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Abstract
The presence of organic contaminants in industrial effluents is an environmental concern of

increasing global importance. One innovative technology for treating contaminated indus-

trial effluents is nanoscale zero-valent iron supported on biochar (nZVI/BC). Based on

Transmission Electron Microscopy, X-Ray Diffraction, and Brunauer-Emmett-Teller char-

acterizations, the nZVI was well dispersed on the biochar and aggregation was dramatically

reduced. Methyl orange (MO) served as the representative organic contaminant for verify-

ing the effectiveness of the composite. Using decolorization efficiency as an indicator of

treatment effectiveness, increasing doses of nZVI/BC yielded progressively better results

with 98.51% of MO decolorized by 0.6 g/L of composite at an nZVI/BC mass ratio of 1:5.

The superior decolorization efficiency of the nZVI/BC was attributed to the increase in the

dispersion and reactivity of nZVI while biochar increasing the contact area with contaminant

and the adsorption of composites. Additionally, the buffering function of acid-washed bio-

char could be in favor of maintaining the reactivity of nZVI. Furthermore, the aging nZVI/BC

for 30 day was able to maintain the removal efficiency indicating that the oxidation of nZVI

may be delayed in the presence of biochar. Therefore, the composite of nZVI/BC could rep-

resent an effective functional material for treating wastewater containing organic dyes in

the future.

Introduction
The discharge of dye-containing wastewaters have long represented a major environmental
challenge because of aesthetic concerns, their potential toxicity, and carbonaceous oxidation
demand on receiving waters. Dye wastewaters are characterized by more complicated and sta-
ble structure, tending to be quite persistent in the environment and resistant to biodegradation
[1,2]. It is estimated that more than 70,000 tons of dye wastewaters are discharged worldwide
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every year [3]. Various attempts have now been made for treatment of organic dyes from
industrial effluents. In particular, chemical decomposition has been quite an effective method
for relieving the environmental pressure from organic dyes-containing effluents. It is well rec-
ognized that nZVI, as an environmentally benign chemical reductant, is capable of effectively
transforming and immobilizing a wide range of contaminants including halogenated com-
pounds [1,4,5], heavy metals [6,7], nitrate [8], dye and textile compounds [9,10]. However,
despite its significantly high reactivity surface energy, the intrinsic ferromagnetic property of
nZVI can cause severe aggregation resulting in a loss of reactivity, durability and mechanically
strength [11]. In order to overcome the disadvantage, efforts have been made to modify nZVI
to optimize the dispersion and/or stabilization of nZVI. Some mechanical stable supports were
proposed such as zeolite [12], resin [13], clay mineral [14], graphene [15] and active carbon
[16,17] to disperse the iron particle sizes. In particular, clay mineral and porous carbon are
two commonly used supporting materials for nZVI. However, clay minerals usually have
lower specific surface area relative to nZVI, therefore, the specific surface area of composite
will be lower than that of iron nanoparticles [18,19]. In comparison with clay minerals, bio-
char is a porous carbon-rich material, which is characterized by a higher specific surface area,
greater adsorption capacity, and stable structure. Due to the porous structure of biochar, func-
tional nanoparticles based on biochar for environmental application has recently been success-
fully synthesized, and demonstrated to have excellent abilities to remove a range of
contaminants from aqueous solutions [20,21]. Biochar can be derived from a variety of bio-
mass such as wood, leaves, manure and agricultural wastes through the pyrolysis under oxygen
limited conditions [22]. In addition, it does not need a treatment for further activation like
active carbon [23]. Therefore, biochar may be a more cost-effective and readily accessible
alternative material for engineering application as a template of nZVI. Extensive attention has
been paid to biochar that sequestrates numerous organic and inorganic contaminants and it is
considered as a significant material in the environmental remediation [24–26]. Therefore, it is
considered necessary to evaluate the effectiveness of biochar ameliorating the aggregation of
iron nanoparticles and dual mechanisms of biochar supporting nZVI in adsorbing and
degrading organic pollutants.

MO was used as a representative dye to evaluate the removal effect by the modified iron
nanoparticles in the present study. As a simple model of a series of common azo dyes, MO is
an anionic dye and widely used in chemical, textile and paper industries. Its structure is charac-
terized by a mono-azo bond and sulphonic group, which are responsible for its visible color
and the high solubility in water, respectively. The MOmolecules may be fixed in biochar by
sorption or be transformed to simple, low molecular weight products by nZVI through the
destruction of the azo bond N = N. Both of the two processes will lead to the decolorization of
MO, therefore, the decolorization was chosen as the primary indicator of technology effective-
ness. The objectives of the study are to 1) synthesize and characterize the biochar supported
nZVI composite material; 2) verify the effectness of prepared nZVI/BC composite for MO
decoloration and 3) to explore the MO decolorized mechanism by nZVI/BC.

Experimental

Materials
Potassium borohydride (KBH4) (>98%) was purchased from Sinopharm Chemical Reagent
Co., Ferrous sulfate (FeSO4�7H2O) (99.7%) was obtained from Guangdong Chemical Reagent
Co., MO (C14H14N3SO3Na) was from Beijing Chemical Reagent Co., Rice husk-derived bio-
char (BC) was supplied by Nanjing Zhongheng Co. prepared at 500 °C. All other reagents were
analytical reagent grade. Deionized (DI) water was used throughout this study.
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Particle Preparation
Biochar (<100-mesh) was firstly mixed with 1 MHCl (1/20, v/v) and shaken overnight at room
temperature for demineralization, such as K+, Na+, Ca2+ and Mg2+. Then biochar was then
purified using dialysis method until the solution pH was close to neutral and dried at 80 °C in
an oven.

For the synthesis of biochar supported nZVI (nZVI/BC), an aqueous phase reduction of fer-
rous iron (FeSO4•7H2O) was applied with the reported method [27] using potassium borohy-
dride (KBH4) as a reductant. All solvents were degassed and saturated with N2 for more than
60 min prior to use and the whole synthesis process was under N2 atmosphere. The freshly pre-
pared FeSO4�7H2O (0.05 M) in methanol/deionized water (3/7, v/v) solution was mixed with a
measured mass of BC stirring for 60 min to form a homogenous solution. An equal volume of
0.1 M KBH4 solution was added drop wise into the slurry under vigorous stirring. Following
the complete reaction, the composite sample was separated from the supernatant and biochar
unsupported zero iron with a magnet. Subsequently, the obtained sample was washed and puri-
fied by deionized water and methanol for several times, respectively. nZVI/BC composites with
different theoretical mass ratios of nZVI/BC at 1:3, 1:5, and 1:7 (referred hereafter to as nZVI/
BC3, nZVI/BC5, nZVI/BC7, respectively) were prepared. Unsupported nZVI was also prepared
according to the method mentioned above without biochar being added. The nZVI and nZVI/
BC particles were stored in ethanol under N2 atmosphere and vacuum-dried prior to use.

Characterization of nZVI/BC
The iron particle sizes and morphology were analyzed using a Hitachi HT7700 (Hitach, Japan)
Transmission Electron Microscope (TEM) at an operating voltage of 100 kV. Possible sample
crystal structures of nZVI, nZVI/BC, and biochar were performed on a Thermo ARL X'TRA
X-ray diffratometer (Thermo Fisher Scientific, USA) with Cu Kα X-ray source at 40kV and
40mA. The N2-Brunauer-Emmett-Teller (BET) specific surface area and total pore volume of
particles were measured using an ASAP 2020 BET-surface area analyzer (Micromeritics, USA).

Batch experiments
A 1,000 mg/L aqueous MO stock solution was prepared and used to create serial dilutions for
the batch experiments. The experiments were conducted in triplicate under anaerobic
conditions.

To realize the highest efficiency of iron nanoparticles in nZVI/BC composites decolorizing
MO, three different mass ratios of nZVI/BC (1:3, 1:5, or 1:7) were used to decolorize the 200
mL of 60 mg/L MO solution at ambient temperature with the initial pH uncontrolled, respec-
tively, and the content of Fe0 was maintained at 0.1 g/L in each composite. 5 mL solution was
withdrawn at regular intervals, filtered through 0.22 μmmembrane filter, and the concentra-
tions were determined by UV-visible spectrophotometer (UV-2102PCS, Shanghai, China) at
the maximum absorption intensity of 464 nm (diluted if necessary before measured) [28]. Indi-
vidual biochar and nZVI were also added to MO solution as control experiments. The pH was
determined by a digital pH meter (pHS-3C, Shanghai, China).

Various factors for the removal of MO by nZVI/BC were investigated: (1) the starting con-
centrations of MO ranging from 200 to 600 mg/L with the nZVI/BC5 dosage of 0.6 g/L; (2) the
nZVI/BC loading being increased from 0.3 to 0.9 g/L decolorizing 300 mg/L of MO; (3) the ini-
tial solution pH being adjusted with 0.1 M HCl or 0.1 M NaOH solution to 4.06 to 9.13, and
(4) coexistent anions including Cl-, SO4

2-, and NO3
- (10-fold molar concentration of MO).

To evaluate the chemical corrosion of the prepared materials, nZVI/BC5 and nZVI were
kept in a capped glass bottle under natural air atmosphere for a month, respectively. Individual
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removal of the initial 300 mg/L MO solution by aging nZVI/BC5 (0.6 g/L) and nZVI (0.1 g/L)
were undertaken. In comparison with the aging materials, respective removal of MO by freshly
prepared nZVI/BC5 and nZVI was also undertaken under the same conditions.

The decolorization efficiency (η%) of MO and the unit removal capacity (mg/g) were calcu-
lated using the following Eqs (1) and (2):

Z ¼ ðC0 � CeÞ
C0

� 100% ð1Þ

Unit removal capacity ¼ ðC0 � CeÞ
m

ð2Þ

Where C0 and Ce are the initial and equilibrium MO concentrations (mg/L) in the solution
respectively,m is the amount of nZVI/BC (g/L).

Non-linear regressions with empirical equation (first order exponential decay) was intro-
duced according to the Eq (3) due to the residual MO concentration being taken into account
[29].

Ct ¼ Ce þ ðC0 � CeÞ�a�e�kt ð3Þ

Where Ct is the concentration of MO solution (mg/L) at time t (min), k is the observed rate
constant (min-1), α denotes the variation coefficient for each test.

Results and Discussion

Particle Characterization
The BET surface area (SA) and total pore volume of particles are presented in Table 1. The SA
of nZVI was 20.89 m2/g and the SA of composite was significantly increased by introducing
biochar (205.35 m2/g). The SA for nZVI/BC at various mass ratios of 1:3, 1:5, and 1:7 were
26.62, 142.80, 138.07 m2/g, respectively. It appears that more content of biochar in the compos-
ite of nZVI/BC was favorable for the dispersion of iron nanoparticles because the SA of nZVI/
BC5 and nZVI/BC7 were much higher than that of nZVI/BC3. Nevertheless, nZVI/BC7 slightly
decreased the SA compared with nZVI/BC5. This is because that nZVI nanoparticles were syn-
thesized among the layers of BC, therefore, higher biochar mass was favorable for the disper-
sion of nZVI on BC surface. However, further excess of biochar (nZVI/BC mass ratio 1:7 in the
case) resulted in the increased aggregation of biochar sheets, and thereafter lower SA value was
observed instead of improving the specific area [30].

The TEM images of nZVI, biochar, and nZVI/BC5 are presented in Fig 1a. The morphology
of nZVI was characterized by spherical shape with particle sizes ranging from 50 nm to 100
nm, which was similar to that reported in the literature [31]. nZVI existed in the form of prom-
inent chain-like aggregates because of their huge interface energy and magnetic property.

Table 1. The Barrett-Emmett-Teller (BET) specific surface area and pore structural properties of particles.

Sample BET-SA (m2/g) Micropore volume (cm3/g) Pore volume (cm3/g) Pore size (nm)

BC 205.35 0.073 0.11 2.17

nZVI 20.89 0.00053 0.0072 10.00

nZVI/BC3 26.62 0.0041 0.033 4.99

nZVI/BC5 142.80 0.052 0.079 2.21

nZVI/BC7 138.07 0.047 0.081 2.34

doi:10.1371/journal.pone.0132067.t001

Biochar Supported Nanoscale Iron for the Removal of Methyl Orange Dye

PLOSONE | DOI:10.1371/journal.pone.0132067 July 23, 2015 4 / 15



Biochar was in amorphous flake shapes with the size of 300~500 nm and nZVI nanoparticles
appeared to be dispersed on the surface and the boundary sites of biochar under the TEM
images of nZVI/BC. Thus, it is expected that the dispersion and surface reactivity of nZVI was
effectively improved using the biochar as templates of nZVI through the TEM and BET analy-
ses [32,33].

The outcome of XRD analysis is provided in Fig 1b in order to reveal the possible crystal
structures of the three materials. It is observed that α-Fe0 was confirmed on the basis of a
broad peak centered at 44–45° 2θ [34] and XRD peak at 2θ = 20–25° was assigned to the amor-
phous structure of graphite of biochar [35]. Both characteristic diffraction peaks of Fe0 and bio-
char in the XRD spectrogram of nZVI/BC indicated successful synthesis of the composites.

Effects of different mass ratios of nZVI/BC on MO decolorization
The effects of different mass ratios of nZVI/BC (1:3, 1:5, and 1:7) on MO decolorization are
illustrated in Fig 2a. The decolorization efficiency of 83.4% was achieved for nZVI (0.1 g/L),
while 0.5 g/L of biochar within the 30 min reaction time only adsorbed 7.1% of the initial MO
concentration. Removal of dye contaminants by biochar usually depends on higher solid-liquid
ratio of biochar and longer reaction time [1,36]. Thus, the biochar had relative low removal
efficiency for MO in the experiment. By comparison, nZVI/BC significantly enhanced the
removal efficiency of MO. The decolorization efficiencies were increased to 93.3%, 98.5%, and
95.2% for nZVI/BC3, nZVI/BC5, and nZVI/BC7 respectively. Both removal efficiencies and
reaction rates of MO for nZVI/BC were all much higher than that of the nZVI containing the
equal mass of Fe0 (0.1 g/L). In particular, approximately 93% of MO was decolorized by nZVI/
BC5 in the first 7 min. The outcome for nZVI/BC5 was approximately 53% higher than that of
nZVI and 10% higher than those of the nZVI/BC3 and nZVI/BC7. These results indicate that
the iron nanoparticles on the biochar surfaces played important role in the enhanced removal
of MO contaminant. MO is an anionic dye, which can be attracted to the surface of the

Fig 1. (a) Transmission Electron Microscope and (b) X-Ray Diffraction images of nZVI, BC and nZVI/BC.

doi:10.1371/journal.pone.0132067.g001

Biochar Supported Nanoscale Iron for the Removal of Methyl Orange Dye

PLOSONE | DOI:10.1371/journal.pone.0132067 July 23, 2015 5 / 15



positively charged nZVI particles because of the zero point of charge of the nZVI (pHzpc � 8)
higher than that of the original pH of the solution (pH = 5.76) [37]. Furthermore, the Fe0 can
destroy the chromophoric group of MO (-N = N-) into the colorless products. In addition, the
nZVI/BC composites could serve as more adsorption sites for the MO due to the greater sur-
face area than nZVI and the nZVI dispersion on biochar increased more reactive sites to react
with the MOmolecules. Therefore, the nZVI/BC composite could strongly remove the MO
dyes from the aqueous solution [35,38].

It should be noted that higher amounts of biochar in nZVI/BC appeared to be more benefi-
cial for the decolorization performance. The similar results were also reported by other litera-
tures relative to clay minerals as carriers [38, 39]. However, excess biochar supported nZVI did
not appear to give a more synergistic effect towards the removal of MO, as the removal

Fig 2. (a) Removal efficiencies of MO using different materials. (b) Changes of pH versus reaction time
profiles. Conditions: In all cases, initial MO concentration = 60 mg/L, nZVI dosage = 0.1 g/L, the nZVI/BC
mass ratio was 1:3, 1:5, and 1:7 for nZVI/BC3, nZVI/BC5, and nZVI/BC7, respectively; biochar dosage = 0.5g/
L.

doi:10.1371/journal.pone.0132067.g002

Biochar Supported Nanoscale Iron for the Removal of Methyl Orange Dye

PLOSONE | DOI:10.1371/journal.pone.0132067 July 23, 2015 6 / 15



efficiency of MO with nZVI/BC7 was slightly decreased by approximately 3% relative to nZVI/
BC5. Deng proposed that the reactive sites responsible for reduction and the non-reactive sites
responsible for adsorption were both on the iron surfaces [40]. Therefore, it is deduced that
excess biochar loading may block the reactive sites on the iron surfaces leading to the decrease
of the reducing power of the iron. As a result, a mass ratio of Fe/BC at 1:5 gave the optimum
performance in the present experiment.

Solution chemistry measurements suggested that the removal of MO was accompanied by a
concurrent pH rise both in nZVI-MO and nZVI/BC-MO systems in the first 10 min (Fig 2b).
This is because that Fe0 cleaved the azo N = N bond to form hydrazine-like N-H single bonds
that would consume H+ and lead to pH increasing, as shown in Fig 3. Besides, the spontaneous
reaction that Fe0 reacting with water to generate Fe2+, H2 and OH

- was also responsible for the
increase of solution pH, as shown in the Eq (4) [41]. In the nZVI-MO system, pH fluctuated
from 5.76 to 8.07 within 10 min. Subsequently, pH fell back to the vicinity of 7 in the last 20
min. This was ascribed to the consumption of H+ resulting in the alkaline condition normally
favorable for Fe2+ reacting with OH- in solution to form Fe(OH)2, as shown in the Eq (5) [31].
In comparison with nZVI, the buffering function of biochar in nZVI/BC-MO solutions main-
tained the pH ranging from 5.76 to average of 7.0, because a large amount of hydrogen ions
were adsorbed to the biochar in acid solution rinsing process before the synthesis. They could
well play a role of buffering solution pH and maintain the relatively high reactivity of nZVI.
This could also be one of the factors enhancing the decolorization efficiency of MO.

Fe0ðsÞ þ 2H2OðaqÞ ! Fe2þðaqÞ þH2ðgÞ þ 2OH�
ðaqÞ ð4Þ

Fe2þðaqÞ þ 2OH�
ðaqÞ ! FeðOHÞ2ðsÞ # ð5Þ

The observed kinetic constant was fitted according to the Eq (3) and the related parameters
are presented in S1 Table. The results showed that the observed kinetic constant (k) of nZVI
was 0.104 min-1. The k for nZVI/BC ranged from 0.476 to 0.743 min-1 at different mass ratios

Fig 3. Degradation mechanism of methyl orange by Fe0.

doi:10.1371/journal.pone.0132067.g003
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(1:3, 1:5, and 1:7), increasing by a factor of 4.58 to 7.13 compared with the nZVI. These suggest
an excellent reducing capability of the nZVI/BC composite.

Factors affecting removal of MO
A series of batch experiments were carried out to investigate the factors influencing the
removal efficiency of MO such as the initial concentrations of MO, the nZVI/BC5 dosages,
starting pH, and various anions.

The effects of initial dye concentrations are shown in Fig 4a. An average of 92.1% of removal
efficiency was achieved for initial dye concentrations between 200 and 400 mg/L. However, it
was decreased by 21.2% when the initial concentration reached 600 mg/L. Additionally, the
apparent rate constants were decreased from 0.470 to 0.303 min-1 (S1 Table). However, the
performances were superior to that of other similar supported or unsupported iron nanoparti-
cles [30,42,43]. Furthermore, the unit removal capacity versus different initial concentrations
were plotted proportionally a line (the inset in Fig 4a) with the linear coefficient (R2) of 0.96.
The unit removal capacity was 97.8, 306.7, 605.0, and 709.1 mg MO per gram nZVI/BC5 for
initial concentrations of 60, 200, 400, and 600 mg/L, respectively. This result was slightly lower
than that of bentonite supported Fe/Pd (B/nZVI/Pd) nanoparticles [42]. However, 50% of Fe0

Fig 4. Factors affecting removal of MO: (a) different initial concentrations. The inset was the unit removal capacity versus different initial concentrations; (b)
various nZVI/BC5 dosages; (c) various pH; and (d) various anions (10-fold molar concentration of MO).

doi:10.1371/journal.pone.0132067.g004
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in 0.5 g/L B/nZVI/Pd loading in that literature increased the amount of Fe0 used in the present
test by a factor of 2.5. In addition, the B/nZVI/Pd contained a catalyst, palladium, which could
significantly enhance the removal efficiency. Thus, from the cost-effective point of view, nZVI/
BC5 has a more significant superiority in practical applications and biochar-based nZVI may
lower the overall treatment cost for dye-contaminated water.

The effect of nZVI/BC5 dosage on MO decolorization efficiency is shown in Fig 4b. When
0.3 g/L of nZVI/BC5 was loaded in solution, only 38.6% of MO was decolorized in the first 15
min and was quenched primarily in the last 15 minutes of the experiment. In comparison to
that, when nZVI/BC5 dosage was increased from 0.6 to 0.9 g/L, the decolorization efficiency
was increased from 92.1% to 97.3%. The observed rate constants ranged from 0.201 to 0.369
min-1 (S1 Table). It is clear that the more nZVI/BC5 were loaded, the more reactive surface
sites were utilized by MO. Moreover, the collision between zero-valent iron atoms and MO
molecules became more intense, leading to improve the reaction rates.

The effects of different initial pH ranging from 4.06 to 9.13 on the removal of MO are illus-
trated in Fig 4c. A downward trend on the removal efficiency was observed with increasing
starting pH values. 98.1% of dye removal was obtained at the optimal initial pH 4.06 within
approximately 10 minutes, where the observed rate constant approached 1.256 min-1 (S1
Table). The MO solution was decolorized to more than 91.2% when pH was changed from 4.97
to 7.96. To our knowledge, the MO is negatively charged and exhibits alkalinity when the solu-
tion pH is higher than 4.4. The pH in the range of 4.06 to 7.96 was favorable for the positively
charged iron nanoparticles (< pHzpc � 8) adsorbed the negatively charged MOmolecules. In
addition, it is well known that pH value played a significant role in reducing contaminants by
Fe0. An acid solution was favorable for iron to optimize the use of its reactive sites and hinder
ferrous hydroxide precipitation on iron surfaces [44]. Elevating pH to 9.13, however, gave a
poor removal efficiency of 78.8%. Whereas, the removal efficiency was still superior to those
obtained from the previous researches [28,45] considering that the amount of Fe0 used in the
experiment was very limited relative to the concentrations of the target pollutants. It is deduced
that the adsorbed hydrogen ions on the biochar desorbed into solution and was neutralized
during the course of the reaction, which could withstand the adverse effect of alkaline condi-
tions. The effects of three anions (Cl-, SO42-, and NO3-) in MO solutions treated by nZVI/BC5

are illustrated in Fig 4d. The results indicated that the removal efficiency in the control experi-
ment (MO solution only decolorized by nZVI/BC5) was 91.9% and the presence of Cl- almost
had almost no influence on the ultimate removal efficiency. The reduced rate indicated that the
chloride ion may compete with MOmolecules to adsorb onto the iron surfaces. However, both
sulfate and nitrate had adverse effects on the removal of MO. Their decolorization efficiencies
of 81.9% and 64.5% were observed. The practical dye wastewater consists of some common
anions such as chloride ion, sulfate, and nitrate, which could react with the iron particles or
occupy the reactive sties on the surface of Fe0 [46]. Su and Puls reported that the oxyanions
were expected to perform either sorption-dominated reactions (SO4

2-) or reduction-dominated
reactions (NO3

-) with nZVI [47]. Therefore, it is necessary to take into account excess con-
sumption of nZVI/BC composites by anions in dye wastewater treatment.

Long-term effect of nZVI/BC
The effect of air aging materials on MO removal is shown in Fig 5. The fresh nZVI could
remove 79.0% of 300 mg/L MO, whereas the decolorization efficiency by aged nZVI was
decreased by 15%. The oxygen could convert Fe0 to ferrous or ferric oxide leading to a passiv-
ation layer forming on the nZVI surface. The Fe-FexOy core-shell construction would restrain
Fe0 in the core to react with contaminants [48]. As illustrated in Fig 5, the removal efficiency
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for aged nZVI/BC5 for a month was dropped only slightly by 3% in comparison with that of
fresh nZVI/BC5 (92.3%). Therefore, nZVI modified by biochar seemed to be able to delay the
formation of the passivated layer. The similar results were also obtained by other researchers
using silicate clay mineral as supports [42]. Uzum et al. found that the oxide-layer thickness of
iron nanoparticles supported by kaolinite clay aged for 8 months under normal conditions was
no more than 5 nm [39]. The possible causes may be that the iron nanoparticles were synthe-
sized in the pores of biochar or in the inner carrier surface, namely biochar may mechanisti-
cally prevent nZVI from interacting with air in the presence of biochar so that the oxidation
formation was delayed [16,39].

The mechanism of MO removal by nZVI/BC
The UV-visible spectrum of MO decolorized by nZVI/BC5 and the visual representation with
time are presented in Fig 6a. The color declined significantly in the first 5 min which was in
line with the changing trend of UV-visible spectra. Subsequently, the color was almost disap-
peared within the 15 min. MO is an anionic dye and has a mono-azo group leading to its visible
color. The chromophore group exhibited the maximum visible absorption wavelength at 464
nm and the π!π� transition related to aromatic rings caused absorbances at 270 and 191 nm,
respectively [28,49]. As shown in Fig 6a, absorbance for the bands at 464, 270, and 191 nm was
weakened gradually with the reaction time, indicating that the conjugated structure of MO was
either destroyed or adsorbed by nZVI/BC5. In the meantime, the new peak of absorption at 248
nm in accordance with the UV-visible spectra of the standard solution of the sulfonic acid
appeared and was enhanced with time [28], indicating that sulfonic acid was one of products
and decolorization mechanism was mainly reduction.

Fig 5. Effects of air aging of nZVI/BC5 on decolorization of MO, MO concentration = 300mg/L, nZVI/
BC5 dosage: = 0.6 g/L.

doi:10.1371/journal.pone.0132067.g005
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On the basis of the collected experimental data, the conceptual model for the removal mech-
anism by nZVI/BC is illustrated in Fig 6b. Biochar-based nZVI was expected to play significant
roles on both reduction and adsorption in the MO decolorization progress. Firstly, MOmole-
cules were adsorbed on surfaces of biochar and nZVI due to their rich porosity, huge specific
surface area, and π-π interactions between MOmolecules and graphene layers of biochar [36].
Secondly, nZVI could transform the MOmolecules by breaking down azo bond (-N = N-) to
smaller molecular fragments including the sulfanilic acid and aromatic amine [29]. According
to the degradation function of MO by nZVI (Fig 3), the reduction process mainly has two steps
with the first step being reversible. In the first step, Fe0 supplied electrons to MO and combined
H+ to form unstable intermediates, which could also return to the original material. In the sec-
ond step, collisions between iron and MO occured and H+ was consumed further, resulting in
the formation of aromatic amine and sulfonic acid in the second step [49]. Moreover,

Fig 6. (a) UV-visible spectra of MO during the decolorization process and picture of colour variation of MO,
Conditions: MO concentration = 300 mg/L, nZVI/BC5 dosage = 0.6 g/L; (b) The conceptual model for the
removal mechanism of MO by nZVI/BC.

doi:10.1371/journal.pone.0132067.g006
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spontaneous reaction occurred between Fe0 and water to produce Fe2+ and H2 (Eq (4)). Hydro-
gen ions were used up vigorously during the reaction system resulting in the rise of the solution
pH. Oxygen could transform Fe0 to iron oxides and decline the reducing capacity of iron nano-
particles. However, the porosity of biochar appeared to provide the protective layer for the
nZVI and prevent iron nanoparticles from rapid oxidation and the mechanism needs to be
investigated further.

Conclusion
An environmental remediation composite of nZVI/BC for efficiently adsorbing and degrading
organic pollutants could be synthesized using biochar supported iron nanoparticles. As charac-
terized by TEM, XRD and BET analyses, biochar was capable of preventing the aggregation of
iron particles and increasing the opportunities of contaminant interaction with nZVI. The
increase in the mass ratio of biochar within the nZVI/BC composite was favorable for iron
nanoparticles dispersing on biochar, whereas excess of biochar may block the reactive sites on
the iron surface leading to the loss of the reducing capacity of irons. The mass ratio between
biochar and nZVI at 5:1 appeared to give the best performance with the MO decolorization effi-
ciency of 98.5%. Acid-washed biochar may supply more H+ to the oxidation-reduction reaction
between Fe0 and MOmolecules and maintain pH at neutral conditions. The effectiveness of the
nZVI/BC for removal of MO was confirmed through a series of batch experiments under differ-
ent initial conditions. Moreover, the removal efficiency for the aging nZVI/BC stored at neutral
conditions for a month was slightly decreased, indicating that biochar supported nZVI could
maintain long-term effectiveness for remediation of organic pollutants in environmental media.

Considering that biochar can be readily available, along with its cost-effectiveness, it may be
a promising matrix to effectively decrease the aggregation of nZVI particles. The dispersed
nZVI particles can strongly decolorize the dye-containing wastewater and the magnetic prop-
erty of nZVI making the residues favorable for recollection by a magnet in aqueous solution.
Therefore, the composite of nZVI/BC could offer an effective functional material for treating
wastewater containing organic dyes.

Supporting Information
S1 Table. Parameters of non-linear equations for the empirical equation.
(DOCX)

Acknowledgments
The financial supports from the National High Technology Research and Development Pro-
gram (863 Program) (2013AA06A208), the National Science Foundation of China (41471404
and 51309214), and the Public Wealth Research Funding from the Ministry of Environmental
Protection of the People's Republic of China (201309005) were sincerely acknowledged.

Author Contributions
Conceived and designed the experiments: LH MFC. Performed the experiments: LH SX. Ana-
lyzed the data: LH SCZ. Contributed reagents/materials/analysis tools: JCY LBQ. Wrote the
paper: LH SX.

References
1. Yao YJ, He B, Xu FF, Chen XF (2011) Equilibrium and kinetic studies of methyl orange adsorption on

multiwalled carbon nanotubes. Chem Eng J 170: 82–89.

Biochar Supported Nanoscale Iron for the Removal of Methyl Orange Dye

PLOSONE | DOI:10.1371/journal.pone.0132067 July 23, 2015 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0132067.s001


2. Crini G (2006) Non-conventional low-cost adsorbents for dye removal: A review. Bioresource Technol
97: 1061–1085.

3. ZhangWX, Li HJ, Kan XW, Dong L, Yan H, Jiang ZW, et al. (2012) Adsorption of anionic dyes from
aqueous solutions using chemically modified straw. Bioresource Technol 117: 40–47.

4. ZhangWX (2003) Nanoscale iron particles for environmental remediation An overview. J Nanopart Res
5: 323–332.

5. Dries J, Bastiaens L, Springael D, Agathos SN, Diels L (2005) Combined removal of chlorinated eth-
enes and heavy metals by zerovalent iron in batch and continuous flow column systems. Environ Sci
Technol 39: 8460–8465. PMID: 16294888

6. Kanel SR, Greneche JM, Choi H (2006) Arsenic (V) removal from groundwater using nano scale zero-
valent iron as a colloidal reactive barrier material. Environ Sci Technol 40: 2045–2050. PMID:
16570634

7. LiangW, Dai C, Zhou XF, Zhang YL. (2014) Application of Zero-Valent Iron Nanoparticles for the
Removal of Aqueous Zinc Ions under Various Experimental Conditions. PLOS One 9: e85686. doi: 10.
1371/journal.pone.0085686 PMID: 24416439

8. Sohn K, Kang SW, Ahn S, Woo M, Yang SK (2006) Fe(0) nanoparticles for nitrate reduction: Stability,
reactivity, and transformation. Environ Sci Technol 40: 5514–5519. PMID: 16999133

9. Chatterjee S, Lim SR, Woo SH (2010) Removal of Reactive Black 5 by zero-valent iron modified with
various surfactants. Chem Eng J 160: 27–32.

10. Liu H, Li G, Qu J (2007) Degradation of azo dye Acid Orange 7 in water by Fe0/granular activated car-
bon system in the presence of ultrasound. J Hazard Mater 144: 180–186. PMID: 17125919

11. Zhan J, Kolesnichenko I, Sunkara B, He J, McPherson GL, Piringer G, et al. (2011) Multifunctional iron-
carbon nanocomposites through an aerosol-based process for the in situ remediation of chlorinated
hydrocarbons. Environ Sci Technol 45: 1949–1954. doi: 10.1021/es103493e PMID: 21299241

12. Fukuchi S, Nishimoto R, Fukushima M, Zhu QQ (2014) Effects of reducing agents on the degradation
of 2,4,6-tribromophenol in a heterogeneous Fenton-like system with an iron-loaded natural zeolite.
Appl Catal B-Environ 147: 411–419.

13. Ponder SM, Darab JG, Mallouk TE (2000) Remediation of Cr(VI) and Pb(II) aqueous solutions using
supported, nanoscale zero-valent iron. Environ Sci Technol 34: 2564–2569.

14. Luo S, Qin P, Shao J, Peng L, Zeng Q, Gu JD (2013) Synthesis of reactive nanoscale zero valent iron
using rectorite supports and its application for Orange II removal. Chem Eng J 223: 1–7.

15. Kumar S, Singh AK, Dasmahapatra AK, Mandal TK, Bandyopadhyay D (2015) Graphene based multi-
functional superbots. Carbon 89: 31–40.

16. Mackenzie K, Bleyl S, Georgi A, Kopinke FD (2012) Carbo-Iron-An Fe/AC composite—As alternative to
nano-iron for groundwater treatment. Water Res 46: 3817–3826. doi: 10.1016/j.watres.2012.04.013
PMID: 22591820

17. Zhan JJ, Sunkara B, Le L, John VT, He JB, McPherson GL, et al. (2009) Multifunctional Colloidal Parti-
cles for in Situ Remediation of Chlorinated Hydrocarbons. Environ Sci Technol 43: 8616–8621. doi: 10.
1021/es901968g PMID: 20028061

18. Bhowmick S, Chakraborty S, Mondal P, Van RenterghemW, Van den Berghe S, Roman-Ross G, et al.
(2014) Montmorillonite-supported nanoscale zero-valent iron for removal of arsenic from aqueous solu-
tion: Kinetics and mechanism. Chem Eng J 243: 14–23.

19. Liu T, Wang ZL, Yan X, Zhang B (2014) Removal of mercury (II) and chromium (VI) from wastewater
using a new and effective composite: Pumice-supported nanoscale zero-valent iron. Chem Eng J 245:
34–40.

20. Yao Y, Gao B, Chen JJ, Zhang M, Inyang M, Li YC, et al. (2013) Engineered carbon (biochar) prepared
by direct pyrolysis of mg-accumulated tomato tissues: characterization and phosphate removal poten-
tial. Bioresource Technol 138: 8–13.

21. Zhang M, Gao B (2013) Removal of arsenic, methylene blue, and phosphate by biochar/alooh nano-
composite. Chem Eng J 226: 286–292.

22. Lehmann J (2007) A handful of carbon. Nature 447: 143–144. PMID: 17495905

23. Ahmad M, Lee SS, Dou X, Mohan D, Sung JK, Yang JE, et al. (2012) Effects of pyrolysis temperature
on soybean stover- and peanut shell-derived biochar properties and TCE adsorption in water. Biore-
source Technol 118: 536–544.

24. Chen BL, Zhou DD, Zhu LZ (2008) Transitional adsorption and partition of nonpolar and polar aromatic
contaminants by biochars of pine needles with different pyrolytic temperatures. Environ Sci Technol
42: 5137–5143. PMID: 18754360

Biochar Supported Nanoscale Iron for the Removal of Methyl Orange Dye

PLOSONE | DOI:10.1371/journal.pone.0132067 July 23, 2015 13 / 15

http://www.ncbi.nlm.nih.gov/pubmed/16294888
http://www.ncbi.nlm.nih.gov/pubmed/16570634
http://dx.doi.org/10.1371/journal.pone.0085686
http://dx.doi.org/10.1371/journal.pone.0085686
http://www.ncbi.nlm.nih.gov/pubmed/24416439
http://www.ncbi.nlm.nih.gov/pubmed/16999133
http://www.ncbi.nlm.nih.gov/pubmed/17125919
http://dx.doi.org/10.1021/es103493e
http://www.ncbi.nlm.nih.gov/pubmed/21299241
http://dx.doi.org/10.1016/j.watres.2012.04.013
http://www.ncbi.nlm.nih.gov/pubmed/22591820
http://dx.doi.org/10.1021/es901968g
http://dx.doi.org/10.1021/es901968g
http://www.ncbi.nlm.nih.gov/pubmed/20028061
http://www.ncbi.nlm.nih.gov/pubmed/17495905
http://www.ncbi.nlm.nih.gov/pubmed/18754360


25. Qian LB, Chen B (2013) Dual role of biochars as adsorbents for aluminum: the effects of oxygen-con-
taining organic components and the scattering of silicate particles. Environ Sci Technol 47: 8759–
8768. doi: 10.1021/es401756h PMID: 23826729

26. Gai XP, Wang HY, Liu J, Zhai LM, Liu S, Ren TZ, et al. (2014) Effects of feedstock and pyrolysis tem-
perature on biochar adsorption of ammonium and nitrate. PLOSOne 9 (12): e113888. doi: 10.1371/
journal.pone.0113888 PMID: 25469875

27. Zhu HJ, Jia YF, Wu X, Wang H (2009) Removal of arsenic from water by supported nano zero-valent
iron on activated carbon. J Hazard Mater 172: 1591–1596. doi: 10.1016/j.jhazmat.2009.08.031 PMID:
19733972

28. Fan J, Li HB, Shuang CD, Li WT, Li AM (2009) Rapid decolorization of azo dye methyl orange in aque-
ous solution by nanoscale zerovalent iron particles. J Hazard Mater 166: 904–910. doi: 10.1016/j.
jhazmat.2008.11.091 PMID: 19128873

29. Shu HY, ChangMC, Yu HH, ChenWH (2007) Reduction of an azo dye acid black 24 solution using syn-
thesized nanoscale zerovalent iron particles. J Colloid Interface Sci 314: 89–97. PMID: 17610885

30. Yan JC, Han L, GaoWG, Xue S, Chen MF (2015) Biochar supported nanoscale zerovalent iron com-
posite used as persulfate activator for removing trichloroethylene. Bioresource Technol 175: 269–274.

31. Wang Q, Snyder S, Kim J, Choi H (2009) Aqueous Ethanol modified Nanoscale Zerovalent Iron in Bro-
mate Reduction: Synthesis, Characterization, and Reactivity. Environ Sci Technol 43: 3292–3299.
PMID: 19534149

32. Bleyl S, Kopinke FD, Mackenzie K (2012) Carbo-Iron-Synthesis and stabilization of Fe(0)-doped colloi-
dal activated carbon for in situ groundwater treatment. Chem Eng J 191: 588–595.

33. Gu ZM, Fang J, Deng BL (2005) Preparation and evaluation of GAC-based iron-containing adsorbents
for arsenic removal. Environ Sci Technol 39: 3833–3843. PMID: 15952393

34. Nurmi JT, Tratnyek PG, Sarathy V, Baer DR (2005) Characterization and properties of metallic iron
nanoparticles: Spectroscopy, electrochemistry, and kinetics. Environ Sci Technol 39: 1221–1230.
PMID: 15787360

35. Chang C, Lian F, Zhu L (2011) Simultaneous adsorption and degradation of gamma-HCH by nZVI/Cu
bimetallic nanoparticles with activated carbon support. Environ Pollut 159: 2507–2514. doi: 10.1016/j.
envpol.2011.06.021 PMID: 21763039

36. Qiu Y, Zheng Z, Zhou Z, Sheng GD (2009) Effectiveness and mechanisms of dye adsorption on a
straw-based biochar. Bioresource Technol 100: 5348–5351.

37. Almeelbi T, Bezbaruah A (2012) Aqueous phosphate removal using nanoscale zero-valent iron. J
Nanopart Res 14: 900–913.

38. Chen ZX, Cheng Y, Chen Z, Megharaj M, Naidu R (2012) Kaolin-supported nanoscale zero-valent iron
for removing cationic dye—crystal violet in aqueous solution. J Nanopart Res 14: 899–906.

39. Uzum C, Shahwan T, Eroglu AE, Hallam KR, Scott TB, Lieberwirth I (2009) Synthesis and characteriza-
tion of kaolinite-supported zero-valent iron nanoparticles and their application for the removal of aque-
ous Cu2+ and Co2+ ions. Appl Clay Sci 43: 172–181.

40. Deng BL, Hu S, Whitworth TM, Lee R (2002) Trichloroethylene Reduction on Zero Valent Iron: Probing
Reactive versus Nonreactive Sites. Environ Sci Technol 837: 181–205.

41. YanW, Herzing AA, Kiely CJ, ZhangWX (2010) Nanoscale zero-valent iron (nZVI): aspects of the
core-shell structure and reactions with inorganic species in water. J Contam Hydrol 118: 96–104. doi:
10.1016/j.jconhyd.2010.09.003 PMID: 20889228

42. Wang T, Su J, Jin X, Chen Z, Megharaj M, Naidu R (2013) Functional clay supported bimetallic nZVI/Pd
nanoparticles used for removal of methyl orange from aqueous solution. J Hazard Mater 262: 819–
825. doi: 10.1016/j.jhazmat.2013.09.028 PMID: 24140533

43. HouM, Li F, Liu X, Wang X,Wan H (2007) The effect of substituent groups on the reductive degradation
of azo dyes by zerovalent iron. J Hazard Mater 145: 305–314. PMID: 17166657

44. Shih YH, Tai YT (2010) Reaction of decabrominated diphenyl ether by zerovalent iron nanoparticles.
Chemosphere 78: 1200–1206. doi: 10.1016/j.chemosphere.2009.12.061 PMID: 20117822

45. He Y, Gao JF, Feng FQ, Liu C, Peng YZ, Wang SY (2012) The comparative study on the rapid decolori-
zation of azo, anthraquinone and triphenylmethane dyes by zero-valent iron. Chem Eng J 179: 8–18.

46. Xie Y, Cwiertny DM (2012) Influence of Anionic Cosolutes and pH on Nanoscale Zerovalent Iron Lon-
gevity: Time Scales and Mechanisms of Reactivity Loss toward 1,1,1,2-Tetrachloroethane and Cr(VI).
Environ Sci Technol 46: 8365–8373. doi: 10.1021/es301753u PMID: 22780331

47. Su CM, Puls RW (2001) Arsenate and arsenite removal by zerovalent iron: Effects of phosphate, sili-
cate, carbonate, borate, sulfate, chromate, molybdate, and nitrate, relative to chloride. Environ Sci
Technol 35: 4562–4568. PMID: 11757617

Biochar Supported Nanoscale Iron for the Removal of Methyl Orange Dye

PLOSONE | DOI:10.1371/journal.pone.0132067 July 23, 2015 14 / 15

http://dx.doi.org/10.1021/es401756h
http://www.ncbi.nlm.nih.gov/pubmed/23826729
http://dx.doi.org/10.1371/journal.pone.0113888
http://dx.doi.org/10.1371/journal.pone.0113888
http://www.ncbi.nlm.nih.gov/pubmed/25469875
http://dx.doi.org/10.1016/j.jhazmat.2009.08.031
http://www.ncbi.nlm.nih.gov/pubmed/19733972
http://dx.doi.org/10.1016/j.jhazmat.2008.11.091
http://dx.doi.org/10.1016/j.jhazmat.2008.11.091
http://www.ncbi.nlm.nih.gov/pubmed/19128873
http://www.ncbi.nlm.nih.gov/pubmed/17610885
http://www.ncbi.nlm.nih.gov/pubmed/19534149
http://www.ncbi.nlm.nih.gov/pubmed/15952393
http://www.ncbi.nlm.nih.gov/pubmed/15787360
http://dx.doi.org/10.1016/j.envpol.2011.06.021
http://dx.doi.org/10.1016/j.envpol.2011.06.021
http://www.ncbi.nlm.nih.gov/pubmed/21763039
http://dx.doi.org/10.1016/j.jconhyd.2010.09.003
http://www.ncbi.nlm.nih.gov/pubmed/20889228
http://dx.doi.org/10.1016/j.jhazmat.2013.09.028
http://www.ncbi.nlm.nih.gov/pubmed/24140533
http://www.ncbi.nlm.nih.gov/pubmed/17166657
http://dx.doi.org/10.1016/j.chemosphere.2009.12.061
http://www.ncbi.nlm.nih.gov/pubmed/20117822
http://dx.doi.org/10.1021/es301753u
http://www.ncbi.nlm.nih.gov/pubmed/22780331
http://www.ncbi.nlm.nih.gov/pubmed/11757617


48. Kim HS, Ahn JY, Hwang KY, Kim IK, Hwang I (2010) Atmospherically Stable Nanoscale Zero-Valent
Iron Particles Formed under Controlled Air Contact: Characteristics and Reactivity. Environ Sci Technol
44: 1760–1766. doi: 10.1021/es902772r PMID: 20136088

49. Cao JS, Wei LP, Huang QG, Wang LS, Han SK (1999) Reducing degradation of azo dye by zero-valent
iron in aqueous solution. Chemosphere 38: 565–571. PMID: 10901674

Biochar Supported Nanoscale Iron for the Removal of Methyl Orange Dye

PLOSONE | DOI:10.1371/journal.pone.0132067 July 23, 2015 15 / 15

http://dx.doi.org/10.1021/es902772r
http://www.ncbi.nlm.nih.gov/pubmed/20136088
http://www.ncbi.nlm.nih.gov/pubmed/10901674

