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ABSTRACT

A composite combination of nano-zero valent iron (nZVI) and granular activated carbon
(GAC) was introduced to achieve nitrate transformation into nitrogen with minimum
byproducts via chemical reduction. The results showed that nitrate removal was
significantly intensified and GAC was an excellent partner of nZVI chemical reduction. Both
the dispersion and long-term reactivity of nZVI were improved, and more than 80% of
nitrate was removed at 10 g/L nZVI/GAC composite within 90 min in steady state. The
byproducts of nitrite and ammonium formed in reduction process were below 0.008 and
0.04 mg/L, respectively, and nitrogen was the main end product, which was confirmed by
X-ray photoelectron spectroscopy analysis. Moreover, the kinetic model of nitrate reduction
by nZVI/GAC composite can be described well by pseudo-first-order reaction kinetic
(R2 = 0.984). The intensification is closely related to the dispersion effect of GAC matrix to
nZVI and the promotion effect to electrons transfer between nZVI and nitrate pollutant of
internal iron–carbon microelectrolysis existing in such a composite. Therefore, the findings
are very beneficial to develop an efficient and low-cost chemical remediation method for
nitrate-contaminated groundwater.

Keywords: Nitrate; Chemical reduction; nZVI/GAC composite; Iron–carbon microelectrolysis;
End products; Groundwater

1. Introduction

Groundwater, taken the world over, is an essential
and vital resource for most of the countries and exten-
sively used for municipal, domestic, and industrial
water supplies [1,2]. In China, 70 percentage of the

population rely on groundwater for their drinking
water source [3]. Therefore, groundwater plays a lead-
ing role in assuring drinking water safety. However,
groundwater is faced with an unprecedented risk of
pollution due to an increasing release of various
organic and inorganic substances from industrial, agri-
cultural, and domestic activities [4–6]. Remediation of
contaminated groundwater is of highest priority since
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the drinking purpose of groundwater. In particular,
nitrate, which causes “blue baby syndrome,” is one of
the main concerns in groundwater treatment [4,6].
Many technologies including ion exchange, reverse
osmosis, distillation, chemical reduction, electrodialy-
sis, and biological denitrification have been used to
remove nitrate from groundwater [2,6,7]. Among these
methods, chemical reduction is an efficient and eco-
nomical removal technique [7]. In various chemical
reducing agents proposed for nitrate removal, zero
valent iron (ZVI) has gained strong interest as an
excellent alternative reducing agent. The nitrate reduc-
tion reaction by ZVI follows the equations [8]:

2NO�
3 þ 5Fe0 þ 6H2O ! 5FeðOHÞ2 þN2 þ 2OH� (1)

NO�
3 þ Fe0 þH2O ! FeðOHÞ2 þNO�

2 (2)

NO�
3 þ 4Fe0 þH2O ! 4Fe3O4 þNHþ

4 þ 2OH� (3)

NO�
3 þ 4Fe0 þ 7H2O ! 4FeðOHÞ2 þNHþ

4 þ 2OH� (4)

Nano-zero valent iron (nZVI, Fe0) has been reported
as an ideal candidate for nitrate-contaminated
groundwater remediation because nZVI has shown
several advantages such as high reactivity and low
dosage compared to conventional ZVI [9]. Further-
more, nZVI is easy to implement in situ groundwater
treatment by injection or permeable reactive barriers
(PRBs) [10,11]. Hence, nitrate elimination by nZVI
chemical reduction either ex-situ or in situ has been
received much attention in groundwater treatment
[12]. Nevertheless, studies conducted to remove nitrate
by nZVI reduction in practical applications show some
obstacles as well. First, the final product is liable to
ammonium (Eqs. (3) and (4)), which is an undesirable
end product [13,14]; second, nZVI tends to form
aggregates leading to its surface area and oxidation–
reduction potential decrease [8,15]. Thus, ammonium
generation and poor stability of nZVI are the main
problems that limit its further application in nitrate
removal from contaminated groundwater. Therefore,
nZVI modification is necessary to realize complete
chemical reduction in actual application.

A lot of methods have been reported to enhance
nZVI reduction activity and minimize ammonium
occurrence [13–15]. Cooperation nZVI with other activ-
ity substances such as rare metals, manganese oxides,
and activated carbon (AC) is an easily operational
method revealed by many researches [16–18]. The
research of Comba et al. [14] showed that nitrate and
byproduct ammonium could be eliminated by sequen-
tial reactions with micrometric ZVI and natural porous

chabasite. Similarly, to reduce the pronounced
agglomeration tendency of nZVI, various immobiliza-
tion techniques are being developed for nZVI stabi-
lization [19]. Bleyl et al. [20] obtained composite
hydrophobic particles with good dispersion and high
sorption capacity through combination iron and acti-
vated carbon colloids (ACC), and the composite mate-
rial was improved in surface properties and source
affinity compared to pure nZVI, which made it par-
ticularly suitable for in situ remediation of groundwa-
ter. Obviously, AC as a porous support is effective in
increasing nZVI dispersion, avoiding their agglomera-
tion and decreasing ammonium release.

Recently, iron–carbon internal microelectrolysis
reaction has been investigated in pesticide, pharmacy,
and dye wastewater treatment [21,22]. Microelectroly-
sis is based on the reaction of galvanic cell in which
electrons are given by galvanic corrosion of microscale
sacrificial anodes [23]. Microscopic galvanic cells are
formed between iron particles and carbon when a
mixture of metal iron with AC in wastewater [24].
Thus, based on such a reaction, numerous microscopic
galvanic couples will be spontaneously formed
between nZVI and carbon if they are combined
together. As a result, electrons transfer between iron
and contaminants will be accelerated. Fu et al. [25]
found that Reactive Red 195 had much higher
degradation efficiency when ZVI and AC combination
than single step. Wu et al. [26] studied nZVI-loaded
on AC to remove Cr(VI), and their results revealed
that Cr(VI) reduction rate was 10 times higher than
traditional reaction because C-Fe0 formed microelec-
trolysis system which enhanced reaction rate.

However, the galvanic corrosion process of nZVI
and AC as a composite for nitrate removal is not
investigated up to date, and AC is often used in the
form of granular activated carbon (GAC) which is the
most widely used adsorbent in wastewater treatment.
Consequently, GAC is preferred because of its high
sorption ability to inorganic pollutants and excellent
surface properties for adjusting nZVI into desired
directions. GAC carrier has the potential for increasing
pollutant nitrate concentration in the vicinity of active
iron surface, and its pores can offer opportunities for
finely dispersed nanoiron clusters immobilization.
More importantly, internal microelectrolysis formed
spontaneously in such a combination system may
accelerate electrons transfer where GAC as a medium
to promote nitrate reduction. Based on the characteris-
tics of iron–carbon system, via combination nZVI and
GAC, nZVI agglomeration and stability would be
improved and nitrate removal would be intensified to
minimize ammonium and nitrite byproducts as well.
Additionally, GAC is benign, easily available and
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inexpensive. Hence, in the present study, nZVI and
GAC were coupled as a composite (nZVI/GAC) to
achieve a complete chemical reduction for nitrate
removal from groundwater.

2. Materials and methods

2.1. Materials

Nut shell-derived GAC obtained from Gongyi
Tongxin Water Treatment Material Co., Ltd (China)
was used as the carrier of nZVI, and the particle size
of GAC was 50 mesh (<0.3 mm). To avoid carbon
black and other impurities influence, GAC was
washed by deionized water (R > 18 MΩ) for 4 h and
soaked in 1 M HNO3 for 24 h followed by repeated
rinsing with deionized water, and then placed in a
vacuum drying oven at 105˚C until dry. Actual
groundwater was sampled from Xi’an, China, and the
detailed sampling and water quality parameters are
described in our previously published article [27].
Contaminated groundwater was simulated using
actual groundwater consisting of a certain concentra-
tion of KNO3. All chemical stock solutions were pre-
pared by analytical reagents using deionized water
and stored at 4˚C unless otherwise specified.

2.2. Preparation of nZVI/GAC composite

The nZVI/GAC composite was prepared with
reference to Wang et al. [28] and Kim et al. [29], and
some improvements were made in the preparation. In
typical synthesis, 1 g of FeSO4·7H2O and 5 g of GAC
were mixed in 200 mL of degassed deionized water.
The solution pH was adjusted to 4.0 with 1 M HNO3.
The mixture was treated with ultrasound for 15 min
and then stirred vigorously at ambient temperature
for over 12 h to achieve GAC-saturated adsorption of
Fe(Ⅱ). The slurry was diluted five times using a mix-
ture of ethanol and deionized water (1:1 v/v). To
ensure efficient reduction of Fe(Ⅱ), 25 mL of 1 M
NaBH4 solution was added at 30 drops/min and stir-
ring condition. The reduction reaction is as follows:

FeðIIÞ þ 2BH�
4 þ 6H2O ! Fe0 þ 2BðOHÞ3 þ 7H2 " (5)

After incubation, the black solids were separated from
the solution using a vacuum filtration flask (0.45 μm
membrane filter) and washed several times with
degassed deionized water to remove residual sulfate.
Then, the black solids were vacuum dried at 60˚C and
stored in a N2-purged desiccator [30]. Unsupported
nZVI particles were also prepared in a similar way

without GAC, and in all synthesis, N2 was bubbled
into solution during the entire process to maintain an
inert atmosphere. Iron content in nZVI/GAC compos-
ite was determined according to the procedure
mentioned in literature [31] and the result was
64.3 μmol/g.

2.3. Batch experiments

The reduction activity of nZVI/GAC composite
was investigated through batch experiments according
to description in [8] and [15]. Briefly, the experiments
were carried out in a 1-L brown glass bottle (to avoid
photolysis) with Teflon rubber plug at atmospheric
pressure. The model contaminated groundwater of
500 mL with 50 mg/L of nitrate (NO�

3 -N) and 5 g
nZVI/GAC composite were added to the bottles.
Before the experiments, to build a low-dissolved oxy-
gen circumstance of groundwater, model groundwater
was purged with argon gas for 20 min to strip out dis-
solved and adsorbed oxygen (oxidation–reduction
potential was 203 mv). And the initial pHs of model
solutions were adjusted with 0.10 M HCl or NaOH
solution. Then the bottles were shaken on a thermo-
static reciprocal shaker (Shanghai Yiheng Instruments
Co., Ltd, China) with a speed of 50 rpm at 25 ± 1˚C.
The samples were taken by a syringe at predeter-
mined time intervals and filtered through a 0.45 μm
syringe filter, and then tested for nitrate, nitrite
(NO�

2 -N) and ammonium (NHþ
4 -N) content. To deter-

mine the pathway and mechanism of nitrate reduction
by nZVI/GAC composite, the transformation products
in reduction process were monitored regularly. The
nZVI/GAC composite after chemical reduction was
characterized as well. The bulk solution in bottles was
discarded at a designated reaction time, and the com-
posite that remained in the bottles was washed three
times with deionized water and then dried in vacuum
drying oven for further characterization. All the pre-
pared samples were taken for analysis immediately.
The reduction experiments were conducted in tripli-
cate and analysis showed the relative errors were
lower than ±5%.

2.4. Analysis methods

The morphology and surface characteristics of
nZVI/GAC composite were tested by scanning elec-
tron microscopy (SEM; VEGA 3 LMH, TESCAN,
Czekh) and energy-dispersive X-ray spectra (EDS)
were obtained using Oxford INCA X-ACT equipment
in SEM. The valence characteristics of iron element in
nZVI/GAC composite were determined using X-ray
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photoelectron spectroscopy (XPS; Axis Ultra DLD,
Kratos, UK) with Al Kα radiation. Core level spectra
for C 1s, O 1s, N 1s, and Fe 2p were taken at high res-
olution and analyzed for chemical state information.
X-ray diffraction patterns (XRD) spectra were recorded
in the range of 2θ = 10˚–80˚ by powder diffractometer
(Model D8, Bruker, Germany) with Cu Kα1 radiation
(k = 0.154 nm). The instrument was operated with
40 kV and 30 mA at a scanning speed of 2˚/min (2θ).

Batch test samples were periodically collected to
analyze the concentration of nitrate, nitrite, and
ammonium. Standard methods GB5750–2006 in China
were adopted for all parameters analysis. Nitrate and
nitrite contents were determined by ion chromatogra-
phy (IC) (792Basic IC, Metrohm, Switzerland)
equipped with a separating column (A Supp 5
(6.1006.530), 250 mm × 4.0 mm) and electrical conduc-
tivity detector with NaHCO3 (1.0 mmol/L)/Na2CO3

(3.2 mmol/L)/methanol (3%) eluent and a total flow
rate of 0.6 mL/min. The samples were filtered through
0.45 μm filters and then 20 μl were injected manually
through an injection port. The suppressed conductiv-
ity detector was maintained at 25 ± 0.5˚C. The concen-
tration of ammonium released during nitrate
reduction was determined by the Nessler’s reagent
spectrophotometric method. Dissolved iron concentra-
tion in solution was analyzed by atomic absorption
spectroscopy (AAS) (TAS-990, PERSEE Beijing, China),
and pH values were determined by precise pH meter
(PHSJ-5, INESA Scientific Instrument Co., Ltd, China).

3. Results and discussion

3.1. Characterization of nZVI/GAC composite

Studies have shown that GAC has abundant pores
and functional groups, which provide a good possibil-
ity for nZVI particles to be trapped inside of them
[21,32,33]. Fig. 1(a) implied that, in the absence of
GAC, iron particles were found to rapidly link to
chain due to larger surface energy of nanoparticles.
Conversely, in Fig. 1(b), the iron particles were well
dispersed on surface of GAC carrier without any
aggregation and the average particles size were
40–100 nm by comparison with a standard ruler.
Hence, SEM images (Fig. 1(a) and (b)) confirm the
presence of both iron and GAC in the composite and
reveal that iron particles are able to distribute over
GAC with nanoscale, and GAC carrier has distinctive
dispersion ability to nanoparticles.

Fig. 1(c) is the XRD pattern of nZVI/GAC compos-
ite. From Fig. 1(c), it is obvious that the characteristic
peaks are at 2θ = 24.8˚, 38.5˚, and 44.9˚. The broad
peak at 2θ = 24.8˚ confirms the presence of GAC in the

composite [17,34]. The diffraction peak at 44.9˚
observed in the composite samples confirms that iron
is zero valence (shown in Fig. 1(c)) as the XRD charac-
teristic peak of zero valent iron is about 45˚ (2θ) that
has been evidenced by some investigations [18,35].
However, the peak at 38.5˚ can be oxides of iron such
as FeO illustrating that nZVI in the composite is core-
shell structure and the shell is oxide layer. The crys-
talline size of nZVI was calculated using the Debye-
Scherer formula and found to be about 50 nm, which
was similar to SEM analysis. Moreover, in the XRD
spectrum, strong diffraction peaks of Fe3O4

(2θ = 35.46˚, 43.12˚, 53.50˚, 56.98˚, and 62.64˚) were not
found suggesting that nZVI oxidation did not occur
severely after supported on GAC, and thus, it is easy
to infer that the nZVI/GAC composite has some
antioxidant capacity.

XPS analysis was conducted to observe the chemical
states of iron presented on GAC (Fig. 1(d)) and a nar-
row scan from 740.0 to 700.0 eV was recorded (Fig. 1(e))
as well. From the XPS spectra, significant differences
were observed for GAC and nZVI/GAC composite.
The peaks at 706.8 and 720.0 eV correspond to Fe 2p3/2

and Fe 2p1/2 signals from Fe (0) and the peaks at 710.0
and 725.0 eV binding energy correspond to Fe 2p3/2 sig-
nals from oxidized iron [29,36]. Clearly, the characteris-
tic binding energies at 706.8 and 720.0 eV for Fe 2p3/2

and Fe 2p1/2 peaks confirm Fe (0) existence. The two
intense peaks observed at 710.0 and 725.0 eV indicate
that iron oxides (FeO or Fe2O3) are also existent on the
surface of nZVI in the composite, which is consistent
with previously published studies [29,35,36]. Therefore,
the multiple iron valence states presence demonstrate
iron nanoparticles supported on GAC matrix have a
core-shell structure with a core of zero valent iron (Fe0)
and a shell of iron oxide or hydroxide. As described in
the literature [28,29], the overlayer is thought to form
spontaneously during synthesis and handling of the
composite in an aqueous solution. These findings are in
good agreement with those obtained from SEM and
XRD analysis, which suggests nZVI particles disperse
on GAC carrier as well. The content of nZVI in the com-
posite was determined by EDS and the result is exhib-
ited in Fig. 1(f). Iron content is high to 64.51% in the
surface of nZVI/GAC composite suggesting that nZVI
has been supported on GAC successfully and Fe0 is the
main constituent of the composite. Overall, Fig. 1 illus-
trates that nZVI particles uniformly disperse on the sur-
face of GAC matrix with a core-shell structure and
average diameter of 40–100 nm. Obviously, the disper-
sion of nZVI was significantly improved and nZVI con-
tent reaches to 64.51% in the surface of nZVI/GAC
composite, which is favorable for nitrate complete
reduction.
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3.2. Intensity removal of nitrate from groundwater by
nZVI/GAC composite

For comparison, the additional dosage of bare nZVI
or GAC was equal to the amount of nZVI or GAC
calculated by nZVI-loaded amount in the composite.
The results of nitrate removal by nZVI, GAC, and
nZVI/GAC composite are depicted in Fig. 2(a). As
shown in the traces, nitrate removal rates were mea-
sured to be 35.9% for nZVI, 41.5% for GAC, and 81.1%
for nZVI/GAC composite after reaction 90 min, respec-
tively. These results show that GAC has absorption
capability to nitrate due to its abundant pores and
functional groups and nZVI has reduction ability lead-
ing to nitrate decrease. Nitrate removal rate by the
composite is apparently higher than single nZVI or

GAC. Hence, both nZVI and GAC are positive to
nitrate removal, but the removal ratios are low because
of limited adsorption sites of GAC and too high activ-
ity of bare nZVI [37]. Moreover, the removal ratio by
nZVI/GAC composite was higher than the sum of sin-
gle GAC and nZVI. These phenomenons strongly illus-
trate that the process of nitrate removal by nZVI/GAC
composite is not only a combination of GAC adsorp-
tion and nZVI reduction, but also some synergetic
effects exist in such a composite. In addition, the
removal by bare nZVI manly occurred at the beginning
of reaction (about 30 min), which was reported by
many investigations [9,18], and this feature is unfavor-
able in the field application such as PRBs. By compar-
ison, Fig. 2(a) explicitly shows that nZVI/GAC

Fig. 1. (a, b) SEM images, (c) XRD pattern, (d, e) XPS, and (f) EDS of the nZVI/GAC composite.
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composite can still remove nitrate after reaction of
60 min under experimental conditions. This suggests
that the long-term reactivity of nZVI is significantly
improved after supported on GAC, which is a great
advantage for nitrate removal in real application.

The removal reaction can be described as a
pseudo-first-order reaction with respect to nitrate
concentration as given in Eq. (6):

v ¼ �d½NO�
3 �=dt ¼ kobs½NO�

3 � (6)

where kobs is the observed first-order reaction rate con-
stant, which is the slope of the regression lines
obtained by plotting a natural logarithm graph with
respect to nitrate concentration and reaction time
according to Eq. (7):

Inð½NO�
3 �0=ð½NO�

3 �Þ ¼ kobst (7)

where [NO�
3 ]0 is equal to the initial nitrate concentra-

tion. The relationship between ln([NO�
3 ]0/[NO�

3 ]) (ln

Fig. 1. (Continued).

Fig. 2. (a) Nitrate reduction and (b) relationship between
ln (C0/C) and reaction time. Initial nitrate concentration
was 50 mg/L and pH value was adjusted to 7.5.
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(C0/C)) and the reaction time is presented in Fig. 2(b).
A linear regression of the first-order kinetic Eq. (7) is
performed for each group of data. The kobs values are
6.56 × 10−3, 7.88 × 10−3 and 1.91 × 10−2 min−1 for nZVI,
GAC, and nZVI/GAC composite, respectively. The
kobs prominently increased and difference for nZVI
and nZVI/GAC composite means that the kind of
reducing agent has significant effect on kobs. Moreover,
the fitting of the data for nZVI/GAC composite is fit
well to linear model(R2 = 0.984), which provides
strong evidence that the removal reaction by the com-
posite is pseudo-first-order reaction. Similar results
were observed as well in other studies about the
reaction of Fe0 powder with nitrate [8,34].

3.3. End products of nitrate removal by nZVI/GAC
composite

The products of reduction reaction by Fe0 are con-
sistent with the occurrence of aforementioned reaction
Eqs. (1)–(4) reported in the literatures [8,9,14]. From
the equations, it can be seen that there are three main
products of nitrogen, nitrite, and ammonium in nitrate
removal process by nZVI reduction. Accordingly, the
reaction path can be determined according to product
species because different reactions have different
products, in other words, products can be used as
indicators of nitrate reduction and are benefit to infer
reaction mechanism. However, many previous studies
reported that the major product of nitrate reduction in
the Fe0-H2O system was ammonium or nitrite [13,14],
and both of them were unexpected end products in
nitrate removal from groundwater. Therefore, nitrite
and ammonium concentration were measured at the
predetermined time of experiments, and the results
are showed in Fig. 3.

As depicted in Fig. 3, nitrite and ammonium
generation dramatically decreased in nitrate reduction
process by nZVI/GAC composite. For the composite,
both the maximum and final concentrations were
lower than for nZVI. In particular, an extremely small
amount of nitrite and ammonium that below 0.008
and 0.04 mg/L, respectively, were observed after reac-
tion of 90 min, and by this time the concentrations
almost reached to the limits of detection (0.003 and
0.025 mg/L). Thus, the results indicate that the partic-
ipation of GAC in nitrate reduction by nZVI particles
can significantly decrease nitrite and ammonium resi-
due. Furthermore, from Fig. 2(a) and Fig. (3), the total
amount of residual nitrate, nitrite, and ammonium
was lower than initial nitrate concentration (50 mg/L)
suggesting that nitrate was transformed to nitrogen.

Therefore, the low level of nitrite and ammonium
illustrated that Eq. (1) was the dominant reaction.
Nitrogen which was innocuous and could easily
escape from water was the dominant end product of
nitrate reduction by nZVI/GAC composite under our
experimental conditions. The results were similar to
the findings of Choe et al. [38] and Hu et al. [39] that
nitrate was reduced to nitrogen and almost no
intermediates were detected.

3.4. Fate of nZVI/GAC composite during nitrate reduction

The SEM images, XRD patterns, and XPS spectra
of nZVI/GAC composite collected after reaction for
90 min were also obtained and presented in Fig. (4).
Fig. 4(a) and (b) suggests that the nZVI was oxidized
into iron oxides and further precipitation or

Fig. 3. The change of (a) nitrite and (b) ammonium concen-
tration during nitrate reduction by nZVI/GAC composite.
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Fig. 4. (a, b) SEM images, (c) XRD pattern, and (d) XPS of nZVI/GAC composite after reaction.
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adsorption on GAC matrix. As seen in the XRD pat-
terns (Fig. 4(c)), the characteristic peaks of nZVI chan-
ged obviously before (Fig. 1(c)) and after reduction
reaction (Fig. 4(c)). After reaction, the XRD peaks of
Fe0 was missing and iron oxides peaks were observed
at 24.3˚, 35.4˚, and 41.7˚ (2θ), possibly associated with
FeO(OH), FeO, and Fe2O3 [40]. Hence, the XRD analy-
sis confirms that nZVI particles are transformed to
iron oxides after nitrate reduction, which is consistent
with the SEM analysis. The formation of Fe2O3 is
possible association with iron in water oxidized into
iron rust observed by many researches [10,12].

As shown in XPS analysis (Fig. 4(d)), the charac-
teristic peaks of Fe (0) were not observed. The strong
photoelectron peaks of Fe 2p3/2 at around 712.0 and
710.5 can be assigned to Fe(II) and a weak peak Fe
2p1/2 located at 725.3 eV can be assigned to Fe(III)
[31], which reflected the formation of Fe(II) (hydr)ox-
ides as the speculated main products rather than Fe
(III). Hence, main end product of nZVI/GAC is iron
hydroxide (Fe(OH)2) with minor hematite (Fe2O3),
which is in good agreement with XRD results. Thus,
the reaction (1) is believed to be more acceptable to
explain the intensity effect to complete chemical
reduction induced by nZVI/GAC composite. More-
over, the peaks at binding energy between 398.0 and
402.0 eV designates the presence of nitrogenous
species as nitrogen because of GAC’s adsorption con-
firmed by Choe et al. [38] and Hu et al. [39]. The
results support that nitrate is mainly converted into
nitrogen and Eq. (1) overwhelmingly dominates the
reaction, which agrees well with the analysis of nitrite
and ammonium.

In addition, the iron content in the composite
after reduction was confirmed by EDS (Fig. 5(a)).
According to the EDS quantification, we found that,
before and after reaction, the percentage of oxygen
increased from 23.22 (Fig. 1(f)) to 34.94%; meanwhile,
the percentage of iron decreased from 64.51 to
51.54%, illustrating that zero valent iron was oxidized
as well. However, the iron content was only small
change suggesting that iron was still in GAC carrier
after reduction because of the absorption of GAC.
Consequently, the leaching of dissolved iron after
reaction was < 1.0 mg/L as shown in Fig. 5(b). Obvi-
ously, only a slight part of dissolved iron ion was
detected indeed since most of iron species formation
in reduction process might have been encapsulated
by GAC matrix. The dissolved iron decreased as
spent iron species were concentrated by GAC. As a
result, the leaching of iron can be effectively con-
trolled in the participation of GAC, which is believed
to be another advantage for utilization of nZVI/GAC
composite.

3.5. Intensity mechanism analysis of nitrate removal by
nZVI/GAC composite

Several research papers reported different reaction
pathway in the case of adaptation of nZVI compared
to conventional ZVI [7,9,41]. The research using nZVI
showed that nitrite, nitrogen, and ammonium could
be possible products of nitrate reduction. An et al.
described that the final product was most ammonium,
which was an undesirable end product [13]. However,
Hwang et al. suggested that the final reaction product
would be nitrogen, which was an ideal product of
nitrate reduction [9]. Obviously, a clear pathway and
nitrogen species over reaction time have not been
determined. Consequently, research on the fate of
nitrate and nZVI/GAC should be studied to under-
stand the reaction mechanism during nitrate reduction
by nZVI/GAC composite.

Based on the above analysis, little byproducts
nitrite and ammonium were detected and the fate of

Fig. 5. The (a) EDS of nZVI/GAC and (b) dissolved iron in
the solution after reduction reaction.
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nZVI in the composite was main Fe(II). In addition to
the limited GAC adsorption of nitrite and ammonium,
nitrate was mostly converted to nitrogen and accord-
ingly, the primary pathway of nitrate reduction was
suggested and shown in Eq. (1) and the intensified
mechanism was proposed for nitrate removal by
nZVI/GAC composite. First, nZVI particles disperse
on GAC very well without agglomeration, so their
contact opportunity with pollutant nitrate is increased
to improve chemical reduction efficiency. Second, and
most important, iron and GAC can spontaneously
form a micro-galvanic cell which has been observed in
other experiments [18,42–45], and an internal iron–car-
bon microelectrolysis effect exists in such an nZVI/
GAC composite, so electron transfer is greatly acceler-
ated due to GAC as migration medium. Under these
factors, nZVI particles in GAC matrix have more
opportunities to reduce nitrate to nitrogen. Overall,
the composite combined nZVI and GAC is an excel-
lent material for nitrate removal because of no
agglomeration and excessive ammonium yield.

4. Conclusions

In this paper, nZVI/GAC composite was prepared
and its application to nitrate removal was systemati-
cally investigated, with particular emphasis on prod-
ucts and nZVI fate analysis in reduction process. As
much as 81.1% nitrate removal rate was obtained
within 90 min under the experimental conditions and
byproducts nitrite and ammonium formation
were <0.008 and 0.04 mg/L, respectively. Moreover,
the nitrate reduction by nZVI/GAC composite can be
well described by pseudo-first-order reaction kinetic.
The nZVI/GAC composite has dual functions of
adsorption and chemical reduction, and the involve-
ment of GAC not only intensified nitrate reduction to
nitrogen, but also reduced byproducts nitrite and
ammonium generation. The intensification can be
attributed to two effects: the dispersion effect of GAC
to nZVI and the internal iron–carbon microelectrolysis
to electron transfer impetus effect. This novel compos-
ite represents an important insight on development of
new inexpensive and efficient material to groundwater
remediation, and of course the mechanism and
influence factors need to be thoroughly researched in
further studies.
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