 min−1.

2.2. Synthesis of nanocatalysts

2.2.1. Synthesis of iron nanocatalysts (zero valent and its 
oxide) by reduction with hydrazine hydrate

A clear iron solution in ethylene glycol was prepared 
by dissolving a certain amount of iron salt (FeSO4) in 
50 ml of ethylene glycol. Heating at 90°C attained com-
plete solubility of the salt. The iron metal was obtained 
from the prepared solutions by adding a different 
amounts of hydrazine hydrate (N2H2·H2O) solution (80 
vol%) drop wisely to the previously prepared solution 
of iron salt in ethylene glycol under constant stirring. 
The addition of hydrazine resulted in changing the color 
of solution from blue to brown-reddish brown. After 
about 10 min, sodium hydroxide solution was added till 
pH of the solution is reached 11–12 after which a black 
solid precipitate of iron metal zero valent was precipi-
tated. The obtained iron zero valent was collected after 
washing several times with organic solvent (acetone or 
alcohol). Ferric oxide was obtained by calcined of iron 
zero valent at 400°C for 2 h [7].

2.2.2. Synthesis of Fe2O3 bentonite nanocomposite 
(Fe-PILC)

A solution of 0.2 M ferric nitrate was prepared by 
dissolving the equivalent amount of the salt in deion-
ized and distilled water. Solid sodium carbonate was 

added slowly to alter the pH of the solution. Hydrolysis 
of ferric nitrate with sodium carbonate was carried out 
at 25°C, and an aging period of 24 h was allowed as sug-
gested by Saeedeh [8]. The value of OH/Fe was 2.0 and 
the pH of this solution was 1.8. A suspension containing 
1.0 g of bentonite clay in 100 ml water was added to the 
hydrolyzed ferric solution. This suspension and the pil-
laring agent were vigorously stirred at room tempera-
ture for 24 h, recovered by fi ltration, washed repeatedly 
with water, and then dried in air overnight at 110°C. 
The fi ltrate was calcined at 300°C for 5 h. The relevant 
physical and chemical properties of the nanocatalysts 
are presented in Table 1. Nanocatalysts with a wide 
range of particle sizes and specifi c surface areas were 
evaluated.

2.3. Chemicals and batch reactor

Experiments were performed using (0.044%) TNT 
explosives dissolved in distilled water. Solutions at three 
different pH levels (4, 7, and 10) were placed in a fl ask 
containing accurately weighed amounts of the different 
nanocatalyst samples. Constant pH levels were main-
tained during the batch experiments at room tempera-
ture using pH controller that dispensed concentration 
of 0.27 HCl and 0.25 NaOH solutions into the reactor. 
The nanocatalyst samples weight around 0.3 g l−1 of 
solutions. The fl asks were shaken at 200 rpm using an 
electric shaker for a prescribed length of time to attain 
equilibrium. After fi ltration, TNT analyses were per-
formed using HPLC [9].

2.4. Photocatalytic decomposition of TNT

The experiments were carried out in a photocatalytic 
reactor in the center of the cylindrical reactor, using a 
50 W, tungsten–halogen lamp (400–800 nm). The decay 
of TNT in aqueous medium was evaluated at different 
irradiation periods. Prior to starting illumination, a sus-
pension containing 0.3 g l−1 of catalyst and 0.1 g l−1 of TNT 
were stirred continuously in the dark for 15 min. The 
concentration of TNT in solution at this point was used 
as the initial value for the kinetic treatment of the pho-
todegradation processes. Cooling by water circulation 

Table 1
Physico-chemical characteristics of prepared catalysts

Sample Surface area, m2 g−1 Particle size, nm

Fe-PILC 280 12.2

Fe-zero valent 214 9.9

Fe-oxide 150 5.2
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at 25°C during the experiments was performed at con-
stant stirring at given intervals of illumination, a sample 
of the catalysts particulate was collected, centrifuged, 
After fi ltration TNT analyses were performed using 
HPLC. The concentrations of TNT in the aqueous sam-
ples were measured according to Standard Method for 
the trace analysis of explosive residues by HPLC using 
a UV detector. Calibration of the HPLC was performed 
using external standards with concentrations ranging 
from 0 to 100 mg l−1 using serial dilution of the stock 
solutions.

3. Result and discussion

3.1. Characterization of Fe-nanocatalysts

3.1.1. X-ray diffraction (XRD)

The products were fi rstly checked by XRD technique 
to learn their phase compositions. The XRD pattern (Fe-
PILC) shows diffraction peaks at 2θ = 26.6° and 19.88° 
(Fig. 1(a)), which are assigned to SiO2 crystallite [10]. For 
Fe-PILC, the main diffraction peaks are at 2θ = 33.1° and 
35.6°, assigned to Fe2O3 crystals. These indicated that Fe 
particle are intercalated in silicate layers in the catalysts.

Fig. 1(b) is represented the XRD pattern of Fe-zero 
valent. The refl ection peaks at 2θ = 19.3°, 27.5° and 33.8° 
and 54.8° correspond to the characteristic inter planar 
spacing between (1 1 0), (2 0 0), (2 1 1) and (3 2 1) planes 
of Fe-zero valent. While Fig. 1(c) shows that Fe-oxide, 
peaks centered at 2θ = 30.1°, 33.1°, 35.6° and 49.4° can 
be indexed to the refl ections of (1 0 4), (1 1 0), (0 2 4) and 
(1 1 6) planes of Fe-oxide [11]. The size particles calcu-
lated from these data for the current catalysts are listed 
in Table 1.

3.1.2. Textural characteristics

The surface texture properties of the samples have 
been assessed from nitrogen adsorption isotherms at 
196°C. All the samples displayed type II (Fig. 2) in the 
IUPAC classifi cation [12]. The Fe-zero valent have a 
surface area of 214 m2 g−1 while Fe-oxide particles have 
a surface area of 150 m2 g−1 measured by Brunauer, 
Emmett and Teller (BET) adsorption isotherms [13]. 
Evidently, the combined Fe pillaring has increased the 
surface area than that of the Fe-oxide or Fe-zero valent 
(Table 1) [14].

3.1.3. Transmission electron microscopy (TEM)

Morphology of composite membranes For the pur-
pose of clarifying the size of nano iron in the composite
membrane, the TEM images were made as shown in 
Fig. 3. It can be seen that less than 50 nm diameters 
of iron particles can be found in this TEM image. 

The results indicated that iron can be present in nano-
size membranes. Similar results were also found in 
recent years [15,16].

3.2. TNT degradation at different pH values

Fig. 4 shows the aqueous concentrations of TNT dur-
ing transformation by Fe-PILC in solutions with different 
pH. At pH 4.7, TNT was rapidly removed from solution: 
98.9% of the initial TNT disappeared after 10 min. Trans-
formation of TNT at pH 7.4 and pH 9.7 was substantially 
slower. At pH 7.4 complete removal of TNT was observed 

Fig. 1. XRD pattern of (a) Fe-PILC, (b) Fe-zero valent and (c) 
Fe-oxide.
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within 120 min, whereas 27% of TNT still remained in 
solution after 120 min at pH 9.7. These results indicate 
that solution pH has a strong effect on the reduction 
kinetics of TNT. Accelerated iron corrosion under acidic 
conditions may be responsible for the enhanced reduc-
tion. Therefore, optimum initial pH values of Fe-PILC 
solution was chosen to be 4.7, and we can apply opti-
mum pH values on other nanocatalysts samples.

3.3. Treatment of TNT using Fe-PILC, Fe-zero valent and 
Fe-oxide nanoscale

The effect of the contact time on the treatment of 
TNT is shown in Fig. 5. Fig. 5 compares the degradation 
of TNT in presence of the Fe-PILC, Fe-zero valent and 
Fe-oxide. The superiority of the former Fe-PILC catalyst 
is evident. Using the Fe-PILC, TNT degradation is almost 
complete after 30 min. However, on using Fe-zero valent 
and Fe-oxide the complete degradation was observed 
at 65 and 120 min, respectively. The higher activity of 
Fe-PILC can be attributed to its higher surface area.

TNT degradation experiments were carried out by 
varying the initial TNT concentration from 5.5 to 32.5 
mg l−1 by using Fe-PILC, Fe-zero valent and Fe-oxide 
as nanocatalyst. Fig. 6 shows the degradation of TNT 
decreased by increasing the TNT concentration.

Experimental data and the curve for TNT degrada-
tion are shown in Fig. 6 indicate that the highest deg-
radation value corresponds to the lowest initial TNT 
concentration (5.5 mg l−1) and the lowest degradation 
value corresponds to the highest initial TNT concentra-
tion (32.5 mg l−1). These results indicate that the reaction 
rate is a strong function of the number of iron surface 
active sites, and therefore the Fe-catalyst: TNT molar 
ratio is an important reaction variable.

3.4. Photocatalytic degradation of TNT on Fe-PILC

The evaluation of Fe-PILC catalyst was conducted 
in a batch photoreactor using a halogen lamp inserted 
in the center of the reactor and surrounded by a quartz 
cooling jacket.

Hydrogen peroxide was used in the present work 
according to advanced oxidation technology (AOT) for 
activating the photocatalytic degradation using the pre-
pared Fe-PILC nonocomposite catalyst. Fig. 7 depicts 
the TNT degradation activity of this catalyst in presence 

Fig. 2. Textural characteristics of (a) Fe-PILC, (b) Fe-zero 
valent and (c) Fe-oxide.

Fig. 3. TEM image of nano catalysts. (a) Fe-PILC, (b) Fe-zero 
valent and (c) Fe oxide.

Fig. 4. TNT degradation by Fe-PILC with different pH.

Fig. 5. Degradation of TNT using Fe-PILC, Fe-zero valent 
and Fe-oxide as nanocatalysts.
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of H2O2. Hence, in this work, the optimum concentra-
tion of H2O2 (0.3 m mol−1) was always used. This phe-
nomenon has been attributed [17] to the favorable role 
of hydrogen peroxide to continue the oxidation of the 

reaction products and avoiding their re-adsorption on 
the catalyst surface which, at higher concentration of 
H2O2, can compete with the TNT for adsorption sites 
on the surface. The degradation process takes place by 
combination of adsorption process of the TNT on the 
surface of nano-composite catalyst which causes the 
degradation of TNT and the photo-oxidation process of 
the TNT by oxidizing species.

Irradiation of an aqueous solution containing a TNT 
with visible light in absence of a catalyst has been car-
ried out for incremental periods up to 120 min, where 
16.0% degradation took place Fig. 8. The experiment 
was again carried out in dark but in presence of the Fe-
PILC to examine the behavior of adsorption of TNT on 
the surface of this clay. It is found that during the ini-
tial 5 min, 10.0% degradation of TNT took place, Fig. 8
beyond which the desorption rate took place more 
slowly till at 120 min 25% degradation was achieved. 
Repeating this experiment, also in dark and in pres-
ence of the same quantity of Fe-PILC, but, moreover 
adding 0.3 m mol l−1 of H2O2, a more effective degrada-
tion was achieved, such that during the initial 5 min, 
as high as 19.8% of TNT degradation, and after 20 min 
49.5% degradation. Nevertheless, at 20 min, degrada-
tion amounted to 49.5%. Beyond 20 min, degradation 
became insignifi cant such that it comprised 55.0% at 
120 min. This experiment shows how effective has been 
the addition of H2O2, although in dark. While using the 
Fe-PILC, TNT degradation is 97% after 30 min irradiation.

4. Conclusions

Increase importance is falling on technologies that 
can treat TNT pollution sites. With technologies such as 
adsorption and advanced oxidation processes.

The data indicated that Fe-bentonite nanocomposite 
due to its increased surface area than Fe-oxide or Fe-zero 

Fig. 6. Time concentration profi le for TNT reduction at vari-
ous initial concentrations and fi xed initial amount of Fe-
nanocatalysts. Initial TNT (mg l−1): 5.5, 9.5, 22.5, 32.5.

Fig. 7. Effect of H2O2 on the degradation of TNT.

Fig. 8. Photocatalytic degradation of TNT using Fe-PILC at 
(pH = 7.0).
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valent provide to be more effective for degradation of 
TNT contaminated wastewater.

Addition of 0.30 m mol l−1 of H2O2 is the optimum 
quantity found to be the most effi cient for the photodgra-
dation of TNT in aqueous solution. On using the Fe-PILC, 
TNT degradation is 97% after 30 min irradiation.
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