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 nZVI/BC nanocomposite was

successfully synthesized and
characterized as PS activator.
 NP was effectively degraded at a wide
pH range of 3.0–7.0 in nZVI/BC-PS
system.
 The stability of nZVI/BC
nanocomposite and effect of reaction
parameters were investigated.
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a b s t r a c t
Nonylphenol (NP) is an endocrine disrupting chemical which is capable of interfering with the hormonal
system of various organisms in the environment. In this study, nanoscale zero-valent iron (nZVI) supported on biochar (BC) nanocomposite (nZVI/BC) was synthesized using low-cost rice husk through
reduction of ferrous iron with sodium borohydride as a reductant under nitrogen atmosphere. The morphology and structure of nanocomposite was characterized by X-ray diffraction, scanning electron microscopy, Fourier transform infrared spectroscopy and Brunauer-Emmett-Teller studies. The synthesis nZVI/
BC nanocomposite is used as an efficient persulfate (PS) activator to generate sulfate radicals (SO
4 ) for
the degradation of NP. The degradation efficiency of NP (20 mg/L) was 96.2% within 120 min using initial
dosage of 0.4g/L nZVI/BC3 and concentrations of 5 mM persulfate. The effects of reaction parameters such
as initial pH, PS concentration and dosage of nZVI/BC3 nanocomposite were investigated. The presence of
oxygen functional groups on the surface of BC and large surface area, nZVI/BC nanocomposite increased
generation of SO
4 which enhanced NP degradation. The radical scavenger experiments and electron

paramagnetic resonance (EPR) studies showed that both SO
4 and OH were responsible for degradation
of NP. The findings of this study provide new insights into the mechanism of nZVI/BC activating persulfate and its potential applications for the treatment of wastewater.
Ó 2016 Published by Elsevier B.V.
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1. Introduction
Endocrine disrupting chemicals (EDCs) existence in the environment has become a topic of main concern all over the world.
Nonylphenol (NP) is one of the most abundant EDCs present in
the environment capable of interfering with the hormonal system
of various organisms [1,2]. NP is used as raw material in the manufacture of nonylphenol ethoxylates (NPEOs) which are nonionic
surfactants widely used in industrial, agricultural, and household
products. Over 60% of the total NPEOs manufactured go into the
aquatic environment due to extensive use of NPEOs and NPEOs
produce NP in the environment [3]. The bioaccumulation of NP
at low concentrations in the aquatic environment can be a source
of disruption of the endocrine system of aquatic organisms. NP
mimics the natural 17b-estradiol hormone by competing for the
binding site of the receptor’s natural estrogen due to their structural similarity. The toxicity of NP causes oxidative stress and
apoptosis in various organisms [3,4]. NP annual production
reached 73,500 tons in Europe, 154,200 tons in USA, 16,000 tons
in China, 16,500 tons in Japan [1,3,5]. The European Union has
restricted production and use of NP since 2003 and NP concentration limited to 2 lg/L in water bodies [6]. The main pathway of
exposure to NP for human and wildlife is via water. Hence, it is
important to develop novel and consistent treatment approaches
to remove NP from wastewaters.
Currently, advanced oxidation processes (AOPs), which are
based on the production of reactive radical species, are considered
as one of the most powerful and attractive methods for the degradation of recalcitrant organic pollutants [7]. In recent years, sulfate
radical based AOPs have been recognized as promising technologies for the degradation and mineralization of refractory contaminants [8–11]. SO
4 has higher redox potential (E0 = 2.5–3.1 V) as
compared to hydroxyl radical (OH) (E0 = 1.8–2.7 V), which makes
the SO4 more efficient for the removal of contaminants [12,13].
SO
4 has strong oxidizing ability, longer half-life and higher reactivity over wide pH range [13–14]. Generally, SO
4 can be generated by the activation of persulfate (PS) through heat [15,16], UV
[17], transition metals [18,19], ultrasound [20] and base [21]. PS
has been proven to be the most effective oxidant in AOPs for the
removal of organic compounds from groundwater, soil and
wastewater [22,23].
Zero valent iron (ZVI) is cheap, non-toxic and act as potential
alternative source of Fe2+ through the dissociation of ZVI under
both aerobic and anaerobic conditions. ZVI has been successfully
used to activate PS producing SO
for the removal of 44
chlorophenol [24], polyvinyl alcohol, 2, 4-dinitrotoluene [8,25],
p-chloroaniline, aniline [9,26] and alachlor [27]. nZVI can produce
Fe2 + by the following reactions.

Fe0 ! Fe2þ þ 2e

ð1Þ

2þ
Fe0 þ S2 O2
þ 2SO2
8 ! Fe
4

ð2Þ

Fe0 þ H2 O þ 0:5O2 ! Fe2þ þ 2OH

ð3Þ

Fe0 þ 2H2 O ! Fe2þ þ H2 þ 2OH

ð4Þ


2þ
! Fe3þ þ SO2
S2 O2
8 þ Fe
4 þ SO4

ð5Þ

The activation of PS enhanced by nanoscale zero valent iron
(nZVI) due to its large surface area, small particle size and high
reactivity [10]. Though, the surface area, reactivity and mobility
of nZVI particles decrease by agglomeration of nZVI into microscale
particles due to high surface energies and intrinsic magnetic interactions of nZVI particles. The reactivity of nZVI also decreases by
oxidation when nZVI contact with air [28]. In order to overcome

the problem, different types of supporting materials such as rectorite, resin, active carbon, zeolite, and graphene have been used
for the better dispersion of nZVI [29–33]. Nonetheless, a good supporting material should be efficient, safe, inexpensive, and has ability to prevent the agglomeration of bare-nZVI.
Biochar (BC) is a pyrogenic carbon rich material which is generated by pyrolysis of biomass under limited oxygen conditions. The
application of BC has gained more attention for the remediation of
pollutants from soil and water and makes it an effective and indispensable environmental remediation material [34,35]. BC has high
surface area, porous structure and abundant oxygen-containing
functional groups such as hydroxyl (–OH) and carboxyl (–COOH)
on its surface. Therefore, BC has been used as effective and lowcost adsorbents for the removal of organic pollutants and heavy
metals. Because of its multi-functional features, BC has been
employed as mechanical supporting material for the dispersion
and stabilization of engineered nanoparticles to improve their
environmental application [36,37].
In this work, a biochar supported nZVI composite (nZVI/BC) was
synthesized and observed as an effective activator of persulfate to
generate SO
4 for the degradation of NP from aqueous solution. The
obtained nZVI/BC composite was demonstrated to be highly effective for improved catalytic oxidation of NP with PS as an oxidant.
The objectives of present study are to 1) synthesize and characterize a novel nZVI/BC composite; 2) assess the activation of PS efficiency with nZVI/BC composite to facilitate NP degradation in
aqueous solution; 3) recognize the dominant radical generating
from PS decomposition and resulting in NP removal; 4) explore
the PS activation mechanism by nZVI/BC.
2. Experimental
2.1. Materials and chemicals
Nonylphenol (C15H24O, CAS Nr. 84852-15-3, molecular weight
220.35 g/L) sodium borohydride (NaBH4) (>98%), 5,5-dimethyl-1pyrroline-N-oxide (DMPO) were obtained from Aladdin Reagents
Co. Ltd. (Shanghai, China). All other chemicals used in this study
were analytical reagent grade and deionized water was used
throughout this study.
2.2. Synthesis of nZVI/BC
The biochar was produced by the pyrolysis of rice husk as the
raw biomass material. The rice husk was collected from Guangzhou, Guangdong province, China. The collected material was
washed several times with deionized water to remove impurities
and then oven dried at 80 °C. The dried rice husk was placed in
ceramic crucibles covered with fitting lids and then pyrolyzed in
a muffle furnace for 2 h at a temperature of 400 °C under
oxygen-limited condition. The obtained BC was treated by rinsing
with 1 M HCl to remove inorganic components followed by soaking
with distilled water to remove any residual acids. In this study,
nZVI was synthesized by reduction method using NaBH4 as reducing agent which reduce Fe2+ to nZVI (Eq. (6))

2Fe2þ þ BH4 þ 2H2 O ! 2Fe0 þ BO2 þ 2H2 þ 4Hþ

ð6Þ

The nZVI/BC was synthesized according to reported method
[38] by reducing ferrous iron (FeSO47H2O) with sodium borohydride (NaBH4) as a reductant. In a classic procedure, 0.756 g of
BC was dissolved in freshly prepared 250 ml solution of FeSO47H2O (0.054 M) and the mixture was stirred dynamically at ambient
temperature for 1 h to attain homogenous solution. The solution
was degassed by purging N2 for 1 h and the whole preparation process was under N2 atmosphere. Then equal volume of NaBH4
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(0.108 M) solution was added dropwise for the reduction of FeSO47H2O to nZVI with vigorous stirring at room temperature. After
the completion of reaction, the black nZVI/BC particles were separated from the solution by vacuum filtration (0.45 lm membrane
filter). Afterward, nZVI/BC nanocomposite was washed several
times with ethanol and deionized water and then vacuum dried
at 60 °C. The synthesized nZVI/BC nanocomposite was labeled as
1:1 mass ratio of nZVI to BC. Four types of nZVI/BC nanocomposites
were synthesized with different mass ratios of nZVI to BC at 1:1,
1:2, 1:3 and 1:4, respectively. The nanocomposites were labeled
nZVI/BC1, nZVI/BC2, nZVI/BC3 and nZVI/BC4, respectively
2.3. Characterizations
The surface morphology of BC, nZVI and nZVI/BC nanocomposite was observed with EVO 18 (Car Zeiss) scanning electron microscope (SEM) being operated at an acceleration voltage of 10 kV. The
crystal structures BC, nZVI and nZVI/BC were characterized by Xray diffractometer (XRD, D8 Advance, Bruker) with Cu Ka radiation
(k = 1.5408 nm) over a 2h range of 10°–80°. The infrared spectra
were recorded on a Fourier transform infrared (FTIR) spectrophotometer. The spectra were obtained from 400 to 4000 wave numbers (cm1) using a Vector 33 (Bruker, German). Autosorb-iQ2PM
(Quanta chrome instrument US) an automate vapor sorption and
surface area analyzer instrument was used to measure BrunauerEmmett-Teller (BET) specific surface area and pore volume of BC,
nZVI and nZVI/BC.
2.4. Experimental process
A stock solution of NP was prepared at 1000 mg/L in methanol
and stored in the dark at 4 °C. PS stock solution (50 mM) was prepared in a 100 mL volumetric flask with deionized water. All experiments were performed in 250 ml Erlenmeyer flasks under
constant stirring in a rotary shaker at 25 °C and 125 rpm. For NP
degradation experiments, predetermined amount of BC (0.4g/L),
nZVI (0.4g/L) and nZVI/BC with different mass ratios of 1:1, 1:2,
1:3 and 1:4 were added into 100 ml of 20 mg/L NP solution and followed by adding 5 mM PS solution at pH 7.0. The initial pH of NP
solution was adjusted by 0.1 M H2SO4 and 0.1 M NaOH. At regular
time intervals, 5 ml sample was taken and filtered through
0.22 lm syringe filters prior to analysis. After filtration, samples
were quenched immediately with sodium thiosulfate to stop the
reaction. Various parameter effects on the degradation of NP,
including dosage of nZVI/BC, solution pH, PS concentration of the
NP solution were investigated. All these experiments were performed in triplicate.
2.5. Analytical methods
The concentrations of NP samples were determined by UV spectrophotometer. The degradation efficiency of NP was calculated by
using the following equation:

Degradation efficiencyð%Þ ¼ ðC0  Ce Þ=C0  100

ð7Þ

where, C0 was the initial concentration of NP and Ce was the concentration at time t. Fe2+ concentration was measured by colorimetrically with 1,10-phenanthroline using spectrophotometer at
510 nm [39]. Persulfate anion concentration was determined by
spectrophotometric method with potassium iodide [40]. The mineralization of NP was determined by EMENTAR LiquiTOC Total
Organic Carbon (TOC) analyzer. An electron paramagnetic resonance spectrometer (EPR) (Bruker, A300 microx) was used to determine the production of sulfate and hydroxyl radicals. DMPO (0.1 M)
was used as the radical spin-trapping reagent. The EPR determination was performed under the following conditions: a center field of

3517 G, a microwave power of 20.16 mW, a microwave frequency
of 9.875 GHz, a sweep width of 250 G, a modulation frequency of
100 kHz, a receiver gain of 3.99  104, modulation amplitude of
1.00 G, a sweep time of 122.8 s.

3. Results and discussion
3.1. Characterization of nZVI/BC composite
The physicochemical properties of BC, nZVI and nZVI/BC are displayed in Table 1. It can be depicted in Table 1 that the surface area
of nZVI and BC was 52.16 m2/g and 194.35 m2/g, respectively. The
surface area of nZVI/BC1, nZVI/BC2, nZVI/BC3 and nZVI/BC4 was
96.13, 107.51, 122.65, 119.11 m2/g, respectively. The observation
showed that surface area of nZVI/BC nanocomposite increased
with increasing BC contents because higher BC contents in nZVI/
BC composite were promising for nZVI dispersion on the surface
of BC. However, the surface area of nZVI/BC4 was decreased by further increase of BC contents due to increasing aggregation of BC
sheets.
The representative SEM images of BC, nZVI and nZVI/BC3 were
shown in Fig. 1. BC morphology was characterized by rough and
porous shape (Fig. 1a). As can be seen in Fig. 1b, the shape of synthesized nZVI particles was spherical with particle sizes range of
nanoscale. The morphology of nZVI also showed that nZVI existed
as chain-like aggregates due to magnetic interaction between
small particles. It can be found from the SEM image in Fig. 1c,
the surface of nZVI/BC3 was entirely different from that of the BC
due to distribution of nZVI particles on the surface of BC. The
results demonstrated that the occurrence of both iron and BC in
the composite confirmed through SEM images and nZVI particle
homogenously dispersed on BC surface. Hence, nZVI/BC3 composite morphology observed by SEM obviously shows that nZVI are
able to distribute on BC with nanoscale. The results also showed
that BC has well prospective ability to prevent the aggregation of
nZVI and act as good carrier of nZVI.
The crystalline structures of nZVI, BC and nZVI/BC were investigated by XRD analysis. The XRD patterns of nZVI, BC and nZVI/BC
are shown in Fig. 2a. The XRD representative peak at 2h = 45° confirmed the presence of a-Fe0. The apparent peak at 2h = 20–25° in
XRD patterns was allotted to the graphite structure of BC [12,38] In
the XRD diffractogram of nZVI/BC, both representative diffraction
peaks of BC and nZVI showed successful synthesis of nZVI/BC composites. The surface functional groups of BC and nZVI/BC were
observed by FTIR spectroscopy. Fig. 2b showed the FTIR spectra
of BC and nZVI/BC. The spectrum of BC and nZVI/BC revealed a
broad band at about 3400 cm1, which is associated to –OH groups,
showing the presence of hydroxyl groups on the surface of material. The band spectrum at 1600 cm1was assigned to the stretching vibration of carbonyl/carboxyl C@O. The peak at 1101 cm1 can
be assigned to the stretching vibration of C–O from phenolic group
[41,42]. The peak at 665 cm1 in the spectrum of the nZVI/BC
might be ascribed to the stretching vibration of Fe–O–H [38].

Table 1
Physiochemical properties of the nZVI, BC and nZVI/BC nanocomposite.
Catalyst

BET surface area
(m2/g)

Pore volume
(cm3/g)

Pore width (nm)

nZVI
BC
nZVI/BC1
nZVI/BC2
nZVI/BC3
nZVI/BC4

52.16
194.35
96.13
107.51
122.65
119.11

0.005
0.098
0.017
0.024
0.031
0.041

8.11
2.12
1.74
1.86
1.97
2.15
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Fig. 1. SEM images of BC (a), nZVI (b), nZVI/BC3 (c).

3.2. Degradation of NP by nZVI/BC-PS system
The experiments were conducted to examine the degradation
efficiency of NP by BC, nZVI, and with different ratios of nZVI/BC
(1:1–1:4) composite without PS. Fig. 3a shows that the adsorption
of NP was 10.9% and 16.87% by BC and nZVI respectively. As shown
in Fig. 3a, the removal efficiency of NP increased from 23.5% to
38.52% with an increase in nZVI/BC ratio from 1:1 to 1:3. This
might be due to the fact that biochar increases the dispersivity of
nZVI particles through adhesion of nZVI on the rough and porous
surface of BC. The removal efficiency of NP increased due to availability of more adsorption sites [43,44]. However further increase
in the nZVI: BC ratio from 1:3 to 1:4, NP removal efficiency was
decreased to 33.3%. At higher nZVI/BC ratio, nZVI particles may

Intensity (a.u.)

nZVI/BC

(a)

BC

nZVI

10

20
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40

50
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70

80

90

2 Theta (Degree)

(b)

enclose by the excess amount of BC compared to the optimum
dosage, therefore obstructing the direct contact of nZVI with NP
in the aqueous solution which resulted in the decreased removal
efficiency of NP.
Fig. 3b showed the degradation of NP with nZVI, BC and nZVI/BC
composite with different mass ratios (1:1–1:4) in the presence of
PS. When PS alone was added to the NP solution, 7.1% NP was
degraded due to limited oxidation ability of PS (E0 = 2.01 V) [8].
As depicted in Fig. 3c, PS consumptions percentage was 6.2% after
120 min reaction in PS alone system, showing that small amount of
PS was decomposed in this condition. In the BC/PS system, 28.3%
NP degradation efficacy was observed and PS consumptions percentage was 15.3%, showing that BC has weak activation capability
of persulfate. While in the nZVI/PS system, NP degradation efficiency was increased to 61.72% compared to 28.3% for BC/PS system and decomposition of PS was 47.1%. However, the
degradation efficiencies of NP were 68.4%, 78.31%, 96.2%, and
88.63% for the nZVI/BC mass ratios of 1:1, 1:2, 1:3 and 1:4, respectively. In addition, PS consumption was increased from 47.1% to
85%. The results showed that nZVI and nZVI/BC catalyst could
effectively activate PS to generate sulfate radical through Eq. (5)
and then hydroxyl radical would be generated by the reaction
between sulfate radical and water (Eq. (8). nZVI/BC nanocomposite
has higher surface area as compared to nZVI which enhanced the
activation site for persulfate. It can be seen that NP degradation
efficiency increased and reached at 96.2% at optimum ratio of
nZVI/BC3. The dispersion of nZVI particles on the surface of BC
between the layers helped to avoid the aggregation of BC sheets
[45,46]. The results showed that more amount of BC in nZVI/BC
nanocomposite seemed to be more promising for the degradation
of NP. Nevertheless, excess amount of BC in nZVI/BC4 nanocomposite did not show more synergistic effect for the degradation of NP.
Therefore, NP degradation efficiency was decreased to 88.63% with
nZVI/BC4. The reason is that excessive BC may block the reactive
sites of iron surface and causes the aggregation of BC sheets
[45,46] Therefore, the nZVI/BC3 was found to be optimum and
was selected for further study.
2
þ

SO
4 þ H2 O ! SO4 þ OH þ H

ð8Þ

3.3. Effect of nZVI/BC3 and PS dosage on NP degradation

Fig. 2. XRD patterns (a) and FT-IR spectra (b) of nZVI, BC and nZVI/BC3.

The degradation efficiency of NP was evaluated at different
nZVI/BC3 dosage from 0.1 to 0.5 g/L whereas keeping concentrations of NP at 20 mg/L and PS at 5 mM. As observed, the removal
efficiency of NP was significantly influenced by the dosage of
nZVI/BC3. As can be shown in Fig. 4a, NP degradation increased
rapidly from 54.5% to 96.2% after 120 min with increasing dosage
of nZVI/BC3 from 0.1 to 0.4 g/L. NP degradation increased when
nZVI/BC3 dosage was increased due to more generation of sulfate
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Fig. 4. (a) Effect of nZVI/BC3 dosages on the degradation of NP; (b) Effect of PS
concentrations on the degradation of NP. [NP] = 20 mg/L; [PS] = 5.0 mM;
Temp = 25 °C; pH = 7.0.

PS Consumption (%)

80

tion increased and large concentration of SO
4 are produced, leading to scavenging reaction without degradation of NP. In addition,
excess Fe2+ could scavenge SO
4 produced in nZVI/BC-PS system
(Eq. (9)) [12,9,26].

60

40

2þ
SO
! Fe3þ þ SO2
4 þ Fe
4

20

0
PS

BC/PS

nZVI/PS nZVI/BC1 nZVI/BC2 nZVI/BC3 nZVI/BC 4

Different system
Fig. 3. Degradation of NP in different system; (a) without PS and (b) with PS. [NP]
= 20 mg/L; [BC] = 0.4 g/L; [nZVI] = 0.4 g/L; nZVI/BC1 (mass ratio of 1:1), nZVI/BC2
(mass ratio of 1:2), nZVI/BC3 (mass ratio of 1:3) nZVI/BC4 (mass ratio of 1:4), [PS]
= 5.0 mM; Temp = 25 °C; pH = 7.0 (c) consumption of PS.

radical. The results revealed that more Fe2+ would be released with
the higher addition of nZVI/BC3, finally facilitating the decomposition of PS to generate SO
4 . Overall, the increase of nZVI/BC3 dosage
could result in more generation of SO
4 due to availability of more
active sites for PS decomposition [47], finally enhancing the degradation of NP. However, the degradation of NP was decreased to
85.7% when nZVI/BC3 dosage was increased to 0.5 g/L, PS consump-

ð9Þ

The effect of PS concentrations on NP degradation was explored
with a fixed dosage of nZVI/BC3 (0.4 g/ and pH 7.0) in nZVI/BC3-PS
system. Four different PS concentrations of 1, 3, 5, 10 mM were
used in this study to determine the optimum PS concentration.
As seen in Fig. 4b, the degradation efficiency NP increased from
42.5% to 96.2% with the increasing of PS concentration from
1 mM to 5 mM. However, the degradation efficiency of NP
decreased with the further increase in PS concentration up to
10 mM. With the increasing concentration of PS, large amounts
of SO
4 were produced due to the higher concentration of PS, which
resulted in enhanced NP degradation. Nevertheless, high concentration of SO
4 could also be scavenged by itself and react with

2
S2O2
8 to form S2O8 and SO4 as shown in Eqs. (10) and (11), causing the decreasing degradation of NP.
2
2

SO
4 þ S2 O8 ! SO4 þ S2 O8

ð10Þ


2
SO
4 þ SO4 ! S2 O8

ð11Þ
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3.4. Effect of initial pH on NP degradation
The pH of the solution plays a significant role in determining
the degradation of NP and greatly affects the presence of reactive
species in the solution. The experiments were conducted at different pH 3.0, 5.0, 7.0, 9.0 and 11.0 to investigate the effect of initial
pH on NP degradation. It can be clearly seen in Fig. 5a that NP
degradation efficiency is higher at acidic pH than at alkaline pH.
The order of NP degradation efficiencies was pH 3.0 > pH 5.0 > pH
7.0 > pH 9.0 > pH 11.0. The results showed that pH significantly
influenced the degradation efficiency of NP. It was observed that
the degradation of NP increased from 55.9% to 99.15% as the solution pH decreased from 11.0 to 3.0 and NP degradation efficiency
was reached the maximum at pH 3.0. The results were in agreement with our previous work that acidic pH (pH 3.0) favored the
degradation of p-chloroaniline and aniline in ZVI-PS system
[9,26]. However, acidic condition could result in the rapid corrosion of nZVI and release more Fe2+ [48]. Under acidic conditions,
extra sulfate radical could be produced due to further acid catalyzation according to the following equations. The degradation
of NP increased due to production of high radical concentrations
and almost complete degradation of NP was achieved.

þ
S2 O2
8 þ H ! HS2 O8

HS2 O8

!

SO
4

þ

SO2
4

ð12Þ
þ

þH

ð13Þ

(a)
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Under basic conditions, more hydroxyl radical produced
through sulfate radical reaction with H2O or OH (Eqs. (8) and
(14))

2

SO
4 þ OH ! SO4 þ OH

ð14Þ

Fig. 5a also showed that the degradation of NP decreased as initial pH of solution increased, the removal of NP was still 70.15%
and 55% at pH 9.0 and 11.0, respectively. Consequently, under alkaline conditions NP degradation efficiency was lower when compared to acidic and neutral conditions. As shown in Fig. 5b, the
solution pH declined due to the formation of bisulfate (HSO
4)
byproduct by decomposition of persulfate. The promising degradation results revealed that nZVI/BC3-PS system could be used over a
wide range of pH values (pH 3.0–11.0).
3.5. Effect of temperature on NP degradation
The effect of the reaction temperature on the activation of persulfate over nZVI/BC3 was investigated at 15, 25, 35 and 45 °C. The
results revealed that the reaction temperature has a significant
effect on NP degradation (Fig. 6). The degradation efficiency of
NP remarkably increased with increasing temperature. As shown
in Fig. 6, the performance of nZVI/BC3 for PS activation was
increased at elevated temperature. For instance 72% and 96.2% of
NP was removed after 120 min at 15 and 25 °C, respectively.
Whereas, a complete NP degradation was achieved in 120 and
30 min at 35 and 45 respectively. This might be attributed to the
enhanced generation of sulfate radicals by PS activation at high
temperatures and results in faster degradation of NP in aqueous
solution. The results also confirmed that NP degradation followed
the pseudo-first-order kinetic model. NP degradation rate constants at 15, 25, 35 and 45 °C were calculated to be 0.0245,
0.0483, 0.0856 and 0.181 min1, respectively. Furthermore, the
activation energy for the degradation of NP was calculated based
on the pseudo-first-order rate constants by using Arrhenius equation, Lnk = Ln A Ea/RT, where R is the universal gas constant
(8.314 J mol1 K1), A is the pre-exponential factor, Ea is the apparent activation energy, and T is the absolute temperature. A good
linear correlation between ln k and 1/T (R2 = 0.997) was observed.
The value of activation energy of the reaction was calculated to be
43.45 kJ mol1.
Moreover, the other parameters of activation such as entropy
(DS) and enthalpy (DH) were calculated by employing Eyring
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Fig. 5. (a) Effect of of initial pH on the degradation of NP; (b) The variation of pH
values [NP] = 20 mg/L; [PS] = 5.0 mM; Temp. = 25 °C; [nZVI/BC3 ] = 0.4 g/L.
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equation and rate constants. The general form of the Eyring equation as given in the following equation.

k¼

kB T DG
e RT
h

ð15Þ

where G is the Gibbs free energy of activation, which is given as:

DG ¼ DH  T  DS

ð16Þ

The Eyring equation is obtained by substituting equation (16)
into Eq. (15)

ln

k
DH 1
kb DS
¼
: þ ln þ
T
R T
h
R

ð17Þ

where R is gas constant (8.314 J mol1 K1), h is Planck’s constant
(6:626  1034 J s), k is rate constant, kB is Boltzmann constant
(1:38  1023 J K1 ) and T is absolute temperature.
According to Eq. (17), the Eyring plot of ln(k/T) versus 1/T provides a straight line with intercept of ln(kB/h) + DS/R and slope of
DH/R from which DS and DH was calculated to be
115.23 J mol1 K1 and 41.19 kJ mol1, respectively. According
to Eq. (16), Gibbs free energy (DG) was calculated to be
75.53 kJ mol1.
3.6. Identification of predominate radical species in the nZVI/BCpersulfate system
It has been observed that OH would produce through reaction
of SO
4 with hydroxyl ion under alkaline conditions (Eq. (14)). In
addition, OH can also produce by the reaction between SO
4 and
H2O at all pHs (Eq. (8)) [49]. It is well recognized that the chemical
probe process has successfully used to identify activity of SO
4 and

OH towards contaminants in oxidation processes [50]. So, the
quenching experiments were performed to identify the dominant
reactive species in nZVI/BC3-persulfate system at different pH values. Two kinds of alcohols, ethanol (EtOH, containing a-hydrogen)
and tert-butyl alcohol (TBA, without a -hydrogen) were used to

examine the roles of SO
4 and OH for the degradation of NP. EtOH

is an effective scavenger for both SO
4 and OH and the reaction


rate constants of EtOH with SO4 and OH are 1.6–7.7  107 M1 s1
and 1.2–2.8  109 M1 s1 respectively. TBA acts as strong quenching agent for OH and has 418–1900 times higher rate constant
with OH (3.8–7.6  108 M1 s1) than with SO
(4–9.1  105
4
M1 s1) [38,51]. Therefore, EtOH and TBA were added into the
reaction solution as quenching agents to elucidate dominant reactive species.
Table 2 showed the results obtained for NP degradation with
and without scavenging agents. It seemed that both EtOH and
TBA exerted significant inhibiting effect on the degradation efficiency of NP at pH 3.0. With the addition of 0.1 M EtOH and
0.1 M TBA into reaction solution, the degradation process was significantly inhibited with removal efficiency decreasing from
99.15% to 7.2% and 99.15% to 47.13%, respectively. The results
revealed that radical quenching effect for EtOH was higher than
that for TBA. It indicated that SO
4 was the predominant radical

Table 2
Effect of ethanol and TBA on the degradation of NP (20 mg/L) in the presence of nZVI/
BC3 (0.4 g/L) and PS (5.0 mM) under different initial pH values at 25 °C.
NP degradation (%)

a

Main radicals

pH

Blanka

Ethanol

TBA

3
7
11

99.15
96.2
55

7.2
15.54
18.6

47.13
39.61
28.2

‘‘Blank” means no alcohols addition.

SO
4

SO
4 / OH

SO
4 / OH


Fig. 7. EPR spectra of SO
4 and OH free radical adducts at different pH (3.0. 7.0,
11.0). [NP] = 20 mg/L; [PS] = 5 mM; [nZVI/BC3] = 0.4 g/L. Triangles represent the

DMPO-SO
4 and Circles represent the DMPO- OH.

for NP degradation at pH 3.0. At initial pH 7.0, NP degradation efficiency decreased to 15.54% and 39.61% by adding EtOH and TBA,

respectively, demonstrating that both SO
4 and OH were confirmed to be the predominant reactive species responsible for NP
degradation in nZVI/BC3-PS system. As depicted in Table 2, the radical quenching effect of TBA was higher at pH 11.0, showing that
more OH radicals were generated, which were responsible for
the degradation of NP in nZVI/BC3-PS system.
A classic radical trapping agent, 5,5-dimethylpyrroline-N-oxide
(DMPO) was employed to capture the radical species. Fig. 7 showed
the hyperfine splitting constants of free radicals DMPO adduct in

nZVI/BC-PS system. The signals of DMPO-SO
4 and DMPO-HO
adducts with hyperfine splitting constants were aN = 13.8 G and
aH = 9.8 G, aH = 1.44 G and aH = 0.76 and aN = 15.0 G and
aH = 14.8 G, respectively. The generation of SO
4 adducts with
hyperfine splitting and OH can be recognized by hyperfine split
ting peaks of DMPO-SO
4 and DMPO- OH, respectively [23,52].
The results showed that SO
was
a
predominant
radical at pH
4
3.0 and 7.0 and played a significant role in the degradation of NP.
When pH of nZVI/BC3-PS system increased to pH 11.0, DMPO-OH
adducts with four split lines appeared which obviously revealing

OH production at pH 11.0. The results revealed that more OH produced with increasing solution pH which favored the production of

OH.
3.7. Mechanistic study
In order to observe the persulfate activation mechanism in
nZVI/BC system, the concentration of dissolved iron (Fe2+ and
Fe3+) were measured under optimal condition with initial 0.4 g/L
nZVI/BC3, and 5.0 mM PS. As depicted in Fig. 8a, the concentration
of Fe2+ was rapidly increased in the beginning and then started to
decrease progressively to relatively stable. This observation
showed the decomposition efficiency of PS. It can be seen that
the concentrations of Fe2+ and Fe3+ were 9.9 mg/L and 20.1 mg/L,
respectively after 120 min. The results revealed that the nZVI
transformed into dissolved iron (Fe2+ and Fe3+) in the presence of
PS and most of the iron was Fe3+ because nZVI highly corroded
by PS. However, 9.4 mg/L nZVI was transferred into dissolved iron
in the absence of PS. As mentioned above, 61.7% NP degradation
efficiency was observed in nZVI/PS system, which is higher as
compared to nZVI alone by adsorption after 120 min. The results
demonstrated that PS could be activated indirectly by firstly
releasing Fe2+ from nZVI into the aqueous systems (Eqs. (2)–(4)),
and then the released Fe2+ activate persulfate directly to produce
free radicals. nZVI can be able to directly activate PS to generate
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Fig. 8. (a) Concentration of Fe2+ and Fe3+ in nZVI/BC3-PS system [NP] = 20 mg/L; [PS] = 5.0 mM; Temp. = 25 °C; [nZVI/BC3] = 0.4 g/L pH = 7.0. (b) Proposed mechanism of NP
degradation by nZVI/BC nanocomposite activation of persulfate.


SO
4 and OH through electron transfer because nZVI itself works as
the electron donor as well (Eqs. (18) and (19)).

2
2þ
Fe0 þ 2S2 O2
þ 2SO
8 ! Fe
4 þ 2SO4

ð18Þ

2
2þ
þ 2 OH þ 2Hþ
Fe0 þ S2 O2
8 þ 2H2 O ! 2SO4 þ Fe

ð19Þ

Al-Shamsi and Thomson [10] observed that iron sulfate might
be formed and induced PS decomposition to produce SO
4 in nZVI
/PS system. Two mechanisms proposed for the formation by FeSO4.
In first method, FeSO4 could form by the direct reaction of nZVI
2+
with SO2
in aqueous system con4 (Eq. (20)). In other process, Fe
3+
verted to Fe under anaerobic conditions. Fe(OH)3 formed as an
intermediate product by the adsorption of Fe3+ on nZVI surface,
and then formed FeOOH. FeSO4 was formed by the reaction of
FeOOH and SO2
4 . The above processes can be seen in the following
reactions [10,53].

Fe0ðsÞ þ SO2
4 þ 2H2 O ! FeSO4ðsÞ þ 2OH þ H2ðgÞ

ð20Þ

1
Fe2þ þ H2 O ! Fe3þ þ OH þ H2
2

ð21Þ

Fe3þ þ 3OH ! FeðOHÞ3

ð22Þ

Fe3þ þ 3H2 O ! FeðOHÞ3 þ 3Hþ

ð23Þ

FeðOHÞ3 ! FeOOH þ H2 O

ð24Þ


FeOOH þ SO2
4 þ H2 O ! FeSO4ðsÞ þ 2OH þ H2 þ O2

ð25Þ

The degradation efficiency of NP was 28.3% in BC-PS system
which was higher than NP removal (10.9%) with BC alone system
by adsorption. It showed that BC surface had the capacity to activate PS to generate SO
4 in the absence of nZVI (Eqs. (26) and
(27)) because BC surface contains oxygen functional groups (BCCOOH or BC-OH) [38,54].


BC-OOH þ S2 O2
þ HSO4
8 ! BC-OO þ SO4

ð26Þ




BC-OH þ S2 O2
8 ! BC  O þ SO4 þ HSO4

ð27Þ

Based on the above results, we propose the mechanism of PS
activation in the presence of nZVI/BC nanocomposite (Fig. 8b).
Firstly, nZVI well dispersed on BC surface without agglomeration,
and the conversion of nZVI to Fe2+ accelerated in solution, thus promoting decomposition of PS to produce SO
4 . The generation of
SO
4 from PS was also occurred by the exposed activation sites
of Fe2+ on nZVI/BC surface. The regeneration of Fe2+ carried out
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through Fe3+ reaction with nZVI surface or in the pores of nZVI/BC
composite. Furthermore, the presence of C-OOH and C-OH groups
on BC surface would release organic radicals to generate SO
4 .
The role of BC in nZVI/BC-PS system is important because the effect
of BC is significant, not only for the direct decomposition of persulfate, but also for the acceleration of persulfate mediated by nZVI. It
is suggested that the use of nZVI/BC3 nanocomposite is very effective to enhance the generation of SO
4 in nZVI/BC3-PS system,
which results higher catalytic ability of nZVI/BC3. Furthermore,
BC has oxygen functional groups, large surface area, abundance
pores, which can provide active sites for the activation of PS promoting the degradation of NP by SO
4 efficiently. Generally, efficient degradation of NP was achieved by nZVI/BC3-PS system due
to synergetic effect of nZVI and BC.
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The stability and reusability of the catalyst is an important factor which needs to be assessed. The stability experiments were
conducted for five successive cycles under the following conditions
of 2 mg/L NP, 0.4 g/L nZVI/BC3, 5 mM PS for a reaction period of
120 min. After every run, the catalyst was filtered and washed with
deionized water (3 times) and then washed with ethanol before
being dried. The degradation efficiencies of NP for every recycle
steadily decreased. It can be seen in Fig. 9, the removal efficiency
of NP decreased from 96.2% to 74.54% after 5 cycles. The results
showed that NP degradation efficiency was still over 74.54% after
fifth cycle in nZVI/BC3-PS system. The decrease in nZVI/BC3 efficiency can be attributed to following reasons: (1) adsorption of
NP on the surface of nZVI/BC3 which prevented the contact of the
catalyst and persulfate; (2) Fe2+ leaching will result in the decrease
of active sites on the nZVI/BC3 surface. It shows that the nZVI/BC is
a promising catalyst of high stability.
3.9. NP mineralization
The goal of the degradation of any pollutant is not only the pollutant degradation but also to obtain mineralization. In this perspective, NP mineralization was analyzed by measuring the TOC
concentration from samples taken at regular time intervals.
Fig. 10 showed NP degradation efficiency and mineralization as a
function of time at initial NP concentration 20 mg/L, PS concentration 5 mM, pH 7.0, nZVI/BC3 dosage 0.4 g/ L and a temperature of
25 °C. As can be seen in Fig. 3b, the degradation efficiency of NP
reached 78% after 30 min while the mineralization of NP was 31%

Fig. 10. TOC removal [NP] = 20 mg/L; [PS] = 5.0 mM; Temp. = 25 °C; [nZVI/BC3]
= 0.4 g/L pH = 7.0.

at that time. However, the mineralization of NP enhanced with
passage of time and 73.4% NP was mineralized after 120 min. It
showed that compared to degradation efficiency, a longer time is
required to attain higher mineralization efficiency.
4. Conclusions
This study reveals the successful synthesis and characterization
of nZVI/BC nanocomposite. nZVI/BC nanocomposite was synthesized using low-cost abundant rice husk through reduction of ferrous iron with sodium borohydride as a reductant under nitrogen
atmosphere. The nanocomposite was utilized as a promising activator of persulfate for the degradationof NP in aqueous solution.
The results revealed that nZVI/BC3 appeared to provide the best
performance with the NP degradation efficiency of 96.2%. The
degradation efficiency of NP was significantly influenced by nZVI/
BC3 dosage, initial pH and PS concentration. The generation of SO
4
promoted by redox effect of Fe2+/Fe3+ and transfer of electron from
oxygen functional groups present on the surface of BC. EPR results

demonstrated that both SO
4 and OH were responsible for the
degradation of NP. This study provides a promising approach
towards the use of nZVI/BC as an efficient activator of PS for the
treatment of wastewater containing various organic contaminants.
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