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HE REDUCTION of 2,4,6-trinitrotoluene (TNT) in aqueous

solution using nanoscale zero-valent iron was investigated. The
results showed that the first order reaction law fits the reduction of
TNT. The measured apparent rate constant (Kobs) of TNT on
nanoscale zero-valent iron (0.0374 h™®) was 4-fold than on
conventional iron powders (0.0091 h™!) at 303 K. The apparent rate
constant of TNT reduction on nanoscale zero-valent iron also can be
improved by an increase in concentration of nanoscale zero-valent iron
and a decrease of pH.

Keywords : Environmentally, Nanotechnologies, Pollution, Nano-
iron, Wastewater and Explosive.

2,4,6-Trinitrotoluene (TNT) is known as one of the high explosive compounds,
this nitro aromatic compound has been widely used in military and civilian
blasting. As TNT is insoluble in water and toxic, carcinogenic, and mutagenic @,
the extensive use of TNT poses environmental risk® . Hence, removal of TNT
from soil, surface water and ground water has attracted a lot of attention. Cleanup
of TNT contaminated sites is required since TNT poses significant risks to
human health and can be pernicious to aquatic and terrestrial organisms @ . There
are many methods used for the removal of TNT from aqueous solution®™"
including adsorption, evaporation, membrane extraction and flotation. However,
these physical methods only transfer TNT from one phase to another. In addition,
chemical methods such as incineration, advanced oxidation, Fenton oxidation,
chemical precipitation and chemical reduction need high operation costs or may
produce intermediate products, which are also toxic to the environment“®™ . In
the recent years, zero-valent iron has been used extensively to reduce organic
pollutants®® . The use of zero valent iron as a permeable reactive barrier (PRBs)
systems in groundwater treatment started in early 19905V, In a PRB structure,
groundwater flows passively through a PRBs while contaminants are precipitated,
adsorbed, or transformed in contact with the zero-valent iron surface. Although
PRBs containing zero valent iron powders are useful in situ remedies for some
sites, costs associated with the PRB construction and the relative lack of
flexibility for installing the PRB still exist for this technology, which may limit
its practical application®? .
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The nanoscale zero-valent iron technology can be regarded as an extension of
the zero-valent iron technology. In some cases, it may serve as an alternative to the
conventional zero-valent iron PRBs**™¥ . Because of their small particle size,
nanoscale zero-valent iron is a promising environmental-friendly material used in
removing contaminations from wastewater, which has been receiving considerable
attentions for its potential applications in groundwater treatment and site
remediation®'® . The nanoscale zero-valent iron has been successfully used for in
situ dechlorination reduction of several chlorinated aliphatic compounds®”®,
polychlorinated biphenyls, and a mixture of PCBs®*?%. Aromatic nitro compounds
reduction by iron metal have been reported®” , in which nitro groups transformed
to amines groups and these products are prone to be biodegraded®?®, however
there is little study on the kinetics of TNT reduction by nanoscale zero-valent iron.
The aim of this study is to investigate the kinetics of TNT reduction in aqueous
solution using nanoscale zero-valent iron. The effects of concentration of nanoscale
zero-valent iron, pH and time on the reduction reaction kinetics of TNT were
investigated. In addition, the comparisons of reaction rate constant and half-life of
TNT reduction were done between the conventional iron powders and nanoscale
zero-valent iron. The nanoscale zero-valent iron used to break down TNT from
wastewater was explored, which may overcome the inherent limitations of
conventional zero-valent iron, for example, nanoscale zero-valent iron has been
proved to have improved efficiency for treating wastewater containing TNT and
abilities to remove other aromatic compounds from wastewater.

Experimental

Instruments

1) X-ray diffraction was carried out for the catalyst samples, with a Phlips
diffractometer (type pw1050) at A=1.54 A. A Cu Ka target with a nickel filter.

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
accelerating voltage of 100 kv. The sample of TEM was prepared by two hours
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.

Synthesis of iron nanocatalysts zero valent by reduction with hydrazine hydrate
A clear iron solution in ethylene glycol was prepared by dissolving a certain
amount of iron salt (FeSO,) in 50 ml of ethylene glycol. Heating at 90°C attained
complete solubility of the salt. The iron metal was obtained from the prepared
solutions by adding different amounts of hydrazine hydrate (N,H,.H,O) solution
(80 vol. %) drop wisely to the previously prepared solution of iron salt in
ethylene glycol under constant stirring (400-600 rpm). 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
reached 11-12 after which a black solid precipitate of iron metals zero valent was
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precipitated. The obtained iron zero valent was collected after washing several
times with organic solvent (acetone or alcohol). The sample was then dried at
80°C.

Chemicals and batch reactor

Experiments were performed using (100 ml g /) TNT explosives dissolved in
3 mM CaCl,, which provided a background electrolyte concentration similar to
groundwater. Solutions at three different pH levels (4.7, 7.4, and 9.7) were placed
in a flask containing accurately weighed amounts of the nanocatalyst samples.
Constant pH levels were maintained during the batch experiments at room
temperature using pH controller that dispensed 0.IN HCI and 0.1N NaOH
solutions into the reactor. The nanocatalyst samples weight around 0.3 g/l of
solutions. The flasks were shaken at 200 rpm using an electric shaker for a
prescribed length of time to attain equilibrium. After filtration through the filter
paper, TNT was analyzed using high performance liquid chromatography
(HPLC) (Fuller et al., 2004).

The relevant physical and chemical properties of the nanocatalysts are
presented in Table 1. Nanocatalysts with a wide range of particle sizes and
specific surface areas were evaluated.

Results and Discussion

Characterization of nanoscale zero-valent iron

The products were firstly checked by XRD technique to learn their phase
compositions. Figure 1 is the XRD pattern of nanoscale zero-valent iron, the
reflection peaks at 20 = 19.3°, 27.5° and 33.8° and 54.8° correspond to the
characteristic inter planar spacing between (1 1 0), (200), (21 1) and (32 1)
planes of Fe-zero valent. Particle shape and size are important properties that
may affect the properties of nanoparticles.
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Fig. 1. XRD pattern of nanoscale zero-valent iron.
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Morphology of nanoscale zero-valent iron membranes for the purpose of
clarifying the size of nanoiron, this nanoscale zero-valent iron was characterized
by transmission electron microscope. Figure 2 shows the morphology and
particle size of this nanoscale iron particles. Figure 2 shows the metal particles,
which have a size generally less than 50 nm . Similar results were also found in
the recent years®*?® |
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Fig. 2. TEM image of nanoscale zero-valent iron.

The surface texture properties of the samples have been assessed from nitrogen
adsorption isotherms at 196° C. The sample displayed type Il (Fig. 3) in the IUPAC
classification® . The Fe-zero valent has a surface area of 214 m2 g—1 measured
by Brunauer, Emmett and from Fig. (3), the investigated solid exhibited
distribution in which Teller (BET) adsorption isotherms®. More detailed
information on the pore size distribution is available from Fig. 3 constructed by
plotting dVp/dr against the pore radius®® . It is seen that most of the pores were
located in the micro-pore range. However, the maxima of the pore radius
distribution curve are located at range of 18-50 A.

Sample Surface area, m? g Particle size, nm

nanoscale zero-valent iron 214 9.9
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Fig. 3. Textural characteristics of nanoscale zero-valent iron.

Kinetics experiments of TNT reduction by nanoscale zero-valent iron

Typically, batch tests were undertaken by adding 0.3 g of nanoscale zero-
valent iron into 100 ml flasks in which bottle included 100ml of TNT stock
solution (Stock solution of TNT was prepared by weighing out 100 mg of TNT
and transferring each to a 1000 ml measuring flask), pH value at 4.7 . Then the
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flask was capped and processed on a rotary shaker (150 rpm) at temperature
30°C. At certain time intervals of this reaction, the sample was taken and
separated from the solution by centrifugation at 3500 rpm for 5 min. As shown in
Fig. 4, the rate of reduction of TNT on nanoscale zero-valent iron was very fast,
and the residual concentration of TNT in solution decreased sharply in the first
hour. As nanoscale zero-valent iron has relatively large surface area and strong
adsorption capacity, TNT from aqueous solution was adsorbed mainly on the
surface of nanoscale zero-valent iron and adsorption rate is faster than the
reduction rate of TNT by nanoscale zero-valent iron at the beginning
stage® , which means that the adsorption phenomenon of TNT is dominating at
this stage®” . Subsequently the reaction rate decreased, as can be concluded by
the curve which declines slowly. It was observed that TNT residual concentration
was less than 0.1 mg/L after 2 hr of reaction and thereafter the residual
concentration of TNT in solution was below the detection limit.
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Fig. 4. Concentration variation of TNT with time on nanoscale zero-valent iron.

The logarithmic plots of residual concentration of TNT in solutions versus
time are shown in Fig. 5 which indicates that In (c/c,) and time have a good linear
relationship and the correlation coefficient (Ry) is larger than 0.98. It was
concluded that the rate of TNT reduction by nanoscale zero-valent iron can be
described by the first-order reaction.
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Fig. 5. Relationship between logarithmic plots of TNT concentration versus time on
nanoscale zero-valent iron.

Effects of different initial nanoscale zero-valent iron concentration on the
reduction rate of TNT

Batch tests were completed on a condition that different initial concentrations
of nanoscale zero-valent iron were applied to reduce 100 mg/l of TNT stock
solutions without adjusting pH. Mixed solutions were processed on a rotary
shaker (150 rpm) at temperature 30°C. Figure 6 shows the TNT rate of reduction
at different nanoscale zero-valent iron concentrations, which demonstrates that
all followed the first-order kinetics model when the reductions of TNT were at
different nanoscale zero-valent iron initial concentrations. When nanoscale zero-
valent iron was added at 1 g/L, 2 g/L, 3 g/L and 4 g/L respectively, the observed
first rate constant of TNT is at 0.012 h™, 0.023 h™*, 0.035h™* and 0.045 h*,
respectively, where it can be concluded that the first-order kinetics constants
increased with increasing of nanoscale zero-valent iron concentration. This
phenomenon can be explained by the increased surface area, adsorption and
reaction sites on nanoscale zero-valent iron particles, where the TNT reduction
was thus accelerated when the concentration was increased. When the data were
plotted as the observed rate constant (kobs) against the initial concentration of
nanoscale zero-valent iron (Cg), a strong linear regression equation can be obtained
as shown in Fig. 7 and the correlation coefficient (R?) of this line is > 0.99, which
indicates the observed rate constant (kobs) is proportional to the concentration of
nanoscale zero-valent iron and kobs can be improved by increasing the
concentration of nano-Fe0 powder. It is in accordance with the results observed by
other workers®? ® | where conventional zero iron powder was applied to reduce
chlorinated ethylene and chlorinated acetylene.
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Fig. 6. Effects of concentration of nanoscale zero-valent iron of mixed solution on the
rate of TNT reduction time.
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Effects of pH value on reaction rate of TNT reduced by nZVI

Batch experiments of 100mg/l TNT reduced using 3 g/L nanoscale zero-
valent iron were undertaken in different pH values at 4.7, 7.4 and 9.7,
respectively. Other factors such as rotary rate and the temperature were set at the
same as above.

As shown in Fig. 8 the rate of reduction of TNT on nanoscale zero-valent iron
was very fast, and the residual concentration of TNT in solution decreased
sharply in the first hour. Figure 8 shows the aqueous concentrations of TNT
during reductive transformation by nanoscale zero-valent iron in solutions with
different pH. At pH 4.7, TNT was rapidly removed from solution; 98.9 % of the
initial TNT disappeared after 1 hr. Transformation of TNT at pH 7.4 and pH 9.7
was substantially slower. At pH 7.4 complete removal of TNT was observed
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 reduction. Therefore, optimum initial pH
values of nanoscale zero-valent iron solution were chosen to be 4.7.
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Fig. 8. TNT degradation by nanoscale zero-valent iron with different pH.

Figure 9 shows the relationship between correlation coefficients and rate
constants at different pH values. It can be concluded that the correlation
coefficient of each regression line is larger than 0.95, which indicates that the
reduction of TNT on nanoscale zero-valent iron also follows the first kinetics
model when the pH value of mixed solutions was changed***® . In addition, the
reduction rate increased when the pH was decreased. This is due to hydrogen
ions which may react with nanoscale zero-valent iron and consequently will
accelerate the reduction rate of TNT®*® | Thus, acidic solution may help to
accelerate the reaction of TNT reduction on nanoscale zero-valent iron.

Egypt. J. Chem. 55, No. 4 (2012)




348 A.M. Badawi et al.

é Time (mMin) )
10 20 30 40 50 60 70 80 90 100 110 120 130
on
-0.5
214 -
1.5 4
2
—
S8
o 25 -
=5
=
34
-3.5
e pH9.7, k=.0104, R2= 0.9574
-4 A = p H 7.4, k=.0243, R2=0.9668
ApHA47, k=.0374, R2=0.9802
-4.5
r'y
\_ -5 J

Fig. 9. Effects of pH of nanoscale zero-valent iron of mixed solution on the rate of
TNT reduction time.

Comparison of TNT reduction using nanoscale zero-valent iron and conventional
iron

The following batch experiments were undertaken on the same condition as
described above to investigate the effects of time on reaction rate of TNT
reduction on nanoscale zero-valent iron and conventional iron powder. From
comparison of TNT reduction using nanoscale zero-valent iron and conventional
iron some conclusions can be drawn: firstly, reduction ratio of TNT using
nanoscale zero-valent iron is eleven - fold more than that using conventional iron
powder after 2 hr reaction (Fig. 10), and secondly the observed rate constant is 4-
times larger than that on conventional iron powder (Fig. 11).

In summary, as nanoscale zero-valent iron has high specific surface area and
strong adsorption capacity, TNT molecules are absorbed on the surface of
nanoscale zero-valent iron in aqueous system, and then adsorbed TNT accepts
electrons donated from nanoscale zero-valent iron powder corrosion, and hence the
possible reduction pathway may be described as® : firstly the TNT molecule
accepts six electrons and then one of nitro groups would be reduced to an amino
group, where 2-A-4, 6-DNT and 4-A-2, 6-DNT could be produced; secondly these
two amino DNT compounds continue to accept six electrons and transform to 2,4-
DA-6-NT and 2,6-DA-4-NT; finally, these intermediate products (2-A-4,6-DNT; 4-
A-2,6-DNT; 2,4-DA-6-NT; 2,6-DA-4-NT) accept electrons and all are reduced to
TAT®, Further work for the confirmation of the reaction mechanism is ongoing.
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Fig. 10. Comparison of TNT reduction using nanoscale zero-valent iron and
conventional iron.
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Conclusions

The study shows that TNT in solution can be reduced by nanoscale zero-
valent iron and the TNT reduction can be influenced by a number of factors,
including the initial concentration of TNT, the pH of mixed solution and the
reaction time. In addition, the reaction rate of TNT reduction on nanoscale zero-
valent iron is in accordance with the first-order reaction and the observed rate
constant (kobs) is proportional to the concentration of nanoscale zero-valent iron
added. Compared with conventional iron powder, reaction rate of TNT reduction
on nanoscale zero-valent iron is 4- times faster.
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