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Abstract The nanoscale zero-valent iron supported on
biochar (B-nZVI) was prepared by liquid-phase reduc-
tion method and used for the removal of acid orange 7
(AO7). The structure of composited B-nZVI was char-
acterized by transmission electronmicroscopy, scanning
electron microscopy, X-ray diffraction analysis, X-ray
photoelectron spectroscopy, and Brunauer-Emmett-
Teller surface area analysis. nZVI was well dispersed
on the surface of biochar with a specific surface area
52.21 m2/g, and no obvious aggregation was observed.
Batch experiments demonstrated that the degradation of
AO7 (20 mg/L) by B-nZVI (2 g/L) at initial pH 2
reached 98.3 % within 10 min. There was a good
linearity (r2=0.99) between kobs and B-nZVI dosage.
The reductive cleavage of the azo group in AO7 to
amino group may be the dominant stage. This study
demonstrated that B-nZVI has the potential to be a
promising material for the removal of azo dyes.
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1 Introduction

Azo dyes (−N=N– unit as the chromophore) are
widely utilized in leather, papermaking, printing,
and textile dyeing because of their chemical sta-
bility and versatility (Brown 1987). These azo
dyes are also known to be la rgely non-
biodegradable in aerobic conditions and to be re-
duced to more hazardous intermediates in anaero-
bic conditions (Park and Choi 2003). Therefore, it
is necessary to find novel and efficient approaches
to treating the industrial wastewater containing azo
dyes.

Up to now, the removal of azo dyes in wastewater
mainly includes physical, chemical, biological methods
or combination of various methods (Forgacs et al.
2004), such as electrochemical treatment (Martínez-
Huitle and Brillas 2009), ozonation (Szpyrkowicz
et al. 2001), photocatalysis (Han et al. 2009), Fenton
or Fenton-like reagents (Malik and Saha 2003).
Nevertheless, many of these methods are often ineffec-
tive for the destruction of azo dyes and meanwhile result
in large quantities of solid wastes or other environmental
problems during the treatment processes (Azam and
Hamid 2006). Recently, an approach based on zero-
valent iron (ZVI) to the degradation of organic
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compounds and the remediation of groundwater attracts
wide attention (Liu et al. 2007). High decolorization
rates have been achieved in the reactions of nine azo
dyes with particle Fe0 (Nam and Tratnyek 2000). ZVI
together with activate molecular oxygen in air produces
reactive oxygen species containing superoxide radical,
hydroxyl radical, and hydrogen peroxide, which further
oxidize organic contaminants (Wang et al. 2014).
Compared with ZVI, nanoscale zero-valent iron
(nZVI) possesses a larger specific surface area
(SSA) and higher reactivity and degrades many
organic targets more effectively (Wang and Zhang
1997). However, nZVI particles can easily agglom-
erate into larger ones and be oxidized by non-
target compounds because of their high surface
energy and intrinsic magnetic interaction (Phenrat
et al. 2007). Several techniques have been devel-
oped for enhancing the stability of nZVI. For
instance, nZVI particles are supported on solids (He
and Zhao 2005; Quan et al. 2014) or entrapped in
polymers (Liu et al. 2010).

Biochar is stable recalcitrant and produced by pyrol-
ysis of biomass under low (preferably zero) oxygen
concentration (Zhou et al. 2014). Various types of the
carbon-rich biomass including agricultural wastes or
residues are utilized to produce biochar through the
pyrolysis process (Chen et al. 2011; Cao et al. 2013).
Biochar has already been put into use as a mechanical
support to disperse and stabilize engineered nanoparti-
cles due to its porous structure and large specific surface
area SSA (Yao et al. 2013). It is premised that biochar as
a support is conducive to transferring organic targets to
the surface of nZVI owing to the adsorption of targets by
biochar and facilitating the degradation of contaminants.
However, little information is available on supporting
nZVI on the surface of biochar. To the best of our
knowledge, there are still no reports on the degradation
of azo dyes by biochar-supported nanoparticle zero-
valent iron (B-nZVI), and the degradation mechanism
is not understood.

In this study, B-nZVI was synthesized and character-
ized, and the feasibility of the removal of AO7 by B-
nZVI was thoroughly examined. The effects of various
parameters including initial pH, B-nZVI dosage, and
initial concentration of AO7 on the removal efficiency
were also assessed. In addition, the kinetics was inves-
tigated by fitting the experimental data with a kinetic
model and the rate constants were then calculated.
Based on the observation of UV curves in the

degradation process, a potential degradation pathway
was proposed.

2 Materials and Methods

2.1 Materials

Biochar was purchased from Zhongke Anda Science
and Technology Ltd, Shanghai China, which was pro-
duced by heating bush branch at 350–550 °C under
limited oxygen supply. The cation exchange capacity
(CEC) and SSA of biochar are 14.57 mmol/100 g and
4.22m2/g, respectively. The pretreatment of biochar was
as follows: after biochar was ground into a size of 200-
mesh, 10.0 g of the collected biochar was immersed in
250-mL 0.05 mol/L H2SO4 at 45 °C for 48 h under
mechanical string at 300 rpm, washed with distilled
water, and then dried (Chen, et al. 2007). Potassium
borohydride (KBH4, 99.9 %), ferrous sulfate
heptahydrate (FeSO4·7H2O, 99 %), and AO7 (99.9 %)
were obtained from Sigma–Aldrich. Absolute ethanol,
sulfuric acid, and sodium hydroxide were purchased
from Sinopharm Chemical Reagent Company and used
without further purification.

2.2 Preparation of B-nZVI

B-nZVI was prepared using a conventional liquid-phase
method via the reduction of ferrous iron by borohydride
with biochar as a support material. In a typical proce-
dure, 2.0-g preprocessed biochar was firstly suspended
in 60-mL 1.0 mol/L FeSO4 and stirred for 2 h to adsorb
Fe2+ onto biochar. Then, 90-mL ethanol (50 %) was
added, and 100-mL 0.4 mol/L of freshly prepared KBH4

was introduced drop-wise to the suspension and kept
continuous stirring for 2 h. The whole preparation pro-
cess described above was performed under nitrogen
atmosphere to avoid oxidization.

The reaction can be expressed as

Fe2þ þ 2 BH4
− þ 6 H2O→Fe0 þ 2 B OHð Þ3 þ 7 H2↑ ð1Þ

Subsequently, the suspension was centrifuged and
washed several times with absolute ethanol instead of
water to avoid the immediate oxidation of B-nZVI (Shi
et al. 2011), and then the precipitates were put in a
vacuum drying oven at 60 °C for 8 h. Finally, the
products were stored in glove box prior to use.
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2.3 Characterization

2.3.1 Transmission Electron Microscopy (TEM)

TEM images were taken with a JEM-2100 (JEOL
Electronics Co., Tokyo Japan) using an accelerating
voltage of 200 kV. The samples were put on 300-mesh
Cu TEM grids with a carbon film and dried in the
anaerobic condition for 24 h.

2.3.2 Scanning Electron Microscopy (SEM)

The morphological analysis of the samples was per-
formed using a field emission scanning electron micro-
scope (S4800, Hitachi Co., Japan) with an EX-250
energy dispersive X-ray analyzer system, and the sam-
ples were coated with carbon.

2.3.3 Specific Surface Area (SSA)

Nitrogen sorption isotherms were analyzed with an
ASAP 2020 (Micromeritics, USA) at 77 K. Before the
measurements, all samples were degassed 2 h at 573 K
in a vacuum line. The Brunauer-Emmett-Teller (BET)
method was utilized to calculate SSA. The pore volume
and size distribution were derived from the desorption
branches of the isotherms using the Barrett–Joyner–
Halenda (BJH) model.

2.3.4 X-ray Photoelectron Spectroscopy (XPS)

To investigate the change of chemical binding of iron
species on the surface of B-nZVI and the surface chem-
ical composition, XPS was conducted on a RBD
upgraded Thermo ESCALAB 250 system with an Al
Kα X-ray (1486.6 eV) with a source power of 150 W.
The samples were carefully packed on XPS sampling
template under the anaerobic condition to avoid surface
oxidation. Raw spectra were smoothed before being
fitted using a Shirley base line and a Gaussian-
Lorentzian shape peak. Narrow scanned spectra were
used to obtain the chemical state information on iron
(kinetic energy Ek 546 eV) and oxygen (Ek 724 eV).

2.3.5 X-ray Diffraction Analysis (XRD)

The samples were also characterized by XRD. Standard
X-ray powder patterns were recorded on a vertical X-ray
diffractometer (X’Pert-Pro MPD, Philips, the

Netherlands) between 5° and 90° (2θ), using Cu Kα
radiation (λ=0.15406 nm) generated at 40 kV and
40 mA. The crystalline phases were identified by
matching with the JCPDS (Joint Committee on
Powder Diffraction Standards) files.

2.4 AO7 Degradation by B-nZVI

Batch experiments for the removal of AO7 in aqueous
solutions were performed in 250-mL conical flasks with
100 mL of 20 mg/L AO7. An appropriate dosage of B-
nZVI was added to the flask, which was immediately
sealed, then put into a vapor bath at a constant temper-
ature of 25 °C and vibrated at a speed of 200 rpm for 2 h.
Afterwards, an aliquot of supernatant was sampled at
regular intervals and filtered through 0.2-μmmembrane
filter (millipore) for AO7 analysis using a UV–vis spec-
trophotometer (T6, Puxi Company, Beijing, China) at
484-nm wavelength. After reaction, particulate mate-
rials were collected by centrifugation and separation
from the supernatant. The collected samples were
vacuum-dried and analyzed by SEM, BET, and XRD.

The effect of initial pH on AO7 removal efficiency
was conducted in the range of 2 to 9 adjusted by diluted
HCl or NaOH. The value of pH was measured on a pH
meter (pHS-3B, Shanghai, China). Each experiment
was run in triplicate and the mean values were reported.

2.5 Kinetic Study

To investigate the reaction rate constants, a pseudo-first-
order kinetics model was adopted in this study. The
equation with respect to the concentration of AO7 is
expressed as

v ¼ −dcAO7=dt ¼ kobscAO7 ð2Þ

where kobs is the observed first-order reaction rate con-
stant, which is obtained through the slope of the regres-
sion lines by plotting a natural log graph with respect to
AO7 concentration and reaction time according to the
following equation:

ln c0 AO7ð Þ=ce AO7ð Þ
� � ¼ kobst ð3Þ

where c0 and ce represent AO7 concentrations at the
initial and t time, respectively.
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3 Results and Discussion

3.1 Characterization of B-nZVI

3.1.1 TEM

The TEM images of B-nZVI are shown in Fig. 1. B-
nZVI was mainly comprised of two phases, nZVI with
diameter around 20–60 nm and biochar (Fig. 1). In
addition, the images demonstrated a good dispersion
of individual nZVI adhering on the surface of biochar
without notable aggregation and the irregular shapes of
biochar with mesoporous structures.

3.1.2 SEM and EDX

The SEM images of the biochar and B-nZVI before and
after the reaction with AO7 are shown in Fig. 2. The
surface of biochar treated with diluted acid was smooth,
and the vasculars of various diameters formed tracheid
cells (Fig. 2a), providing a high internal surface and high
adsorption capacity as previously reported (Xu et al.
2014). nZVI was well dispersed on the surface of bio-
char without obvious aggregation, and the sizes of the
particles ranged from several to hundred nanometers
(Fig. 2b and c). A quite different appearance of B-
nZVI after the reaction with AO7 was observed
(Fig. 2d), implying that nZVI on biochar may be con-
sumed and the twisting structure of biochar almost
completely collapsed.

The EDX mapping and element analysis of B-nZVI
are presented in Fig. 3. A weak peak from Fe was
observed in the EDX spectrum of the selected sample
area (Fig. 3a), which confirmed the presence of Fe

elements. In order to verify the uniformity of nanocom-
posites, an element mapping analysis is illustrated in
Fig. 3b to d, and the bright spots indicated the presence
of the elements C, Fe, and O. Moreover, the mapping
shape of Fe element implied that nZVI may be uniform-
ly dispersed on the surface of biochar.

3.1.3 BET

The pore structure and the SSA of samples were deter-
mined by N2 adsorption-desorption. As observed in
Fig. 4, the samples displayed typical IUPAC type-IV
adsorption isotherm patterns with a hysteresis loop
appearing in a wide pressure range at a relatively high
pressure (P/P0=0.5–0.95). The SSA of biochar treated
with water and diluted acid was determined to be 4.32
and 8.51 m2/g, respectively. For B-nZVI before and
after the reaction with AO7, however, they were 52.21
and 92.75 m2/g, respectively. The SSA of biochar ob-
tained in this study was very low, which was perhaps
related to the measuring method with BET. The liquid
N2 adsorption BET method (77 K) is commonly used.
But it may be inaccurate for materials that contain
micropores (<1.5-nm pore diameter) since N2 may be
kinetically limited in its diffusion into small pores at low
temperatures. Yao et al. (2011) reported that the N2

surface area of sugar beet tailing biochar (STC) was
very low (2.6 m2/g), but the CO2 surface area of STC
was above (351 m2/g). Zhang et al. (2012) also found
that the SSA of peanut shell biochar (PS) and pine wood
biochar (PW) determined by CO2 were much larger
(346.5 and 432.6 m2/g, respectively) than those of PS
(18.9 m2/g) and PW (2.8 m2/g) determined by N2.

Fig. 1 TEM images of the nZVI grafted on biochar
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It was found that the SSA of B-nZVI was larger than
that of biochar. This was attributed to the interlayer-
bound small iron pillars, which could prop the micro-
pores and then increased the SSA. Moreover, nZVI with

sizes larger than the diameter of micropores coated on
the external surfaces of the matrix also resulted in an
increase of SSA (Luo et al. 2013). Nevertheless, it is
speculated that the disappearance of nZVI in the

Fig. 2 SEM images of samples for biochar treated with diluted acid (a), nZVI grafted on the biochar of different magnification times (b, c),
and nZVI grafted on the biochar after the reaction with AO7 (d)

Fig. 3 EDX mapping and element analysis on B-nZVI. SEM image and EDX spectrum of selected area (a), C element distribution (b), Fe
element distribution (c), and O element distribution (d)
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micropores during the reaction can lead to a larger SSA
of B-nZVI. Therefore, the SSA of B-nZVI after the
reaction was obviously enhanced.

3.1.4 XPS

Primary elements in the B-nZVI included C, O, Si, and
Fe (see Fig. S1a.). The binding energies of these ele-
ments were at C 1s 284.8 ev, O 1s 532.1 ev, and Fe 2p
707.4 ev, and the percentages were 57.97, 32.68, and
9.17 %, respectively. The analysis of iron content was
similar to the EDX mapping. The detail in Fe 2p orbit is
presented in Fig. S1b, demonstrating Fe 2p levels were
different. The photoelectron peaks at 707.4 and 720.8 ev
corresponded to the binding energies of Fe 2p 3/2 and
Fe 2p 1/2, respectively. A strong peak at 707.4 ev
corresponded to zero-valent iron (Fe0 2p3/2) (Liu et al.
2010). Thus, the results shown in Fig. S1b implied that
the B-nZVI may be partially oxidized during the prep-
aration or characterization process.

3.1.5 XRD

XRD images are shown in Fig. S2. A weak peak ap-
peared at 2θ=44.6o in B-nZVI (Fig. S2b), which was

assigned to the 110 plane reflections of the ZVI with a
body centered cubic structure (Hoch et al. 2008). Other
peaks in 2θ=22–30° were also observed for biochar,
which were assigned to the amorphous carbonaceous
structure of organic matrix. But after the reaction with
AO7 (Fig. S2c), all the peaks became weak, which
suggested that the crystal structure of biochar may not
be well kept. The peak of Fe in Fig. S2c disappeared due
to the oxidization of nZVI to Fe2+ or Fe3+.

3.2 Degradation of AO7 by B-nZVI

3.2.1 Effect of Initial pH on the Removal of AO7

The degradation of azo dye by ZVI is greatly affected by
pH due to the formation of Fe(OH)3 in a high pH
solution, which coats on the surface of ZVI particles
and reduces the activity of ZVI (Huang et al. 1998). In
this study, therefore, the effects of initial pH on the
removal of AO7 by biochar treated with dilute acid
and B-nZVI were investigated and the results are illus-
trated in Fig. 5. It was found that in the presence of
biochar alone, the removal rate of AO7 was only ap-
proximately 36.5 % at pH 2.0 and 12.5 % at pH 9.0 after
equilibrium due to adsorption. However, B-nZVI at the
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Fig. 4 Nitrogen sorption isotherms and pore size distribution (inset) of biochar. Biochar treated with water (a), biochar treated with diluted
acid (b), nZVI grafted on the biochar (c), and nZVI grafted on the biochar after reaction with AO7 (d)
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same dosage (2 g/L) exhibited a high potential for AO7

degradation, and the removal efficiency reached approx-
imately 98.3 % at pH 2.0 and 48 % at pH 9.0. On the
other hand, the microparticles of Fe0 exhibited a weak
reductive role in AO7 degradation since the rapidly
produced film of Fe(OH)3 blocked the access of target
contaminants to active sites of ZVI (data not shown).
Therefore, it is concluded that there was a synergistic
effect existing between Fe0 and substrate biochar, in
which biochar accelerated AO7 molecules to transfer
onto the surface of nZVI due to adsorption and then
enhanced the reductive degradation of AO7.

Obviously, the degradation rate and removal efficien-
cy of AO7 by B-nZVI rapidly decreased with an

increase of initial pH. It is noted that the plotting of
ln[c0(AO7)/ce(AO7)] against reaction time (t<10 min)

Fig. 5 Effect of inital pH value on the removal of AO7 by biochar
and B-nZVI at room temperature. Dashed lines indicate biochar,
solid lines indicate B-nZVI; c0=20 mg/L; cbiochar=2.0 g/L, cB-
nZVI=2.0 g/L; stirring at 200 rpm

Fig. 6 Effect of dosage on the removal efficiency at 10 min:
removal efficiency (a), the kinetics curves (b), and the relationship
between kobs and dosage of B-nZVI (c). c0=20 mg/L; pHinitial=
7.0; and stirring at 200 rpm
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displayed a good linearity (r2>0.944), suggesting that
the degradation of AO7 by B-nZVI may obey pseudo-
first-order reaction kinetics. The values of kobs at pH 2.0,
4.0, 7.0, and 9.0 were 0.67, 0.40, 0.15, and 0.076 min−1,
respectively. kobs at pH 2.0 was eight times as much as
that of pH 9. According to Nernst equation, the reduc-
tion ability of Fe0 increases with an increase of H+, and
H+ is also involved in the reductive degradation of azo
compounds (Guo et al. 2011). Thus, the initial pH may
affect the performance of AO7 removal by B-nZVI.
Furthermore, a lower pH may help to avoid forming
oxides which would reduce the activity of iron particles
and then enhance the reductive degradation of AO7 on
the surface of nZVI particles.

3.2.2 Effect of the Dosage of B-nZVI on the Removal
of AO7

The influence of B-nZVI dosages on removal of AO7

with 20 mg/L concentration at pH 7.0 was also investi-
gated, and the results are illustrated in Fig. 6. As shown
in Fig. 6a, the removal efficiencies within 10 min in-
creased from 28.9 to 95.2 % with B-nZVI dosages

increasing from 0.8 to 3.2 g/L. It was also observed that
kobs rose from 0.035 to 0.30 min−1 when the dosage of
B-nZVI increased from 0.8 to 3.2 g/L (Fig. 6b), which is
attributed to more active sites for AO7 removal with an
increase of B-nZVI dosages.

Figure 6c showed the relationship between kobs and
the dosage of B-nZVI with a good linearity (r2=0.99),
which was similar to other reports on nZVI application
in wastewater treatment (Zhang et al. 2010). This again
suggests that degradation of AO7 by B-nZVI can be
described by the pseudo-first-order kinetic model and
the reduction process is mainly controlled by the active
sites of B-nZVI.

3.3 Mechanism of AO7 Degradation by B-nZVI

In order to reveal the potential degradation mechanism,
the ultra-violet spectra of AO7 solution in the range of
200–700 nm were recorded at reaction time (t) = 0, 5,
and 30 min, respectively, and the results are shown in
Fig. S3. Two typical peaks of AO7 were observed at
∼484 and ∼305 nm corresponding to the absorption of
the conjugated structure of azo benzene (Fig. S3a).

Scheme 1 Potential degradation pathway of AO7 by B-nZVI
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Under an acid condition, the amphoteric molecules may
form because hydrogen ions would be attached to the
nitrogen atoms of azo groups. During the reaction, azo
groups were cleaved to two parts, and sulfanilamide and
1-amino-2-naphthol were probably the products (Liu
et al. 2007). As shown in Fig. S3b (t=5 min), the peaks
of ∼484 and ∼305 nm decreased quickly and disap-
peared after 30 min reaction (Fig. S3c), implying the
complete destruction of AO7. Meanwhile, the peak at
∼254 nm became the strongest one, which was attribut-
ed to the absorption of soluble sulfanilamide molecules
(Liu et al. 2007). As indicated by Kudlich et al. (1999),
another final product, 1-amino-2-naphthol, could not be
ascertained in ultra-violet spectra due to its auto-oxida-
tion. The potential pathway for the reduction of AO7 by
B-nZVI was proposed in Scheme 1.

4 Conclusion

The B-nZVI was synthesized, characterized, and uti-
lized for AO7 removal. Kinetics analysis in batch studies
demonstrated that the degradation of AO7 by B-nZVI
was controlled by active sites, and the data fit well with
the pseudo-first-order equation. The initial pH was
found to be an important factor in the degradation of
AO7 by B-nZVI. The reaction rate constant (kobs) in-
creased with the increase of B-nZVI dosage. At pH 7.0
and the dosage of B-nZVI 3.2 g/L, the removal of AO7

was up to 95.2 % within 10 min. Therefore, it is con-
cluded that B-nZVI has the potential to be a promising
material for the degradation of organic contaminants.
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