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Abstract−Activated Carbon supported Fe(0) nanoparticles (AC-Fe(0)) were applied to the reductive removal of nitrate

to investigate the effects of AC support on the reactivity of Fe(0) nanoparticle. XRD, SEM and EDS, XPS analyses

on AC-Fe(0) revealed that AC-Fe(0) is more susceptible to oxidation compared to the unsupported Fe(0) nanoparti-

cles, and that the extent of oxidation of the AC-Fe(0) particles will vary depending on the ratios of AC to Fe(0). Nitrate

reduction rate of AC-Fe(0) was much slower than that of unsupported Fe(0) nanoparticles. AC-Fe(0) (0.5 : 1) particles

reduced the nitrate to ca. 40% of the initial concentration, and AC-Fe(0) (5 : 1) particles performed poorly with only

10% removal of the nitrate. Besides the deactivation of AC-Fe(0) due to corrosion of Fe(0), the mass transport limitation

caused by the thick layering of Fe(0) on porous AC seemed to be another negative factor for the decreased reactivity

of AC-Fe(0).
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INTRODUCTION

Immobilization of nanoparticles to larger support particles seems

to be an attractive strategy used to overcome aggregation and clump-

ing of the nanoparticles and to improve their separation and hydrau-

lic conductivity. In addition, the dispersion of active metals in nano-

scale on a porous support material with a large surface area is ex-

pected to provide a large number of active sites and to increase the

reactivity of nanoparticles. This idea is commonly practiced in reac-

tions that involve heterogeneous catalysis [1,2].

In previous research [3], we found that Fe(0) nanoparticles sup-

ported on activated carbon, polyethylene, and silica show a signifi-

cantly reduced reactivity for nitrate reduction. The supports tested

showed a negative influence, with the nitrate reduction rate decreas-

ing in the order of unsupported Fe(0)>activated carbon supported

Fe(0)>polyethylene supported Fe(0)≥silica supported Fe(0). This

result was unexpected, as the large surface area of support and the

fine distribution on the support surface were expected to be benefi-

cial to the reaction activity of catalyst metals.

There has been much work on applications of zerovalent iron

nanoparticles on the treatment of pollutants, but studies on sup-

ported zerovalent iron nanoparticles are rare. Mallouk et al. reported

on reductive remediation of Cr(VI) and Pb(II) using nanoscale Fe(0)

supported on the polymer resin [4,5]. In their study, the resin sup-

ported Fe(0) showed a similar reactivity as to the unsupported Fe(0).

Another report on the application of the supported Fe(0) dealt with

the separation and reduction of pertechnetate anions (TcO4

−) from

simulated nuclear waste streams [6]. In this report, the TcO4

− re-

moval efficiency of the silica supported Fe(0) was similar to that of

unsupported Fe(0). Another report on the chitosan and silica sup-

ported Fe(0) for the dechlorination of 1,2,4-trichlorobenzene can

be added to a simple list of publications about the supported Fe(0)

[7]. However, they provided only the results with supported Fe(0),

leaving out any comparative data of unsupported Fe(0). Cellulose acet-

ate supported Fe(0) nanoparticles reduced trichloroethylene (TCE)

in the same order as unsupported Fe(0) nanoparticles [8].

All of these studies conducted on supported Fe(0), so far, have

failed to yield enhanced reactivity and there has not been any clear

explanation for these results. The question of why supported Fe(0)

did not show an enhanced performance in their application and how

the results are related to the modified physico-chemical character-

istics of supported Fe(0) should be addressed. These unpredicted

results from former researches and our previous experience prompted

us to investigate the physicochemical properties and reactivity of

supported Fe(0) on the treatment of pollutants in greater detail.

We did research on nitrate reduction with activated carbon sup-

ported iron nanoparticles (AC-Fe(0)). Nitrate (NO3

−) is the world’s

most widespread groundwater and drinking water contaminant [9],

mainly resulting from fertilizers, animal manure and atmospheric

deposition from nitrogen oxide emission. Consumption of NO3

−

can lead to methemeglobmenia in infants, and with long-term ex-

posure is a possible cancer risk [10,11]. For these reasons, there is

a major effort to keep the nitrate concentration in drinking water

below the maximum containment level of 10 mg/L NO3

− N (44 mg/

L as NO3

−; USA and Korea) [12] and 11.3 mg/L NO3

− N (50 mg/L

as NO3

−; European Community) [13].

AC was selected for study, because no studies exploring the ef-

fects of AC as a support for Fe(0) nanoparticles had been reported.

Furthermore, AC has been widely used as an adsorbent of pollut-

ants and as support for active metals in chemical treatments [14].

AC is not expensive and is available in various forms and size, and

most importantly, environmentally benign.

EXPERIMENTAL

1. Chemicals

FeSO4·7H2O (>99%) was obtained from Kanto Chemical Co.
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(Japan), and KBH4 (98%) was obtained from Aldrich. Activated
Carbon was purchased from Aldrich (Darco. 12-20 mesh) and used
after washing with deionized water. KNO3 was purchased from Jun-
sei Chemicals. All aqueous solutions were made in water purified
with a Milli-Q system (18 MΩ/cm). All procedures for syntheses
and handling during this experiment were carried out under an atmo-
sphere of N2 (99.9%), using standard glovebox techniques. All sol-
vents were degassed and saturated with N2 before use.
2. Preparation of AC-Fe(0) Particles

Activated carbon and FeSO4·7H2O were deoxygenated by a vac-
uum pump before adding KBH4 and then filled with N2. KBH4 so-
lution was added to a flask containing a given amount of activated
carbon and FeSO4·7H2O at room temperature under stirring [4,15].
The solution was stirred until gas evolution ceased (ca. 1 h). AC-
Fe(0) particles that formed eventually settled, and the supernatant
was decanted with a double-tipped needle under N2 atmosphere.
Then the solid was washed with degassed and deionized water sev-
eral times and finally with degassed acetone. The degassed acetone
was prepared by bubbling N2 through acetone under ice bath to pre-
vent acetone from evaporating. The resulting gray-black solid was
vacuum-dried.
3. Batch Experiments

For a batch experiment, typically, a given amount of AC-Fe(0)
was charged into a three neck flask containing 1 L of 100 ppm nitrate
solution under stirring. The nitrate solution was deoxygenated by
N2 bubbling for 2 h before adding AC-Fe(0). Periodically, 10 mL
samples were withdrawn under N2 stream and filtered through a
0.45µm membrane filter (Advantec MFS).

Concentrations of nitrate were determined by ion chromatogra-
phy (Dionex 120) consisting of GP 50 pump CD 25 conductivity
detector, AS40 automated sampler and Dionex IonPac AS14 (4×
250 mm) analytical column. Samples drawn for the determination
of ammonia were treated with a few drops of dilute HCl to trap am-
monia as ammonium ion, which were then analyzed by UV spec-
trophotometer (Shimadzu 1600) using the Indophenol method of
standard method [16].

A control experiment using a similar experimental setup but with-
out Fe(0) was conducted to determine to what extent the nitrate would
be adsorbed to AC support.
4. Analyses

BET surface areas were obtained at liquid nitrogen temperature,
using a Surface Area Analyzer (ASAP-2010, Micromeritics) at Korea
Basic Science Institute (Jeonju Center). Prior to the measurement,
all samples were degassed under vacuum at 300 oC for 2 h. The spe-
cific surface areas were determined from a linear part of the BET plot.

Elemental analyses were performed at Korea Basic Science Insti-
tute (Seoul Center) with ICP-AES (Jobin Yvon, 138 Ultrace).

XRD were measured at Korea Basic Science Institute (Sunchon
Center) with X’Pert Pro (PANalytical, Netherland) equipped with

a graphite monochromator (Cu Kα radiation, λ=1.54056 Å). The
analysis was carried out at 40 kV and 30 mA. The scan speed was
set at 2θ of 5.4 o/min, and the range was set from 10o to 90o.

Surface morphologies of nanoparticles were examined at Korea
Basic Science Institute (Sunchon Center) by a FE-SEM (Hitachi
S-4800). SEM combined with energy-dispersive X-ray spectrome-
try (EDS) was performed on a Bruker (X-Flash 4010, Germany),
with tungsten electron source and an accelerating voltage of 15 kV.
The iron and oxygen compositions of the AC-Fe(0) particles were
identified through EDS elemental mapping.

XPS analysis of Ac-Fe(0) was performed with AXIS-NOVA (Kra-
tos Inc., base pressure 8.8×10−9 Torr) at the Korea Basic Institute
(Jeonju center), applying monochromatic Al Kα radiation beam at
1,486.6 eV. Wide scan analyses were performed with a pass energy
of 160 eV, and narrow scan analyses with a pass energy of 20 eV,
dwell time of 100 ms and energy step size of 0.05 eV. Spectra have
been charge corrected to the main line of the carbon 1s spectrum
(adventitious carbon) set to 284.8 eV.

The pH was measured by using Inolab 740 (WTW).

RESULTS AND DISCUSSION

1. Characterization of AC-Fe(0) Particles

The surface area of particles in a heterogeneous reaction is an
important parameter that controls the ability of the particles to react
with other reagents. BET surface area of the particles tested in this
experiment shows a large deviation. Unsupported Fe(0) nanoparti-
cles show a BET value of 8.1±0.09 m2/g, and AC shows a BET
value of 603.2±9.9 m2/g as expected by its porous structure. The
BET value of AC-Fe(0) is much larger than that of unsupported
Fe(0), but much smaller than that of AC itself. AC-Fe(0) (1 : 1) has
a value of 280.2±3.8 m2/g and AC-Fe(0) (5 : 1) a value of 333.9±
4.8 m2/g. The particles with a higher AC ratio showed a larger BET
value than the particles with a lower AC ratio. The decrease in BET
surface area of AC upon the deposition of nano Fe(0) implies that
some of the pores of AC are most likely filled by Fe(0) nanoparti-
cles during the synthesis of AC-Fe(0). In another report, the surface
area of iron-on-silica particles also decreased significantly than that of
silica itself, suggesting that some of the iron is deposited into the pores
of the silica [17]. This kind of clogging by nanosized Fe(0) can pos-
sibly affect the mass transport into the iron inside the pores and out
to the bulk media, resulting in the decline of nitrate reduction rate.

The iron content of each particles was measured by ICP-AES,
and the calculated and measured iron contents of various AC-Fe(0)
particles are shown in Table 1. The calculated content of iron of
the particles differs from that of the measured content. The loss of
iron precursor during the preparation of the supported iron can be a
reason for the discrepancy. The partial oxidation of Fe(0) during
synthesis can be another reason, as the formation of iron oxides adds

Table 1. Calculated and measured iron content of various AC-Fe(0) particles and Fe(0) nanoparticles

Particles AC : Fe(0) Calculated content of AC : Fe(0) (% of iron) Measured content of iron (ICP-AES)

Nano Fe(0) 0 : 1 00.0 g : 0.5 g (100%) 0.90%

AC-Fe(0) (1 : 1) 1 : 1 0.5 g : 0.5 g (50%)  37.7%

AC-Fe(0) (5 : 1) 5 : 1 0.2.5 g : 0.5 g (16.6%)  13.9%
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a mass of oxygen to the total weight of particles and thus the relative

percentage of iron will decrease. Also, the measured amount of iron

of AC-Fe(0) particles is not the amount of zerovalent iron, as ICP-

AES analysis does not give information on the local oxidation state

of iron, but shows only the total amount of iron in a particle.

Nitrate reduction by Fe(0) is known to proceed via direct elec-

tron transfer on the Fe(0) surface as the main reaction path [18];

thus the amount of metallic iron in AC-Fe(0) particles is an impor-

tant factor for the nitrate reduction. X-ray powder diffraction analy-

ses (Fig. 1) provide useful information on the presence of iron oxide

and metallic iron. Fig. 1(a) of AC-Fe(0) (1 : 1) particles shows mainly

the signals corresponding to Fe(0) (star), indicating that most of the

iron in this AC-Fe(0) particles exists in zerovalent state. Fig. 1(b)

of AC-Fe(0) (5 : 1) particles shows the signal of Fe(0) and signals

which can be assigned to diverse iron oxides, such as goethite, ferri-

hydrite and magnetite [19-21]. The formation of diverse iron(hydrox-

yl)oxides suggests that the oxidation process may proceed in a com-

plex way.

In any case, Fig. 1(b) with higher content of AC reveals that a

significant amount of iron in this particle exists in oxidized form,

while Fig. 1(a) mainly shows the signals for Fe(0). This difference

in the oxidation state of iron in the various AC-Fe(0) particles is

reflected in the reactivity of particles for the nitrate reduction, which

will be discussed in the next section.

Fig. 2(a) and Fig. 2(b) show the SEM images of the AC-Fe(0)

particles. The squares and the points in SEM images (denoted by

No.) are positions or areas for EDS analysis. Surface compositions

corresponding to each No. in these AC-Fe(0) particles determined

Fig. 1. X-ray powder diffraction patterns of AC-Fe(0) particles.
(a) AC-Fe(0) (1 : 1). (b) AC-Fe(0) (5 : 1). Fig. 2. SEM Images of AC-Fe(0) particles showing the EDS anal-

ysis areas and points and AC only. (a) AC-Fe(0) (1 : 1). (b)
AC-Fe(0) (5 : 1).

Table 2. Unnormalized contents of Fe and O (in EDS analysis)

Particles
No. for EDS

analysis in Fig. 2
Fe (%) O (%)

AC-Fe(0) 155 53.22 29.19

(5 : 1) 156 41.12 39.63

157 64.45 17.19

158 82.82 05.80

159 40.49 42.11

160 28.12 44.89

161 49.12 30.49

AC-Fe(0) 162 65.05 06.00

(1 : 1) 163 73.09 06.78

164 95.51 00.61

165 93.48 01.94

166 71.10 04.15

167 54.57 31.50

168 52.27 16.04
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by EDS analysis are given in Table 2, and the iron content of each

No. was plotted against oxygen content to obtain the correlation

line in Fig. 3. The black circles with numbers of 158-161 represent

AC-Fe(0) (5 : 1) and the gray squares with numbers of 162-168 rep-

resent AC-Fe(0) (1 : 1). The upside-down triangles (numbers are

omitted for clarity) represent AC-Fe(0) (2 : 1).

Fig. 3 reveals that iron content is adversely related to oxygen con-

tent. With decrease in iron content, oxygen content increases, and

this correlation can be explained by the formation of iron oxides.

As the zerovalent iron is oxidized to form iron oxides, the relative

content of iron will decrease and the oxygen content will increase.

Therefore, the data for AC-Fe(0) (5 : 1) particles (black circles) are

found at the upper left side of the graph with higher oxygen content,

and the data for AC-Fe(0) (2 : 1) (upside-down triangle) are located

in the center of the graph, while the data for AC-Fe(0) (1 : 1) (gray

square) are in the lower right part of the graph with the highest iron

content among three different kinds of particles. Interestingly, the

points 164 and 166 in the crack of Fig. 2(a) show over 90% of iron

and less than 2% of oxygen, which indicates that the iron in this

area exists mainly in zerovalent state. Further investigation is needed

to give a clear explanation for that; however, it is obvious that the

iron inside of the crack was protected from the oxidation. These

phenomena are also observed in AC-Fe(0) (5 : 1) particles; the EDS

data for position numbers of 157 and 158 in crack confirm higher

iron and less oxygen content compared to other sites (155, 156, 159-

161).

The carbon content from EDS data (detection of activated car-

bon) ranges from 0.2-1.5% for AC-Fe(0) (5 : 1), 0.2-0.7% for AC-

Fe(0) (2 : 1) and 0.7-6.8% for AC-Fe(0) (1 : 1). Considering that

the EDS analysis with 15 kV acceleration voltages normally cov-

ers the X-ray emission from elements within ca. 1µm depth, this

result indicates that the X-ray beam did not reach AC support and

that the layer of iron coating on AC seems to be over a micrometer

in thickness.

Further supplementary information on the oxidation state of iron

on the surface of AC-Fe(0) can be obtained by X-ray photoelec-

tron spectrometer. Fig. 4(a) shows the XPS wide-scan spectrum of

Ac-Fe(0) (2 : 1). The spectrum contains the expected peaks from

Fe 2p, O 1s and C 1s. XPS is a surface analysis technique analyzing

photoelectrons which originate from the outermost 1-10 nm of the

sample. Nanosized zerovalent iron particle usually has a core-shell

structure with ca. 5 nm iron oxide shell, and we assume that AC-

Fe(0) particles have similar iron oxide shell [22-26]. Thus, it is not

unexpected that iron in our sample was detected predominantly as

Fe(III) from the oxide shell with minor Fe(II) present. Detailed XPS

survey for Fe2p regions is shown in Fig. 4(b). Photoelectron peaks

at ~710 and 722 eV (dashed line) correspond to the binding ener-

gies of Fe2p
1/2 and Fe2p3/2 of Fe(II), respectively, and peaks at ~712

and 725 eV (solid line) correspond to the binding energies of Fe2p1/2

and Fe2p3/2 of Fe(III), respectively. Fe2p Peaks of various oxides

are so closely spaced that differentiation between oxides that are

formed on the surface of AC-Fe(0) particles is difficult [19]. XRD

in Fig. 1(b) provides better information for that.

2. Influence of AC on the Nitrate Reduction of Fe(0)

The reactivity of the various AC-Fe(0) particles was compared

with that of unsupported Fe(0) nanoparticles in Fig. 5. For all cases,

the dosage of iron is 0.5 g and the amount of AC varies from 2.5 g

for AC-Fe(0) (5 : 1), 1 g for AC-Fe(0) (2 : 1), 0.5 g for AC-Fe(0)

(1 : 1), to 0.25 g for AC-Fe(0) (0.5 : 1). For the reaction of AC only,

2.5 g AC was used. The results show that immobilization of Fe(0)

nanoparticles on AC significantly reduced the efficiency of nitrate

reduction of Fe(0) in comparison to unsupported Fe(0) nanoparti-

cles, while the degree of the reactivity decline varied with the amount

Fig. 3. Fe content vs. O content of various AC-Fe(0) particles.

Fig. 4. XPS spectra. (a) Wide scan spectrum of AC-Fe(0) (2 : 1). (b)
XPS spectrum of the Fe 2p region of AC-Fe(0) particles.
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of AC support.

The square representing the reaction of AC-Fe(0) (5 : 1) particles

shows a 10% removal of nitrate, and this amount of removal seems

not to be the result of Fe(0) mediated reduction but mainly of the

adsorption of nitrate on AC, which was verified from the result of

AC only (circle) in Fig. 5. The reason why the AC-Fe(0) (5 : 1) has

practically no nitrate reducing ability can be explained by the fact

that much of the iron in this particle is already oxidized before it is

applied to the reaction, and it is consistent with the results of XRD,

SEM-EDS data for AC-Fe(0) (5 : 1) particles as described in the

section of characterization of AC-Fe(0).

Upon reducing the amount of AC in AC-Fe(0) particles, the nitrate

removal rate increased. AC-Fe(0) (2 : 1) shows a slightly better reac-

tivity than AC-Fe(0) (5 : 1), AC-Fe(0) (1 : 1) and AC-Fe(0) (0.5 : 1)

shows a similarly enhanced reactivity.

As can be predicted from the physicochemical characteristics of

the AC-Fe(0) particles revealed by XRD, EDS and XPS analyses

in the previous section, the reactivity decline of AC-Fe(0) nanopar-

ticles seems in the first place to be due to the oxidation of iron on

the surface of AC. Support materials provide a greater surface area

where iron can be distributed during Fe(0) nanoparticles synthesis.

At the same time, however, there is a greater chance for iron to con-

tact air. The partial oxidation (mainly on the surface) of iron during

the synthesis of iron nanoparticles and the storage is very difficult

to avoid. In many literatures, the laboratory synthesized Fe(0) parti-

cles or commercially obtained Fe(0) particles show a core-shell struc-

ture, where the shell consists of iron oxide and it protects the inner

core Fe(0) from further corrosion [22-26]. These protecting iron

oxide coatings form sometimes due to uncontrolled oxidation dur-

ing synthesis, or are intentionally formed [25,27].

The second possible reason for the decline of reactivity of AC-

Fe(0) is the mass transport limitation caused by the thick layering

of iron on the AC, at least 1µm, as mentioned in the description of

EDS analysis above. Piling up nanosized Fe(0) in a thick layer will

reduce reactivity because it limits both the penetration of nitrate ions

to reach the inner metallic iron, and escape of the product out of

the thick layer into the bulk solution. Electron transfer may also be

inhibited by these thick and non-conductive iron oxides film.

The third problem is related to the porous supporting materials.

In the discussion of BET surface area of AC-Fe(0), it was men-

tioned that Fe(0) was deposited not only on the surface of AC but

also inside of the pores of AC, thus the BET surface area of AC-

Fe(0) is smaller than that of AC itself. Access to Fe(0) deposited

on the inner surface of pore will be limited relative to the access to

Fe(0) deposited on the outer surface of AC. In addition, the deposi-

tion of Fe(0) inside the pores of AC will reduce the pore volume,

thereby limiting the mass transfer.

It has been reported in many studies that high pH of a solution

has a significant negative impact on nitrate reduction by macro-

and micro-sized Fe(0) particles, so that the appropriate pH for the

nitrate reduction has been reported to be acidic [28-31]. However,

in case of Fe(0) nanoparticles, the solution pH of the nitrate reduc-

tion increased rapidly to 9-10 within a few minutes after the begin-

ning of the reaction and remained between 9-10 throughout the re-

action [25]. Fig. 6 shows the pH profile during the reactions of vari-

ous AC-Fe(0) with nitrate. The initial pH of the solutions with various

AC-Fe(0) particles did not differ, so that the influence of the initial

pH on the reactivity of various AC-Fe(0) could be excluded. As

expected, the more reduction takes place, the higher the pH of the

solution rises. For the unsupported Fe(0) nanoparticles, pH change

is the greatest, while the reaction with AC-Fe(0) (5 : 1) (this parti-

cles shows the lowest reactivity for nitrate reduction) resulted in

the least pH change.

Fig. 7 shows the results from the experiments where unsupported

Fe(0) nanoparticles and AC were merely mixed in various ratios.

Interestingly, AC is not a spectator but has a slightly negative influ-

ence on nitrate reduction. In the presence of AC, ca. 35% of the

reactivity decline of Fe(0) nanoparticles was observed. The control

experiment without Fe(0) reveals that 2.5 g of AC can adsorb ca.

9% of nitrate in a 100 ppm nitrate solution, while the adsorption by

0.5 g AC is negligible. It means that there are additional negative

effects of the mixed AC besides adsorption. The hydrophobic char-

acter of AC might be one of the factors. Further investigation is need-

ed to answer the question of the influence of AC in the mixture on

the reactivity.

Ammonia was the major end product of the reduction process

in all reactions performed in these experiments.

Fig. 5. Nitrate concentration - time curves of various AC-Fe(0) par-
ticles.

Fig. 6. pH - time plots of various AC-Fe(0) particles.
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CONCLUSIONS

When using a support for nanoparticle synthesis, the negative

aspects of the support should be considered as well as its positive

aspects. The increased surface area and reactive sites, and the pre-

vention of the agglomeration of nanoparticles and the resulting im-

provement in hydraulic conductivity due to a larger support can all

be advantageous. However, the increased surface itself provides

more place for Fe(0) to contact oxygen, which leads to corrosion

as verified in this study with Fe(0) nanoparticles. It is especially

true for Fe(0), unlike other metals of high positive reduction poten-

tial such as Pd, Pt, Ag, and Au etc. Furthermore, thick layering on

the support hindered the mass transport of reagent components into

the under-layered Fe(0), and internal Fe(0) deposited inside the pores

of the AC has also a limited contact to the reagents, so that the sig-

nificant amount of Fe(0) cannot actively participate in the reaction.

To take advantage of support, the ratio of AC to Fe(0) must be

tuned so that the positive effects of using supported Fe(0) nanopar-

ticles can overcome the negative effects.
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