Chemistry

¢ Article

[norganic

Inorg. Chem. 2009, 48, 10435-10441 10435

DOI: 10.1021/ic901559y

Effects of lonic Liquids on the Characteristics of Synthesized Nano Fe(0) Particles

Yang Zhao,’ Guirong Cui,! Jianji Wang,* and Maohong Fan*

School of Chemical and Environmental Sciences, Henan Key Laboratory of Environmental Pollution Control,
Henan Normal University, Xinxiang, Henan 453007, P. R. China, and *School of Civil and Environmental
Engineering, Georgia Institute of Technology, Atlanta, Georgia 30332

Received August 5, 2009

In this paper, high specific surface area zerovalent Fe(0) nanoparticles with unusual morphology and high reductive
activity were prepared using a chemical reductive reaction of iron chloride hydrate with sodium borohydride in an
aqueous solution of ionic liquids (ILs). The ionic liquids, [C,mim]X (X=CI—, Br—, BF4, PFs ™) and [C,mim][BF4] (n=4,
6, 8), were used for this purpose. Transmission electron microscopy, X-ray diffraction, and Brunauer—Emmett—Teller
surface area measurements were used to characterize the morphology, structure, and physical properties of the as-
prepared Fe(0). The results suggest that the nucleation and growth of the Fe(0) were governed by an IL-controlled
reductive reaction mechanism. The effects of ionic liquids (cations, anions, and concentration) on the morphology of
the Fe(0) were examined. It was shown that anions of the ILs played a key role in the morphology and size of Fe(0),
and the nanoparticle size of the Fe(0) prepared in the presence of different ionic liquids follows the trend: [C4mim]Cl>
[C4mim]Br>[C4mim][BF4]>[Csmim][PF¢] and [C,mim][BF 4]>[Csmim][BF,]>[Cemim][BF4]. The reductive activity of
the iron nanoparticles was studied by the denitrification experiment of sodium nitrite. The removal rate of nitrite by the
IL-capped Fe(0) was found to be much faster than that by the noncapped Fe(0). This indicates that the IL-capped
Fe(0) particles are better candidates for the reductive degradation. The high reductive activity of the Fe(0)

nanoparticles was attributed to their high surface area and more active sites.

Introduction

Iron nanoparticles have great potential for application in
the fields of magnetic fluids," catalysts for carbon nanotube
formation,” magnetic resonance imaging contrast agents,>*
nickel—iron batteries, catalysts, and sorbents for environ-
mental remediation.>® Nanosized iron particles are effective
for the transformation of a wide array of environmental
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contaminants such as chlorinated organic compounds,’ toxic
metals,> nitrate, and nitrite.!°"!2

A number of approaches have been developed to prepare
iron nanoparticles. The two most common synthesis routes
are the thermal decomposition'*~'* and the chemical reduc-
tion methods.>'*”'® In the thermal decomposition method,
iron pentacarbonyl (Fe(CO)s) was dissolved in an organic
solvent such as ether and then heated to about 200 °C. An
organic surfactant such as oleic acid or decylamine was used
to prevent the iron nanoparticles from aggregation. By this
method, small and uniform iron nanoparticles can be pre-
pared with high purity. However, this is not an economical
process because high-temperature and highly expensive toxic
precursors are needed. As a result, iron nanoparticles pre-
pared by this route are not suitable for the applications where
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large quantities of iron nanoparticles are required, such as
environmental remediation.

Compared to the thermal decomposition method, the
chemical reduction route is economical. In the chemical
reduction process, an iron salt such as ferric chloride
(FeCly) is reduced by sodium borohydride (NaBHy) in
aqueous solution to form iron nanoparticles. Unfortunately,
the high air sensitivity is the main problem in the technolog-
ical application of this material, and for that reason many
different methods have been developed to prevent iron
nanoparticles from oxidation and aggregation. Surfactants,
polymers, quaternary ammonium salts, and polyoxoanions
are often used as additives for the stabilization of transition-
metal nanoparticles.'” !

Room temperature ionic liquids (ILs), which are generally
composed of a bulky organic cation and a weakly coordinat-
ing anion, have attracted significant attention in many fields
of chemistry and industry as environmentally benign sol-
vents. ILs have many advantages, such as a low interface
intension and high chemical and thermal stability. They
can create an electrostatic protection lager for the transi-
tion-metal nanoparticles. Dupont et al.**> 2® and other re-
searchers”” ?’ have recently reported that imidazolium-
based ionic liquids are an interesting medium for the
formation and stabilization of catalytically active transition-
metal nanoparticles such as Pt, Pd, Ir, Rh, Co, Au, and Ag.
However, up to now, no studies have been reported for the
creation of Fe(0) in ionic liquids, and the role of ILs played in
the formation of nanoparticles is not clear.

In this work, iron nanoparticles were synthesized by a
chemical reduction method from iron chloride hydrate
(FeCls-6H>0) at mild temperature with sodium borohydride
(NaBHy,) as the reducing agent. The imidazolium ionic liquids
were used as both the control and the stabilization agents,
including [Cymim]X (X = ClI', Br, BF,, PFs ) and
[C,mim][BF,] (n = 4, 6, 8). The structure and properties of
as-prepared products were characterized by means of X-ray
diffraction (XRD), transmission electron microscopy (TEM),
and Brunauer—Emmett—Teller (BET) surface area measure-
ments. The reduction of sodium nitrite was chosen as a test
reaction to prove the catalytic activity of iron nanoparticles. On
the basis of various characterization techniques, the influences
of ILs (cations, anions, and concentration) on the morphology
and size were investigated in detail. The nanosized iron particles
were found to have high reductive activity for sodium nitrite.
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Experimental Section

Chemicals. The reagents used were 1-methylimidazole (99%,
Shanghai Chem. Co.), 1-bromobutane (99%, Acros organic),
1-bromohexane (99%, Acros organic), 1-bromooctane (99%,
Acros organic), 1-chlorobutane (99%, Acros organic), FeCl; - 6H,O
(A. R., Tianjin Chem. Co.), NaBH4 (A. R., Shanghai Chem.
Co.), N-(1-Naphthyl)ethylene diamine dihydrochloride (A.R.,
Beijing Chem. Co.), sodium nitrite (A. R., Beijing Chem. Co.),
and sulfanilamide (A. R., Shanghai Chem. Co.). These chemical
reagents were used as received.

Preparation of the ILs. [C,mim]Br (n = 4, 6, 8) and [Cymim]CI
were prepared and purified by using the procedure described in
the literature.*® Briefly, the reaction of 1-methylimidazole with
excess l-bromoalkane or 1-chlorobutane was preformed in
1,1,1-trichloroethane under reflux at 343 K for 48 h. The
product [Cymim]Br or [Cymim]Br was recrystallized three times
from ethyl acetate and ethyl acetate/acetonitrile (3:2 by volume)
to remove any unreacted reagents. [Cgmim|Br and [Cgmim]Br
were washed with 1,1,1-trichloroethane. The residual solvents
were removed by heating at 70 °C under a vacuum. [C,mim]-
[BF4] (n =4, 6, 8) and [Cymim][PF¢] were synthesized by adding
dropwise the aqueous solution of sodium tetrafluoroborate or
sodium hexafluorophosphate into the aqueous solution of
[C,,mim]Br under vigorous stirring for 48 h. The resulting ionic
liquids were extracted by dichloromethane, and deionized water
was then added. The residual dichloromethane organic phases
were removed from the product by rotary evaporation. All
of the ionic liquids were dried under a vacuum at 70 °C for
2—3 days in the presence of P,Os. The composition and purity of
the ILs were checked by 'H NMR spectroscopy (Bruker,
advance-400 MHz), and they were found to be in good agree-
ment with those reported in the literature.?!

Preparation of the Iron Nanoparticles. The preparation of iron
nanoparticles was carried out by mixing solution A with solu-
tion B. Solution A was prepared by dissolving 1.35 g of
FeCl;-6H,0 into 40 mL of deionized water. Solution B was
made by dissolving 0.95 g of NaBH, into 10 mL of deionized
water. The deionized water was purged with highly pure argon
for 2 h to remove oxygen before use. Solution A was placed
in a three-necked round bottomed flask with an argon atmo-
sphere at 30 °C. After 30 min of stirring with a magnetic
stirrer, a light-yellow transparent solution was obtained. Solu-
tion B was then injected into solution A in less than 2 min using a
30 mL syringe under vigorous stirring. The reaction was as
follows:

2FeCls + 6NaBH, + 18H,0 — 2Fe + 21H,t 4 6B(OH),
+6NaCl (1)

As the reaction proceeded, color of the solution changed
from light-yellow to light-brown, accompanied by the ap-
pearance of gas bubbles. The solution turned to dark brown,
and finally a black solution was obtained. Over an extended
period of aging (1 h), the product particles were separated
from the solution by centrifugation, washed with deionized
water many times, and then washed with acetone at the end.
Adding a few drops of acetone can remove the water quickly
and hence lessen the reaction of iron with water and oxygen.
The obtained product was dried at 60 °C under a vacuum for
6 h. In the investigation of IL effects, each of the ILs under
study was added to solution A before it was mixed with
solution B. The other reaction conditions were the same,
and the procedures for the preparation of the iron particles
mentioned above were followed.

(30) Dupone, J.; Consort, C. S.; Suarez, P. A. Z.; Souza, R. F. Org. Synth.
1999, 79, 236.
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Figure 1. (a) X-ray diffraction pattern of Fe(0) nanoparticles prepared in the presence of [Cymim][PF4] (w = 1:2). TEM images of Fe(0) nanoparticles
prepared in the presence and absence of ILs: (b) in pure water, (c) in the presence of [C4mim]CI (w = 1:5), (d) in the presence of [C4ymim]Br (w = 1:5), (¢) in the
presence of [Cymim][BF,4] (w = 1:3), and (f) in the presence of [Cymim][PF¢] (w = 1:2).

Characterization of the Synthesized Iron Nanoparticles. The
structures of the iron nanoparticles prepared in the presence of
different ILs were characterized by XRD. The XRD experi-
ments were carried out on a D8 X diffractometer (Germany,
Bruker) with Cu Ka radiation (A = 1.5406 A). The scan data
were collected in the 260 range of 20—70°.

The morphology and particle size of the samples were
determined by TEM on a JEM-100SX operating at accelerat-
ing voltages of 80 kV. A small amount of the sample was
dispersed in a 95% ethanol solution which was purged with
highly pure argon for 3 h to remove oxygen. After agitation
under an ultrasonic environment for 2 h, one drop of the
dispersed slurry was dipped onto a carbon-coated copper
grid.

Specific surface areas of the synthesized iron nanoparticles
were measured according to the BET method ona NOVA 1000e
surface area and pore size analyzer.

Reductive Activity Estimation of the Iron Nanoparticles. The
reductive activity of the obtained Fe(0) nanoparticles was
estimated by the denitrification experiment of sodium nitrite.
For this purpose, 0.060 g of the iron nanoparticles was added
immediately to 100 mL of a sodium nitrite solution (10 mg N/L)
under stirring at ambient temperature. The solution of sodium
nitrite was deoxygenated by an argon stream for 2 h before the
addition of Fe(0). At selected time intervals, the solution of a
given volume was withdrawn with a syringe and then filtered
with a 0.45 um filter membrane. Then, the collected filtrates
were immediately analyzed for their concentrations of nitrite
and ammonium with a Shanghai 752 UV-—vis spectro-
photometer.**3* A control experiment was also performed
with ILs only.

(32) Water quality — Determination of nitrogen (nitrite) — Spectrophoto-
metric method, Standard GB 7493—87, State Environmental Protection Admin-
istration of China, 1987.

(33) Water quality — Determination of ammonium — Nessler’s regent
colorimetric method, Standard GB 7497—87, State Environmental Protection
Administration of China, 1987.

(34) Standard Methods for the Examination of Water and Wastewater,
20th ed.; American Public Health Association: Washington, DC, 1998.

Results and Discussion

XRD Studies. Figure 1a shows the XRD pattern of the
iron nanoparticles prepared by the chemical reductive
reaction between sodium borohydride and iron chloride
at 30 °C in the presence of [Cymim][PF]. It is evident that
two broad diffraction peaks are observed at 44.6° and
65.1°, which are ascribable to the (110) and (200) planes,
respectively. No characteristic peaks of impurities are
found in Figure 1. All of the reflections of the XRD
pattern can be indexed to pure body-centered cubic (bcc)
o-Fe with unit cell parameter a = 2.8662 A (JCPDS 87-
0721). The mean diameter could be estimated from the
XRD diffraction pattern by means of the Debye—Scher-
rer equation® calculated from the full width at half-
maximum (fwhm) of the (110) and (200) planes. The
Debye—Scherrer equation can be expressed by

Dir = 0.894/ (B cos 6) (2)

where Dy, is the crystallite size, 4 is the wavelength of the
incident ray, 3, is the full width at half-maximum of the
peak, and 6 is the position of plane peak. The average size
of the iron nanoparticles is about 15 nm, calculated from
the above equation. Similar XRD patterns have also been
found for the iron particles prepared in the presence of the
other studied ionic liquids.

Morphologies of the Iron Nanoparticles. TEM analysis
provides further insight into the morphology and particle
size of the iron nanoparticles. Figure 1b—f show the
differences in the morphology and particle size of the
samples under different preparation conditions. The sam-
ple, prepared with FeCl; in an aqueous medium without

(35) Klug, H.; Alexander, L. X- ray Diffraction Procedures; Wiley:
New York, 1962.
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Figure 2. TEM images of Fe(0) nanoparticles prepared in the presence of [Cymim] " -based ILs: (a) [C;mim][BF,] (w = 1:10), (b) [C;mim][BF,] (w = 1:1),

(¢) [C4mim][PFg] (w = 1:10), and (d) [C4mim][PF¢] (w = 1:1).

ILs, had an irregular chainlike aggregation morphology,
as shown in Figure 1b. It can be seen that the irregular
chainlike aggregates were composed of many small par-
ticles with 200—250 nm diameters and about 1 um
lengths.

In the presence of the ILs [Cymim]X (X = CI™, Br,
BF, , PF¢ ) in the FeCls solution, it was found that the
Fe(0) nanoparticle size became smaller and more uniform
than that prepared in pure water. For the purpose of
convenience, we defined w as the molar ratio of IL to
FeCl;-6H,0. As [C;mim]Cl (w = 1:5) or [C4mim]Br (w =
1:5) was present in the system, the morphology of the
products was roughly spherical or chainlike, and the
diameters and the average length of the chain decreased
to 50 &+ 12 nm and 600 £ 45 nm, respectively (see
Figure 2c,d). When [Cymim][BF,4] (w = 1:3) was used,
the morphology of Fe(0) shown in Figure le was similar
to that prepared in the presence of [Cymim]Cl or
[C4mim]Br, but the size was more uniform, the diameter
was smaller, and the chain of Fe(0) aggregates was very
dispersive. A typical TEM image of the iron nanoparticles
prepared in the presence of [Cymim][PF¢] (w = 1:2) was
presented in Figure 1f. The iron nanoparticles were
spherical, and the mean particle size was 20 + 4 nm.
The difference in the iron nanoparticles in Figure 1f and
b—e was that the morphology of Fe(0) prepared in the
presence of [Cymim][PFg4] was irregular chain aggregates
formed by many single spheres. It can be seen from
Figure 1b—f that the dispersibility of Fe(0) nanoparticles
prepared in the presence of [Cymim][PF4] was the best
among the studied systems. From the comparison, it
could be seen that the nature of anions of the ILs played
an important role in affecting the morphology and size of
Fe(0).

In order to examine the effect of the amount of ILs
added, different molar ratios of [Cymim][BF4] or
[C4mim][PFg] to FeCl;-6H,0 were chosen for the study.
When the molar ratio of [Cymim][BF,4] to FeCl;-6H,0
was w = 1:10, but keeping other reaction conditions
unchanged, a spherical chainlike Fe(0) was obtained, as
proven by the TEM image shown in Figure 2a. The
spheres were not uniform, and the chains were crossed
together. As the amount of [Cymim][BF,4] was increased
tow = 1:9, 1.7, 1:5, and 1:4, the morphology of Fe(0) was
similar to that at w = 1:10 (not shown). If the w value was
changed to 1:3, the morphology of Fe(0) was chainlike
aggregates formed by small and uniformed spheres, as
shown in Figure le. The uniformity of the size was better
than that prepared in the presence of [Cymim][BF4] (w =
1:10). When the amount of [Cymim][BF4] was further
increased to 1:1, the nanoparticles of Fe(0) aggregated
into chains, as shown in Figure 2b. It can be seen that they
were severe conglobulations. Therefore, the best amount
of [C4mim][BF,4] should be w = 1:3. When [Cymim][BF4]
was replaced by [Cymim][PFg], different sized nano-
spheres could be obtained by changing the w value.
Figures 1f and 2c,d show images of Fe(0) prepared in
the presence of [Cymim][PF¢] (w = 1:2, 1:10, and 1:1,
respectively). In the case of w = 1:10, slightly gathered
irregular nanospheres were obtained, and their diameter
was about 50 &= 8 nm. The size of Fe(0) increased with the
increase of the w value. When the w value was increased to
1:2, a small-sized (about 20 nm) and uniform nanosphere
was obtained, as shown in Figure 1f. As the w value was
further increased to 1:1, the morphology of Fe(0) was
similar to that at w = 1:10, and the irregular nanospheres
gathered severely. On the basis of the above comparison,
it is clear that the amount of [Cymim][PF¢] at w = 1:2 is
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Figure 3. TEM images of iron nanoparticles prepared in the presence of
[BF4] -based ILs: (a) [Csmim][BF,], (b) [Cgmim][BF,].

required for the preparation of the small sized and uni-
formed nanosphere. At the same time, the best amount of
[C4mim]Cl (w = 1:5) and [C4mim]Br (w = 1:5) can also be
obtained

To investigate the influence of the alkyl chain length of
the ILs, [C,mim][BF,] (n = 4, 6, 8; w = 1:3) was chosen as
an additive to fabricate the Fe(0) nanomaterials.
Figure 3a shows a typical TEM image of the iron nano-
particles prepared in the presence of [Csmim][BF,4]. The
particle morphology was similar to that prepared in the
presence of [Cymim][BF,4] (see Figure le), but the sphere
of the chain was more uniform and the size was smaller in
the presence of [Cgmim][BF,4]. Figure 3b gives the TEM
image of the Fe(0) nanoparticles resulting from the addi-
tion of [Cgmim][BF,4], which demonstrated that the na-
noparticle was spherical and three or four nanospheres
were organized into chainlike aggregates. The size of the
sphere was 20 + 3 nm, and the size distribution was
narrow. From the comparison between Figures le and
3, it can be found that the size of the Fe(0) nanoparticle
decreased with the alkyl chain length in the order
[C4mim][BF,] > [Csmim][BF4] > [Cgmim][BF4].

The Possible Formation Mechanism. In the investiga-
tion of the formation mechanism, whether the ILs were
trapped on the surface of Fe(0) or not was studied first by
UV—vis spectroscopy, and the Fe(0) prepared in the
presence of [Cymim][PF4] was selected as an example.
The measurements were performed at the maximum
absorption wavelength (211 nm) of [Cymim][PF¢] in
water.>® It was found that the [C;mim][PF4] concentra-
tion was 5.28 x 107> mol/L in the Fe(0) samples. From
this result, it can be concluded that small amounts of the
ILs were trapped on the surface of Fe(0). On the other
hand, the Fe(0) nanoparticles prepared in the presence of
ionic liquids were very stable, and they could not be
broken into discrete spheres even under ultrasonication
for 5 h. This suggested that the chainlike aggregates were
not formed through magnetism attraction. As a result,
one possible reductive mechanism controlled by ionic
liquids was proposed, as shown in Figure 4. When there
was no ionic liquid present in the reaction solution, the
Fe*" reacted quickly with NaBH, to form small Fe(0)
nanoparticles which were aggregated into a long chain
via magnetlsm attraction. As the i 1on10 liquid [C,,mim]X
was present in the solution, the Fe*> was surrounded by
anions of the ILs through the electrostatic interaction,
and the cation of the ILs was outside the anion. Thus, the
polymeric superstructure would be formed by hydrogen

(36) Zhou, Y.; Schattka, J. H.; Antonietti, M. Nano Lett. 2004, 4, 477.
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Figure 4. A schematic illustration for the reductive mechanism con-
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and Fe(0).
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Figure 5. The linear relationship between the size of the Fe(0) nano-
particles and the radius of the ILs anions: 1, C1™; 2, Br; 3, BF, ; 4, PF4 .

bonds or other noncovalent interactions between cations
and anions of the ILs. Under these circumstance, the
newly formed Fe(0) from the reaction between Fe** and
NaBH, was coated by the polymeric superstructure of
ILs, which would prevent iron nanoparticles from aggre-
gation. Thus, the Fe(0) nanoparticle was uniform, and its
size was small. Actually, a reasonable linear relationship
was observed between the size of the Fe(0) particles and
the radius of the ILs anions, as shown in Figure 5. This
indicated that anions of the ILs played a key role in the
morphology of nanoparticles, and more perfect nanopar-
ticles were formed in the presence of the ILs with a larger
sized anion (PF¢ ) compared to those ILs with smaller
sized anions (Cl, Br, or BF4 ).

In addition to anions of the ILs, the cations also
influenced the morphology and size of Fe(0). As men-
tioned above, the well-organized chainlike iron can be
fabricated in the presence of [Cgmim]|[BF,]. The main
effect of the alkyl chain length on morphology was the
steric barrier, which increased with the length of the alkyl
chains. Therefore, as the alkyl chain length of the ILs
cations increased, the aggregation of iron nanoparticles
became difficult, and then the size of the particles was
small.

Reductive Activity of the Iron Nanoparticles. The nitrite
solutions with (pH = 3.0, 5.0) and without pH control
have been used to investigate the effect of the initial pH of
the solutions on nitrite reduction by iron nanoparticles.
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Figure 6. The time dependence of nitrite removal efficiency by Fe(0)
nanoparticles prepared in the presence of [Cymim][BF,] under different
pH’s. Initial nitrite concentration was 10 mg N L™', and the initial dosage
of Fe(0) was 0.6 g L™".

The result is shown in Figure 6 where the Fe(0) nanoparticle
prepared in the presence of [Cymim][BF,] is used as an
example. It can be seen that the initial pH of the solutions
does not appear to have a strong effect on the nitrite
reduction rate. When no pH control was provided, nitrite
was completely removed after a reaction time of 30 min.
This is the same as in the systems with pH control. This
result suggests that the application of this degradation
technique dose not require a harsh low-pH environment
and allows a wider range of pH. A similar trend was also
found in the nitrite reduction using the Fe(0) nanoparticle
prepared in the presence of other ILs. Therefore, the system
without pH control was used in the following investigation.

The reductive activity of the Fe(0) nanoparticles prepared
in pure water and in aqueous [Cymim]X (X = CI™, Br™,
BF,4, PF¢ ) ionic liquids was examined with a denitrifica-
tion experiment using sodium nitrite. The variation of nitrite
concentration with time is shown in Figure 7. It can be seen
that the removal efficiency of nitrite by the IL-capped Fe(0)
is about 4 times that by the noncapped Fe(0) after a reaction
time of 5 min. This verifies that the IL-capped Fe(0) particles
are much better candidates for reductive degradation. The
ionic liquids in aqueous solutions affect the reductive acti-
vity of the Fe(0) in the order [Cymim][PFg] > [Cymim][BF,4] >
[Cymim]Br > [Cymim]Cl.

The controlled degradation experiment was also con-
ducted in the absence of Fe(0) nanoparticles (i.e., ILs
only). The result revealed that no change in the concen-
tration of nitrite was detected for a period of 3 h. This
suggests that ILs have no effect on the degradation of
nitrite. According to this result, the effect of the anion of
the ILs on the degradation can be explained by the
specific surface areas of Fe(0) nanoparticles prepared in
the presence of ILs. The specific surface areas of 148.73,
116.81, 59.59, and 29.69 m g_l have been determined for
Fe(0) nanoparticles prepared, respectively, in the pre-
sence of [Cymim][PF¢], [Cymim][BF,], [C4mim]Cl, and
H,0. No such high specific surface areas have been
reported in the literature for Fe(0) nanoparticles.>” From

(37) Wang, W.; Jin, Zh; Li, T. L.; Zhang, H.; Gao, S. Chemosphere 2006,
65, 1396.
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Figure 7. The time dependence of nitrite removal efficiency by
Fe(0) nanoparticles prepared in the presence of ILs without pH control:
(®) [Cymim]Cl, (A) [C4mim]Br, (¥) [C4mim][BEF4], (O) [C4mim][PFg], or
(m) H,O. Initial dosage of Fe(0) was 0.6 g-L~', and initial nitrite
concentration was 10 mg N L™,
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Figure 8. The reductive activity of Fe(0) under different molar ratios of
[C4ymim][BF,4] to FeCl;-6H>O or [Cymim][PF] to FeCls-6H,O without
pH control. Initial dosage of Fe(0) was 0.6 g L', and initial nitrite
concentration was 10 mg N L™ !

a comparison of the specific surface areas, it was found
that Fe(0) nanoparticles with higher specific surface areas
displayed higher reductive activity.

The reductive activity of Fe(0) nanoparticles prepared
in the presence of different amounts of [Cysmim][BF,4] or
[Csmim][PFg4] was also examined. Figure 8 shows the
curves of the removal efficiency of sodium nitrite versus
the molar ratios (w) of the ILs to FeCls. It can be seen that
the reductive activity increases initially then decreases
with the decrease of w values. The results suggest that the
reductive activity of Fe(0) is the highest in the presence of
[C4mim][BF,] (w = 1:3) or [C4ymim][PFg4] (w = 1:2). These
results indicate that the preparation conditions signifi-
cantly affect the surface areas of Fe(0) nanoparticles, thus
enhancing their catalytic activity.

The formation of NH4" or N, as the final product
has been examined. Analytical data demonstrated that
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Figure 9. Nitrogen mass balance of the sum of nitrite and ammonium
under the condition without pH control. Fe(0) nanoparticles were pre-
pared in the presence of [Cymim][PFg], initial dosage of Fe(0) was
0.6 g L™, and initial nitrite concentration was 10 mg N L™".

ammonium was the major final product of nitrite reduc-
tion. Figure 9 shows the results by using the Fe(0)
nanoparticles prepared in the presence of [Cymim][PFg]
as an example; the other iron nanoparticles have similar
trends. It can be seen from Figure 9 that N-ammonium
accounts for more than 90% of the total converted
N-nitrite. The slight difference between the initial con-
centration of N-nitrite and the sum of the concentrations
of remaining N-nitrite and N-ammonium might be due to
the generation of a small unmeasured amount of nitrogen
gas through the reaction.
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Conclusions

High specific surface area Fe(0) nanoparticles with sphe-
rical or chainlike aggregates were prepared, for the first time,
using a reduction reaction of iron chloride hydrate with
sodium borohydride in aqueous ILs [Cymim]X (X = CI,
Br, BF,, PFs ) or [C,mim][BF4] (n = 4, 6, §). X-ray
diffraction results indicated that the iron nanoparticles were
composed of bee a-Fe. An investigation of the effect of the
ILs (anion, cation, and the concentration) on the morphol-
ogy of the Fe(0) indicated that the anions of the IL played a
key role in the morphology and size of Fe(0), and the
nanoparticle size prepared in the presence of different ionic
liquids follows the trend: [Cymim]Cl > [Cymim]Br >
[Cymim][BF4] > [Cymim][PF¢] and [C4mim][BF,] > [Csmim]-
[BF4] > [Cgmim][BF,]. It is suggested that there was an ionic
liquid protective layer surrounding the nanoparticle surface,
which prevented the nanoparticles from aggregating. Thus, a
possible reductive mechanism controlled by ionic liquids was
proposed. Moreover, a denitrification reaction of sodium
nitrite was used to test the reductive activity of the Fe(0) at
ambient temperature under conditions without pH control. It
was found that the Fe(0) prepared in the presence of
[Cymim][PFg] showed the highest activity due to both the
highest surface areas and more active sites. It is expected that
the synthesis route described in the present work can be used
to fabricate more other transition-metal nanoparticles.
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