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Abstract To obtain a good catalytic effect of removing
refractory organics from water by Fenton process, gran-
ular activated carbon (GAC) supported nano-zero valent
iron (nZVI) composite (nZVI/GAC) was prepared by
adsorption–reduction method, and characterized by
scanning electron microscopy (SEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and
energy-dispersive X-ray spectroscopy (EDS). The cata-
lytic degradation activity of the composite was evaluat-
ed to remove nitrobenzene (NB) pollutant via a hetero-
geneous Fenton-like system, and the initial pH value,
nZVI/GAC dosage, and H2O2 concentration influencing
on NB removal were also investigated at room temper-
ature. Experimental results showed that nZVI particle
was uniformly dispersed over GAC matrix, and average
particle size was 40–100 nm without agglomeration.
The nZVI/GAC composite was very efficient in remov-
ing NB with average percentage of more than 85 %.
However, the removal rate of Fenton-like reaction was
highly affected by pH value, H2O2 concentration, and
nZVI/GAC dosage. The optimal reaction conditions
were pH 4.0, 40 mg/L NB, 5.0 mmol/L H2O2, and

0.4 g/L nZVI/GAC in this study. Stability and repeat-
ability tests as well as mechanism analysis illustrated
that GAC improved catalytic action via enhancing nZVI
dispersion and accelerating Fe(III)/Fe(II) cycle attribut-
ing to internal iron–carbon microelectrolysis in nZVI/
GAC composite. Iron utilization efficiency, which
played an important role in NB degradation by
Fenton-like greatly increased resulting in dissolved iron
<0.6 mg/L. This phenomenon strongly implied that the
nZVI/GAC Fenton-like process was not only a practical
combination of adsorption and Fenton oxidation but
also some synergetic effects existing in such an nZVI/
GAC composite.
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1 Introduction

Nitrobenzene (NB) is an important chemical material of
synthetic fuels, detergents, rubber, explosives, and other
products, in which large amounts of waste containing
NB are discharged into ecological environments
(Haigler and Spain 1991; Mu et al. 2009). As an aro-
matic compoundwith stable chemical structure and high
toxicity, NB is hard to be biodegraded and easily accu-
mulated in environment, which is a potential risk to
human beings and organisms (Mu et al. 2009; Wu
et al. 2013a). For this reason, NB is listed as a priority
control pollutant by the US EPA and other countries. In

Water Air Soil Pollut (2015) 226: 155
DOI 10.1007/s11270-015-2421-7

S. Hu :H. Yao :K. Wang :C. Lu :Y. Wu (*)
Key Laboratory of Space Applied Physics and Chemistry,
Ministry of Education, Department of Chemistry, School of
Science, Northwestern Polytechnical University,
Xi’an 710072, People’s Republic of China
e-mail: wuygal@163.com

S. Hu (*) :H. Yao :K. Wang :C. Lu :Y. Wu
School of Science, Northwestern Polytechnical University,
Youyi Road 127#,, Xi’an 710072, People’s Republic of China
e-mail: hsh18621@163.com



China, the NB concentrations of industrial wastewater
discharge (GB8978-1996) and surface water environ-
mental quality standard (GB3838-2002) are <2.0 and
0.017 mg/L, respectively.

Among various physical, chemical, biological, and
their combined technologies (Majumder and Gupta
2003; Wang et al. 2011; Zhang et al. 2014; Liang et al.
2014), advanced oxidation technologies (AOPs) are
widely reported to be effective, reliable, and cost effi-
cient for removing NB from water (Andreozzi et al.
1999; Ghatak 2014). As one of the important AOPs,
Fenton has a good prospect on environmental pro-
tection to treat toxic and bio-refractory wastewater.
The Fenton reaction describes the activation of
hydrogen peroxide (H2O2) by ferrous ions (Fe(II))
to generate hydroxyl radicals (·OH) via a complex
reaction sequence (Eqs. (1) and (2)) (Oturan and
Aaron 2014; Shi et al. 2014).

Fe IIð Þ þ H2O2→Fe IIIð Þ þ �OHþ OH− k ¼ 63−76 M−1s−1
� �

ð1Þ

Fe IIIð Þ þ H2O2→Fe IIð Þ þ �O2Hþ Hþ k ¼ 0:001−0:01 M−1s−1
� �

ð2Þ
Fenton can be used either heterogeneous or homoge-

neous, and although the heterogeneous Fenton has
great advantages in reducing iron loss, improving
H2O2 efficiency, and decreasing iron sludge gener-
at ion compared with homogeneous Fenton
(Pignatello et al. 2006), there are still some obsta-
cles in practical applications. For instance, Fe(II) is
difficult to regenerate promptly, and the utilization
efficiency is not high. Hence, the efficiency of
Fenton oxidative degradation of NB is necessarily
inefficient resulting in iron dosage large and diffi-
cult to control in practical applications (Singh
et al. 2014; Shi et al. 2014).

Nano-zero valent iron (Fe0, nZVI) has large specific
surface area and high reactivity, and so the use of Fe0

corrosion to provide Fe(II) for Fenton reaction has
arisen wide attention (Nurmi et al. 2005). Under
acidic conditions, Fe0 can be corroded to generate
Fe(II) and hydrogen (H2) in situ, and in the pres-
ence of H2O2, Fenton reaction can take place as
Fe(II) catalyses H2O2 to generate ·OH, and in the
process, Fe(II) was oxidized to Fe(III) simulta-
neously. Then, Fe(III) can react with Fe0 to form
Fe(II) in the surface of nZVI, making the

regeneration of Fe(II), and the reaction formulas
are as follows (Hung et al. 2000; Segura et al.
2013):

Fe0 þ 2Hþ→Fe IIð Þ þ H2 ð3Þ

Fe IIð Þ þ H2O2→Fe IIIð Þ þ �OHþ OH− ð4Þ

Fe0 þ 2Fe IIIð Þ→3Fe IIð Þ ð5Þ

Therefore, as shown in Eqs. (3), (4), and (5), the
utilization efficiency of iron will be greatly improved
when nZVI is the source of iron because Fe(II) can be
regenerated rapidly on the nZVI particle surface via
nZVI reaction with Fe(III) produced during H2O2 de-
composition. As a result, the actual catalytic effect of
Fenton is not only enhanced but also easy to avoid the
problem of excessive addition in real application
(Bokare and Choi 2014). However, it is easy to find
out that the catalytic effect is closely related to the nature
of nZVI, which has been confirmed by many researches
(Zhang et al. 2013a; Singh et al. 2014; Shi et al. 2014).
The particle size of nZVI is small, so nZVI is easily
agglomerated and oxidized by oxidative species in am-
bient conditions, leading to its deactivation rapidly
(Zhang et al. 2013a, b; Wu et al. 2014; Busch et al.
2014). The deactivation of nZVI will reduce Fe(II)
production efficiency via corrosion and limit electrons
transfer between Fe0 and Fe(III), which will hinder the
circulations of Fe(II). Correspondingly, the efficiency of
Fenton degradation NB will be severely affected as the
catalytic activity of Fe(II) to H2O2 decreases.

Numerous studies have shown that nZVI
immobilized on special supported materials may in-
crease its dispersion, stability, and reactivity (Zhang
et al. 2013a, b; Busch et al. 2014; Messele et al. 2015;
Huang et al. 2014; Kerkez et al. 2014). Activated carbon
(AC), as a cheap adsorbent used widely in water treat-
ment, has abundant pores, various surface functional
groups, and good hydraulic mechanical properties.
Therefore, AC is an ideal carrier material of nZVI con-
sidering from the economy and effectiveness in water
treatment (Pérez et al. 1997; Su et al. 2013;
Subbaramaiah et al. 2014). Several studies also have
concluded that AC is able to absorb NB and dissolved
iron directly in water solution (Figueiredo et al. 1999;
Kato et al. 2008; Chen et al. 2009a; Jadhav and
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Srivastava 2013). Moreover, AC is found to act as
catalysis of H2O2 decomposition to enhance ·OH yields
(Pereira et al. 2010; Bach and Semiat 2011; Tan et al.
2013). Thus, the contact probability of ·OH and NBmay
be enhanced to increase Fenton oxidation effect. More
importantly, recent studies have implied that iron–car-
bon corrosion galvanic effect can be formed between
AC and iron (Dou et al. 2010; Mackenzie et al. 2012;
Zhou et al. 2013; Wu et al. 2013b). This iron–carbon
microelectrolysis is possible to significantly improve the
electrons’ transmission efficiency between Fe0 and
Fe(III), so Fe(II) regeneration will be enhanced to pro-
mote the recycle of iron. In addition, nZVI supported on
AC is likely to decrease surface energy of nZVI, which
can greatly improve its resistance to oxidation.
Accordingly, nZVI supported on AC is likely to have a
synergistic effect in such a composite system since
Fe(II) regeneration will be more prompt and efficient.
As a result, both the production rate and utilization
efficiency of active ·OH will be strengthened.
Ultimately, the effect of Fenton to remove organic pol-
lutants will be intensified, and iron dosage will be re-
duced as well as dissolved iron concentration of waste-
water solution after treatment.

In view of the above analysis, nZVI supported on
granular activated carbon (GAC) (nZVI/GAC) compos-
ite was synthesized and characterized, then the effect of
heterogeneous Fenton-like using nZVI/GAC as catalyst
to remove NB was explored, and the influencing factors
of pH, H2O2, and nZVI/GAC dosage on NB removal
were evaluated, aiming to obtain a cost-effective
Fenton-like method to remove refractory organics.

2 Materials and Methods

2.1 Materials Preparation

Nut shell-derived granular activated carbon (GAC) ob-
tained from Gongyi Tongxin Water Treatment Material
Co., Ltd (China) was used as the support of nZVI, and
the particle size of GAC was 50 mesh (<0.3 mm). In
order to avoid the influence of carbon black and other
impurities, the 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 an vacuum drying oven at 105 °C until
dry (Wang et al. 2014). Deionized water was used to
prepare all reagents. An NB stock solution was prepared

by dissolving 0.4 g NB in 1 L of deionized water, and
the working solutions with designed concentrations of
the experiment were prepared by diluting the stock
solution.

2.2 Preparation and Characterization of nZVI/GAC
Composite

The nZVI/GAC composite was prepared with reference
to Wang et al. (2010) and Kim et al. (2013), and some
improvements were made in the preparation. Briefly, 1 g
of FeSO4·7H2O and 5 g of GAC were mixed in 200 mL
of degassed deionized water. The pH of the solution was
adjusted to 4.0 with 1MHNO3. Themixture was treated
with ultrasound for 15 min, and then stirred vigorously
at ambient temperature for over 12 h to achieve GAC
adsorption of Fe(II) saturated. The slurry was rinsed five
times using a mixture of ethanol and deionized water
(1:1 v/v). To ensure efficient reduction of Fe(II), 50 mL
of 1 M NaBH4 solution was added at 30 drops/min
while being stirred. The reduction reaction is as follows
(Xiao et al. 2014):

Fe IIð Þ þ 2BH4
− þ 6H2O→ Fe0 þ 2B OHð Þ3 þ 7H2↑

ð6Þ
After sufficient reduction, the black solids were sep-

arated from the solution using a vacuum filtration flask
(0.45 μm microporous 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 brown desic-
cator (Gu et al. 2005). Unsupported nZVI particles were
also prepared in a similar way without GAC, and in all
synthesis, high purity N2 was bubbled into solution
during the entire process to maintain an inert
atmosphere.

Scanning electron microscopy (SEM; VEGA 3
LMH, TESCAN, Czekh) was used to view the surface
characteristics and morphology of nZVI/GAC compos-
ite, and energy-dispersive X-ray spectra (EDS) were
obtained using Oxford INCA X-ACT equipment in
SEM. The element characteristics of the nZVI/GAC
composite were obtained using X-ray photoelectron
spectroscopy (XPS; Axis Ultra DLD, Kratos, UK) with
Al Kα radiation. Core level spectra for C 1s, O 1s, and
Fe 2p were taken at high resolution and analyzed for
chemical state information. Bruker powder diffractmeter
(Model D8, Germany) with Cu Kα1 radiation (k=

Water Air Soil Pollut (2015) 226: 155 Page 3 of 13 155



0.154 nm) was employed to characterize crystal of the
nZVI/GAC samples, and the X-ray diffraction patterns
were recorded in the range of 2θ=10–80 °. The instru-
ment was operated at 40 kVand 30 mA, and the spectra
were recorded at a scanning speed of 1 °/min (2θ) and a
step of 0.01 nm.

2.3 Batch Experiments

The stock solution of NB was diluted into 40 mg/L as
model wastewater samples, and then 200mLwas placed
in a 250-mL flask and adjusted pH values with 1 mol/L
H2SO4. The dosages of nZVI/GAC and H2O2 solution
were added according to the designed Fe(II) and H2O2

molar ratio. The flask was placed on a magnetic stirrer
thermostatic mixing at 300 rpm and sampled regularly,
and the NB concentrations were determined using high-
performance liquid chromatography (HPLC) equipped
with a Waters symmetry C-18 column (150 mm×
4.6 mm i.d., 5 μm). The mobile phase was the mixture
of methanol and 5 mM H3PO4 in the ratio of 3:2 (v/v).
The flow rate was set at 1 mL/min, and the detection
wavelength was set to 267.5 nm. The ultraviolet absorp-
tion spectra were recorded with a Shimadzu spectropho-
tometer (UV-2550, Japan) and using quartz cells of
10 mm optical path. To prepare iron samples for SEM
and X-ray diffraction (XRD) analysis, the bulk solution
in the flask was discarded at a designated reaction time.
The nZVI/GAC particles that remained in the flask were
then washed three times with deionized water and dried
in vacuum drying oven. All the prepared samples were
taken for analysis immediately. Pure adsorption runs
were also performed in order to assess the contribu-
tion of GAC adsorption to NB removal, and the
experiments were carried out in the same conditions
as described above without H2O2 addition. GAC
adsorption and Fenton-like experiments were con-
ducted in triplicate, and analyses showed that relative
errors were lower than ±5 %.

3 Results and Discussion

3.1 Characterization of nZVI/GAC Composite

Studies have shown that GAC has the uniform porous
and abundance functional nature, and these pores and
functions provide a good possibility for nZVI particles
to be trapped inside of them (Pérez et al. 1997; Su et al.

2013; Subbaramaiah et al. 2014). Figure 1a implied that,
in the absence of GAC, iron particles were found to
agglomerate more rapidly to chain due to the large
surface energy of nanoparticles. In comparison, as is
revealed in Fig. 1b, the iron particles were well dis-
persed on the surface or pores of GAC carrier without
any aggregation, and the particles size supported on
GAC were 40–100 nm on average by comparison with
a standard ruler. The SEM images (Fig. 1a, b) confirmed
the presence of both iron and GAC in the composite,
and the iron particles were uniformly dispersed over
GAC matrix with a nanometer scale. Therefore, the
composite morphology studied by SEM clearly reveals
that iron particles are able to distribute over GAC with
nanoscale. Meanwhile, the results also demonstrate that
GAC is a good carrier of nanoiron and has well potential
capability to prevent nanoiron particles from aggregat-
ing together to chains.

Figure 1c is the XRD pattern of nZVI/GAC compos-
ite; it was obvious that the characteristic peaks were at
2θ=24.8, 38.5, and 44.9 °. The broad peak at 2θ=24.8 °
(C 002) confirmed the presence of GAC in the compos-
ite (Zhang et al. 2013a, b). The marked XRD character-
istic peak of zero valent iron was about 45 ° (2θ), which
had been evidenced by some investigations (Zhang et al.
2006; Singh et al. 2014), so the diffraction peak at 44.9 °
observed in the composite samples confirms that the
formation of iron was zero valence (shown in Fig. 1c).
Hence, from the results of SEM and XRD, we can
conclude that the iron particles in the composition were
nZVI. The crystalline size of the nZVI in the composite
was calculated using the Debye–Scherer formula and
found to be about 50 nm, and these results were in
approximation with SEM analysis. Moreover, in the
spectrum of XRD, strong diffraction peaks of Fe3O4

(2θ=35.46, 43.12, 53.50, 56.98, and 62.64 °) were not
found, and it was clear that the oxidation of nZVI did not
occur severely after supported on GAC, and thus, it was
easy to infer that the nZVI/GAC composite had some
antioxidant ability.

The iron states presented on GAC were also evaluat-
ed by XPS (Fig. 1d). For a better observation of the iron
states, a narrow scan from 740 to 700 eVwas conducted
(Fig. 1e). From the XPS spectra, significant differences
were observed for GAC and the nZVI/GAC composite.
On the surface, iron seemed to be of three states: One
was zero valent state at 706.8 eV, which was for zero
valent iron (ZVI, Fe0), and the other two were oxidation
states at 710 and 725 eV. The one at 725 eVwas for iron
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in Fe3O4, and the other at 710 eVwas at lower oxidation
state for FeO (Kim et al. 2013). Therefore, the XPS
results clearly indicated that the nZVI particles dis-
persed on GAC were Fe0. These findings were in good

agreement with those obtained from other technical
characterizations of SEM and XRD analysis, which also
suggested the formation of small iron particles dispersed
over GAC. The content of nZVI in the composite

a

nZVI

c

d

nZVI

GAC

Pore

b

Fig. 1 SEM images (a, b), XRD (c), XPS (d, e), and EDS (f) of the nZVI/GAC composite
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surface determined by EDS was exhibited in Fig. 1f.
The iron content is high to 64.51 % in the surface of
nZVI/GAC composite, and the total load iron was
64.3 μmol/g obtained by the composite dissolved in
acid solution, further suggesting that nZVI has been
supported on GAC successfully.

Overall, Fig. 1 illustrates that nZVI particles disperse
uniformly well with average diameters of 40–100 nm on
the surface or inside pores of the GAC, and the nZVI
content reaches to 64.51 % in the surface of nZVI/GAC
composite. This can be explained that, when nZVI
particles were adsorbed on the surface or pores of
GAC, nZVI particles did not agglomerate together be-
cause of the increase in electrostatic repulsion and steric
effect between iron atoms. Eventually, the magnetic
attraction decreased; meanwhile, soft reunite, surface
electronic effects, and close effect caused by small size
effect of nano-particles were overcome well, and there-
fore, the dispersion of nZVI was greatly improved.

3.2 Fenton Degradation of Nitrobenzene in the Presence
of nZVI/GAC Composite

As we know, carbon materials are, moreover, good
adsorbent and catalyst in different reactions (Carrasco-
Marín et al. 1998; Moreno-Castilla et al. 1998;
Thankappan et al. 2015). For this reason, the catalytic
behaviors of both GAC and nZVI/GAC catalysts were
evaluated in the presence and absence of H2O2, and NB
removing from aqueous solution was used to investigate
their catalytic activity. In the experiments, the quantity
of bare GAC was equal to the amount in nZVI/GAC
composite calculated by nZVI loading amount. The
results on different experimental conditions are depicted
in Fig. 2. As is shown in the traces, the removal rates of
NB were measured to be 10.0 % for H2O2, 17.4 % for
GAC, 32.7 % for GAC with H2O2, 36.5 % for

e

f

Fig. 1 (continued)

a

b

Fig. 2 Removal ratio changes of NB (40 mg/L) under different
conditions (a), and UV–vis spectra of NB decomposition. Exper-
imental conditions: 0.2 g/L nZVI/GAC, pH 4.0 (b), and T=25 °C
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nZVI/GAC composite, and 87.5 % for H2O2 with
nZVI/GAC composite after 100 min, respectively.

There was only a little removal of NB observed in the
presence of bare H2O2 or GAC. For example, GAC
could only remove 32.7 % of NB in the presence of
H2O2. In addition, about 36.5 % of NBwas removed for
nZVI/GAC in the absence of H2O2 system, which indi-
cated that GAC and nZVI/GAC were positive catalyst
functions for the elimination of NB to some extent. As a
contrast, when both nZVI/GAC and H2O2 existed in the
aqueous solution, almost 100 % of NB was removed at
100 min. These results suggested that GAC had the
absorption for NB and a catalytic effect to H2O2, and
nZVI/GAC had a reduction ability of NB leading to NB
concentration decrease, but the removal ratio was low.
By comparison, when nZVI/GAC acted as an efficient
catalyst for H2O2, the removal ratio increased greatly
from <40 % to more than 85 % which was obviously
higher than the sum of GAC and nZVI/GAC single
(17.4 and 36.5 %). This phenomenon strongly illustrat-
ed that the process of NB removal was not only an
excellent combination of adsorption by GAC and
Fenton oxidation by nZVI but also some synergetic
effects existing in such a composite.

It was clear that minor NB was adsorbed onto the
surface of GAC leading to low NB removal rate because
of limited adsorption sites. This result also suggested
that extremely low-quantity absorption of NB existed in
the solution, and the removal was dominantly attributed
to the Fenton effect instead of adsorption. The
nZVI/GAC acted as an efficient catalyst for H2O2 acti-
vation to remove NB. Thus, the most efficient removals
for NB were achieved by the nZVI/GAC Fenton-like
system. It could be easy to infer that the oxidation by
Fenton and the adsorption by GAC played their mutual
promotion roles in the NB removal process. As a sup-
port material, GAC can disperse nZVI and prevent nZVI
from aggregation. Consequently, considerable reaction
activity of Fenton-like catalyzed by nZVI/GAC com-
posite was obtained, and moreover, the composite ma-
terial was able to exploit the mutual adsorption of GAC
for NB resulting in the total NB concentration decrease.

The absorption spectra of reaction solution were
scanned in the range of 200–800 nm, as given in
Fig. 2b. Regarding the UV-vis spectra, it was character-
ized by one band in ultraviolet region located at
267.5 nm, which was the characteristic peak of NB
(Nichela et al. 2008), and the peak intensity decreased
with increase in reaction time. The UV band absorption

is attributed to the π→π transition of aromatic rings in
NB molecule. Obviously, the band located at 267.5 nm
decreased rapidly following reaction time and tended to
miss after 120 min of reaction; however, the appearance
of new adsorption bands in the visible region were not
observed. This reflected that the removal of NB was
practically complete (Nguyen et al. 2011).

3.3 Effects of Nitrobenzene Removal by nZVI/GAC
Composite Fenton-Like

Since pH values, nZVI/GAC dosages, and H2O2 con-
centrations are the most important reaction parameters
influencing on NB removal in the nZVI/GAC Fenton-
like system. Therefore, typical experiments were carried
out individually to check the extent of NB removing
from aqueous solutions.

3.3.1 Effect of nZVI-GAC Dosages

Removal efficiency using Fenton-like process for NB
wastewater treatment is influenced by the concentration
of Fe(II), which catalyzes H2O2 decomposition to active
·OH to oxidative degradation organics (Ganzenko et al.
2014; Hung et al. 2000). Generally, an extreme dosage
of iron can contribute to significant improvement in the
removal efficiency but an obvious increase in dissolved
iron and iron sludge simultaneous (Segura et al. 2013).
Therefore, excessive iron salt dosage tends to need a
further treatment for the effluent before its discharge into
the receiving water body (Gogate and Pandit 2004).
Figure 3 shows the effect of nZVI/GAC dosage change

Fig. 3 Effect of different nZVI/GAC dosages on Fenton-like
removal process of NB wastewater. Experimental conditions:
pH=3.0, 2.5 mmol/L H2O2, and T=25 °C
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on NB removal, and the impact was investigated in the
range of 0.2–0.6 g/L nZVI/GAC catalyst. As is shown in
Fig. 3, the degradation efficiency increased with the
catalyst dosage up to 0.4 g/L, but then it slightly de-
creased upon further addition of the catalyst. The fairly
well-removal efficiency was achieved at the amount of
catalyst dosage 0.4 g/L under the experimental
conditions.

It has been reported that an excess of ferrous ions will
consume ·OH; for this reason, in this experiment, no
improvements have been attained when there was an
increase on nZVI/GAC dosage to 0.6 g/L at H2O2

concentration 2.5 mmol/L (see inset in Fig. 3). The same
phenomenon has been reported by Liao et al. (2009).
The inhibition effect of iron species is considered as the
reason for the decrease because the scavenging of ·OH
or other radicals will occur when presenting excessive
metal species, which can be expressed by the following
equations (Liao et al. 2009; Romero et al. 2009;
Ramirez et al. 2007; Lam et al. 2005).

Fe IIð Þ þ �OH→Fe IIIð Þ þ OH− ð7Þ

Fe IIð Þ þ �OOH→Fe IIIð Þ þ OOH− ð8Þ

3.3.2 Effect of H2O2 Concentrations

Figure 4 shows the effect of H2O2 dosage on NB deg-
radation in the range of 2.5–10.0 mmol/L. The removal
efficiency of NB was raised obviously when H2O2

concentration increased from 2.5 to 5.0 mmol/L. The

enhancement of the removal rate by addition of H2O2 is
due to an increase in ·OH yield. However, it should be
pointed out that the degradation rate of NB decreased
when the concentration of H2O2 exceeded 5.0 mmol/L.
This can be explained by the scavenging of ·OH at a
higher H2O2 dosage, leading to a decline of ·OH gener-
ation in solution (Eqs. (8) and (9)) (Parra et al. 2004;
Chen et al. 2009a, b).

H2O2 þ �OH→H2Oþ �OOH ð9Þ

�OOHþ �OH→H2Oþ O2 ð10Þ

3.3.3 Effect of Initial pH Values

To assess the effect of initial pH on the catalytic oxida-
tion of NB, a series of experiments were performed
where the solution pH was adjusted to 3.0, 4.0, and
5.0. The obtained results (Fig. 5) showed that, for both
samples used, the NB removal ratio increased when the
pH increased from 3.0 to 4.0, but decreased when the
pH increased to 5.0. These observations are consistent
with previously reported results (Yao et al. 2013;
Ramirez et al. 2007; Thankappan et al. 2015).
Obviously, the nZVI/GAC catalyst has been active in
studying pH between 3.0 and 5.0. For example, at
pH 3.0, 4.0, and 5.0, about 81.0, 91.6, and 86.0 % of
NB were degraded by the nZVI/GAC composite cata-
lyst, respectively, after 120 min of reaction.

Figure 5 also implied that the best result of NB
degradation for the composite catalyst was at pH 4.0,

Fig. 4 Effect of H2O2 concentration on the degradation of NB.
Experimental conditions: 40 mg/L NB, 0.4 g/L nZVI/GAC,
pH 3.0, and T=25 °C

Fig. 5 pH effect on the degradation of NB solution using
nZVI/GAC. Experimental conditions: 40 mg/L NB, 5.0 mmol/L
H2O2, 0.4 g/L nZVI/GAC, and T=25 °C
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and its catalytic activity was still kept up until pH was
over 5.0. This conclusion was remarkably well support-
ed by the result that the removal ratio of NB was still
86.0 % at pH 5.0. Moreover, the final pH values of the
solution after reaction were 6.4, 6.7, and 6.8 for the
initial pH of 3.0, 4.0, and 5.0. These are important
advantages because it is well known that one major
drawback of the homogeneous Fenton process is pH
range narrow (pH<3.0) (Pignatello et al. 2006), and
such a narrow pH range is unfavorable in practice
due to the costs of acidification during processing
and neutralization after nZVI Fenton-like treatment.
For these reasons, further experiments will be carried
out at pH over 5.0 using the most promising catalyst
of nZVI/GAC composite for refractory organic
degradation.

3.4 Stability and Repeatability of nZVI/GAC
Composite

The research conducted by Singh et al. (2014) has
indicated that NB removal efficiency decreased sharply
in the following six cycles using Fe0 as Fenton-like
catalyst, and this can be explained as follows. First, a
small amount of oxygen was introduced into the reac-
tion system during repeated process, leading to Fe0

oxidation and reaction sites loss during continuous deg-
radation. Second, iron corrosion in each Fenton reaction
could induce the incorporated iron particles partially
dissolved into the solution (Nguyen et al. 2011).
Hence, in practice, to use a heterogeneous catalyst in
Fenton-like oxidation, it is crucial to evaluate the stabil-
ity and repeatability of catalyst. To investigate the sta-
bility of nZVI/GAC composite, oxidation resistance in
air condition was investigated via iron content change in
the composite recorded by EDS, and the results are
shown in Fig. 6a. As is seen in Fig. 6a, the content of
iron both in bare nZVI and nZVI/GAC composite de-
creased with stored time prolong in nature air condition
(25 °C) because of the oxidization, but the rate of
decrease was significantly changed from 0.344 for
nZVI to 0.159 for nZVI/GAC composite, which re-
duced by half nearly. Consequently, it is easy to see
from the results that the stability of nZVI in air was
markedly improved after being carried on GAC, sug-
gesting that the nZVI/GAC composite has some oxida-
tion resistance.

The recycle efficiency of nZVI/GAC composite was
explored under H2O2 system. The separation of

nZVI/GAC composite was quick and easy due to low
agglomeration. However, Singh et al. (2014) reported
that separation of nZVI particles was slow and compli-
cated, and the efficiency of nZVI was reduced about
70 % after six catalytic cycles. Hence, the stability of
nZVI/GAC was further investigated by means of
recycling experiments with the same sample recovered
by filtration after each cycle. A set of nZVI/GAC was
used as the catalyst according to the process described
previously at the conditions of 40 mg/L NB, 0.4 g/L
nZVI/GAC, 5.0 mmol/L H2O2, and pH 4.0. After each
cycle, the composite was taken out and rinsed with
deionized water to remove the residual H2O2 and then
dried at room temperature. This process was repeated
six times. As is shown in Fig. 6b, only a little amount of
removal ratio (<3.0 %) decreased for the catalytic reac-
tion in each recycling experiment, and the catalytic

a

b

Fig. 6 The change of iron content with storage time in the air (a)
and recycle efficiency of nZVI/GAC composite (b)
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activity decreased only 14.0 % after six runs. It is
obvious that the Fenton-like catalyst of nZVI/GAC
composite is relatively stable for NB removal, which is
consistent with the above results. Hereby, the nZVI/
GAC composite is an antioxidative and reusable hetero-
geneous Fenton-like catalyst.

3.5 Intensify Mechanism of nZVI/GAC Composite
Fenton-Like Degradation Nitrobenzene

Fenton oxidation reaction involves the application of
ferrous ions to react with H2O2 to generate ·OH with a
strong oxidizing ability to degrade organic pollutants.
However, the mechanism of Fenton reaction is still
under intense and controversial discussion. Generation
of ·OH by the dark reaction of H2O2 with ferrous salt has
been the subject of numerous studies during the last
decade (Chan and Chu 2003). The general mechanism
is using Fenton reagents to produce ·OH, which is a
number of cyclic reactions utilizing Fe(II) or Fe(III) ion
as a catalyst to decompose H2O2. These catalytic activ-
ity ions are regenerated in their original state at the end
of the cyclic reactions according to the above equations
(Eqs. (3) and (4)) (Medien and Khalil 2010). The species
of iron are very important to deduce the catalytic reac-
tion mechanism. Accordingly, the composite catalyst
after Fenton-like reaction was dried under vacuum oven
and then tested by XPS. Meanwhile, the dissolved iron
during the reaction was monitored under optimal con-
dition with initial pH 4.0, 0.4 g/L nZVI/GAC, and
5.0 mmol/L H2O2. The results are presented in Fig. 7a
and b. It can be seen from that the dissolved iron was
below 0.6 mg/L in the Fenton-like process. This sug-
gests that the iron leaching reaches very low level in the
reaction, which is a crucial factor for the composite
catalyst long-term use. After Fenton-like reaction, the
Fe0 spectrum almost decreased to miss, while Fe(III)
content increased, which were illustrated by the XPS
spectra (Fig. 7b) (Chan and Chu 2003). Results present-
ed by Mackenzie et al. (2012) have indicated that AC
can reduce the effluent by-product concentration; in
addition, the research of Dou et al. (2010) has shown
that Fe0 and carbon can form amicro-electrolysis, which
can speed up the rate of reaction via enhancing ·OH
formation. Our results are therefore in good agreement
with these conclusions. The catalytic activity of the
composite catalyst to Fenton-like reaction seems to be
more directly related with the special element and struc-
tural characteristics of the carrier GAC.

Based on the above analysis, we propose a mecha-
nism of the nZVI/GAC composite to enhance the cata-
lytic ability for NB removal. First, nZVI dispersed on
GAC very well without agglomeration, and their contact
surface with solution is increased to accelerate the con-
version of Fe0 to Fe(II), thereby promoting H2O2 de-
composition to generate ·OH (Velo-Gala et al. 2014). In
turn, Fe(II) is regenerated promptly in situ via Fe(III)
reacting with Fe0 in the surface or pores of nZVI/GAC
composite. Iron and GAC can form a microgalvanic
cell, and the efficiency of electron transfer is increased
due to GAC as migration medium to promote the regen-
eration and circulation of Fe(II). In such case, the utili-
zation efficiency of iron is improved and iron loss is
reduced, and therefore, GAC accelerates the whole

a

b

Fig. 7 Effect of Fe(II) production on Fenton-like removal of NB
(a) and the XPS spectrum of nZVI/GAC after Fenton-like reaction.
(b) Experimental conditions: 40 mg/L NB, 0.4 g/L nZVI/GAC,
5.0 mmol/L H2O2, pH 4.0, and T=25 °C
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Fe(III)/Fe(II) cycle and makes dissolved iron <0.6 mg/L
(Fig. 7a), indicating that GAC plays an important role in
NB degradation. Furthermore, the super oxide radical,
which has much lower oxidation ability than OH, is not
formed in this heterogeneous catalyst system because of
the internal iron–carbon microelectrolysis to accelerate
H2O2 decomposition, which is very different from the
corresponding homogeneous Fenton system. This dif-
ference suggests that it is very efficient to use
nZVI/GAC composite to increase the amount of OH
generation in heterogeneous catalytic system, which
results in the nZVI/GAC's higher catalytic ability. In
addition, GAC has large surface area, abundance pores,
and various functional groups, which can provide active
sites for NB sorption benefiting NB degradation by OH
effectively. Consequently, the enriched NB can be effi-
ciently and rapidly removed by OH in a strong Fenton-
like oxidation process. In general, NB was removed
efficiently by the nZVI/GAC Fenton-like system in the
synergetic effect of nZVI and GAC.

4 Conclusions

The involvement of GAC improved the dispersion
of nZVI greatly and intensified the removal of NB
from aqueous solution with less dissolved iron after
Fenton-like reaction, as GAC in the composite per-
formed as both a reactive support in iron-rich phase
and a catalyst promoter on ·OH generation, and
there were iron–carbon microelectrolysis effects to
promote electrons transfer efficiency to enhance
Fe(III)/Fe(II) regeneration and cycles. Mechanism
analysis illustrated that the Fenton-like to remove
NB catalyzed by nZVI/GAC composite was not
only a perfect combination of adsorption by GAC
and Fenton oxidation by nZVI but also some syn-
ergetic effects existing in such a composite.
Therefore, the present study may not only pave a
new avenue for designing efficient and cheap
Fenton-like catalysts but also provide a preferable
practical approach to treat refractory wastewater
containing NB. This novel system represents an
important insight on the development of new inex-
pensive and efficient chemical materials to environ-
mental remediation processes, but the mechanism
needs to be studied profoundly and the hydrogen
produced during the nZVI/GAC Fenton-like reac-
tion cannot be ignored as well.
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