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One-step synthesis of zerovalent-iron–biochar composites
to activate persulfate for phenol degradation
Shu-hua Yao, Xue-jing Chen, Mario Alberto Gomez, Xi-chun Ma,
Hai-bo Wang and Shu-yan Zang

ABSTRACT
A novel zerovalen-iron–biochar composite (nZVI/SBC) was synthesized by using FeCl3-laden sorghum
straw biomass as the raw material via a facile one-step pyrolysis method without additional chemical
reactions (e.g., by NaBH4 reduction or thermochemical reduction). The nZVI/SBC was successfully
employed as an activator in phenol degradation by activated persulfate. XRD, SEM, N2 adsorption–
desorption and atomic absorption spectrophotometry analysis showed that the nanosized Fe0 was
the main component of the 4ZVI/SBC activator, which was a mesopore material with an optimal
FeCl3·6H2O/biomass impregnation mass ratio of 2.7 g/g. The 4ZVI/SBC activator showed an efﬁcient
degradation of phenol (95.65% for 30 min at 25  C) with a large speciﬁc surface area of
78.669 m2·g1. The recovery of 4ZVI/SBC activator after the degradation reaction of phenol can be
realized with the small amount of dissolved iron in the water. The 4ZVI/SBC activator facilitated the
activation of persulfate to degrade phenol into non-toxic CO2 and H2O. The trend of Cl, SO2
4 and
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NO
3 affected the removal efﬁciency of phenol by using the 4ZVI/SBC activator in the following order:

2
NO
3 > SO4 > Cl . The one-step synthesis of the nanosized zerovalent-iron–biochar composite was

feasible and may be applied as an effective strategy for controlling organic waste (e.g. phenol) by
waste biomass.
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INTRODUCTION
The recovery of water from wastewater is increasingly
important for the sustainable development of the world
due to the reduction of freshwater resources (Lei et al.
). The extensive use of phenol in different industrial processes has resulted in major water contamination problems,
and phenol has been listed in the US EPA’s list of priority
pollutants (Lisowski et al. ). The activation of persulfate
for the oxidation of phenol is regarded as an effective technology for phenol degradation in wastewater (Duan et al.
). However, persulfate is not able to degrade phenol
without an activator (Lei et al. ). Thus it is imperative
to develop low-cost, efﬁcient and environmentally friendly
activators for the activation of persulfate for phenol degradation. The activation of persulfate by iron (Kim et al.
) and related iron oxides (Yan et al. ) produces sulfate radicals (SO•
4 ) (Fang et al. ) to degrade phenol,
which is the most common activation process.
doi: 10.2166/wst.2020.001
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Iron and iron oxides have been extensively examined as
reductants for treating various contaminants in water due to
their strong redox potential (Hsueh et al. ), catalytic
effects (Oh et al. ), low cost and naturally abundant
material (Sun et al. ). Recently, research discoveries of
iron and iron oxides activating persulfates to degrade
phenol by using carbon nanotubes (Chen et al. ), nanodiamonds (Duan et al. ), and graphene (Lee et al. ;
Wu et al. ) as supporters, have attracted unprecedented
interest and inspired a myriad of studies of biochar as a sustainable catalyst for wastewater remediation (Huggins et al.
). Biochar derived from waste biomass is increasingly
recognized as a multifunctional material for wastewater
remediation applications due to biochar having the advantages of a feasible preparation method, low cost and
abundant feedstocks (Wang et al. ). Several attempts
have been made to develop upgraded biochar materials in
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combination with iron-bearing materials, such as biochar–
Fe0 composites and biochar–iron-oxide composites (Sun
et al. ; Devi & Saroha ; Epold et al. ; Jung
et al. ; Dong et al. ) due to the fact that biochar
materials show good performance in dispersing and stabilizing the nanoparticles (Zhou et al. ). In addition, biochar
can provide a large surface area, porous structure, and
abundant functional groups to adsorb organic pollutants
on its surface, thus enhancing the performance of iron–
biochar composites in environmental applications. However, the synthesis of zerovalent-iron–biochar composites
is expensive due to additional chemical reactions (e.g., by
NaBH4 reduction or thermochemical reduction) (Su et al.
; Oh et al. ; Wang et al. ) that may occur after
pyrolysis of biochar, which is generally complex and timeconsuming.
To avoid the cumbersome preparation and costly
additional chemical reactions, one-step pyrolysis of FeCl3laden biomass was chosen to synthesize the zerovalentiron–biochar composites in this work. Atomic absorption
spectrophotometry, N2 adsorption–desorption, SEM and
XRD were used to characterize the synthesis activator for
analysis of structural information and composition of the
zerovalent-iron–biochar composites. The effects of iron
content, activator dosage, phenol concentration, pH and
inorganic ions on the activation of persulfate for phenol
degradation were investigated. The oxidation results of
phenol by the zerovalent-iron–biochar composite activators
were also studied. Further, the mechanisms involved in the
activation of persulfate for phenol degradation over the
zerovalent-iron–biochar composites are further identiﬁed.

EXPERIMENTAL
Synthesis of the zerovalent-iron–biochar composites
The sorghum straw used in this work was collected locally
in Shenyang, Liaoning Province, China. The sorghum
straw was crushed with a powder machine to 0.125–
0.177 mm and washed with deionized water four times to
remove dirt, then dried at 80  C. Sorghum straw powders
(1 g) were ﬁrstly immersed into a FeCl3·6H2O solution at
room temperature and the mixture was stirred for 24 h.
After that, the solid residues were separated and put into a
drying oven at 80  C for 72 h. The FeCl3-laden sorghum
straw was pyrolyzed in a tube furnace at 800  C under a
nitrogen atmosphere for 2 h. The ﬁnal composite products
are denoted as nZVI/SBC. The FeCl3·6H2O/biomass
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impregnation mass ratios of the ﬁnal products used were
0.4 g/g for 1ZVI/SBC, 0.7 g/g for 2ZVI/SBC, 1.35 g/g for
3ZVI/SBC, 2.7 g/g for 4ZVI/SBC, 13.5 g/g for 5ZVI/SBC
and 27 g/g for 6ZVI/SBC, respectively. The sorghum straw
biochar (SBC) was produced by the pyrolysis of sorghum
straw without the loading of FeCl3·6H2O.
Characterization of the zerovalent-iron–biochar
composites
Atomic absorption spectrophotometry (AA-6880) was used
to detect the composition of nZVI/SBC and the concentration of iron. N2 physical adsorption was carried out on
a Micromeritics SSA-6000 volumetric adsorption analyzer
to evaluate the Brunauer–Emmett–Teller (BET) surface
area, the total pore volume, and pore diameters. A scanning
electron microscope (SEM, Hitachi S-4800, Japan) was
employed to analyze the morphology of SBC and 4ZVI/
SBC. XRD (XRD-7000, Japan) analysis of nZVI/SBC was
performed using a Rigaku X-ray diffractometer with Cu Kα
radiation over 2 h with a collection range of 10 –80 . The
absorbance of the samples was analyzed with an 1800PC
spectrophotometer. The degradation of phenol was monitored by measuring the maximum absorbance at λ ¼ 510 nm
as a function of irradiation time.
Degradation of phenol
All experiments were conducted in solutions made from
analytical grade chemicals and deionized water. Before
degradation, 0.5 g·L1 of SBC was added into 0.2 L of
0.025 g·L1 phenol to examine the adsorption afﬁnity
of phenol without persulfate. Then a batch experiment of
phenol degradation was carried out by adding persulfate
under the previous conditions. To investigate the effect of
FeCl3·6H2O/biomass impregnation mass ratios on the activation of persulfate for phenol degradation, 0.5 g·L1 of
activators (nZVI/SBC with different FeCl3·6H2O/biomass
impregnation mass ratios of 0, 0.4, 0.7, 1.35, 2.7, 13.5 and
27 g/g) were added into 0.2 L of 0.025 g·L1 phenol and
3.17 g·L1 Na2S2O8 aqueous solution (pH ¼ 6.86) at 25  C
for 30 min. The effect of 4ZVI/SBC dosage (0.1, 0.2, 0.3,
0.4, 0.5 and 1.0 g·L1) on the activation of persulfate for
phenol degradation was observed in 0.2 L of 0.025 g·L1
phenol and 3.17 g·L1 Na2S2O8 aqueous solution
(pH ¼ 6.86) at 25  C for 30 min. The effect of inorganic
ions (Cl, SO2
and NO
4
3 ) on the activation of persulfate
for phenol degradation was conducted by adding 0.5 g·L1
4ZVI/SBC activator in 0.2 L of 0.025 g·L1 phenol and
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3.17 g·L1 Na2S2O8 aqueous solution (pH ¼ 6.86) at 25  C
for 30 min. The effect of phenol concentration (0.025,
0.05, 0.1 and 0.2 g·L1) on the activation of persulfate for
phenol degradation was done by adding 0.5 g·L1 4ZVI/
SBC activator in 3.17 g·L1 Na2S2O8 aqueous solution
(pH ¼ 6.86) at 25  C for 30 min. The effect of pH (3.09,
5.04, 6.86, 9.06 and 11.03) on the activation of persulfate
for phenol degradation was conducted by adding 0.5 g·L1
4ZVI/SBC activator in 0.2 L of 0.025 g·L1 phenol and
3.17 g·L1 Na2S2O8 aqueous solution at 25  C for 30 min.
The chemical oxygen demand (CODCr) of the aqueous
phase was conﬁrmed in 0.025 g·L1 phenol and 3.17 g·L1
Na2S2O8 aqueous solution (pH ¼ 6.86) by adding 0.5 g·L1
4ZVI/SBC activator at 25  C for 30 min.
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A phenol removal of 16.30% was observed with the addition
of 0.5 g·L1 for the pure control SBC sample with persulfate.
SBC reacted with persulfate as described in Equations (1)
and (2) (Yang et al. ; Pu et al. ). The removal efﬁciency of phenol reached 35.99%, 50.48%, 91.60% and
95.65% for the activation of persulfate with 1ZVI/SBC,
2ZVI/SBC, 3ZVI/SBC and 4ZVI/SBC, respectively. The
removal efﬁciency of phenol decreased from 95.65% with
4ZVI/SBC to 65.48% with 6ZVI/SBC. Noticeably, nZVI/
SBC showed a better degradation performance of phenol
than did SBC. The data strongly suggested that the removal
efﬁciency of phenol was the highest (95.65%) when using
4ZVI/SBC as activator under the same conditions:



SBCsurface  OOH + S2 O2
8 ! SBCsurface  OO þ SO4 þ HSO4

(1)

RESULTS AND DISCUSSION




SBCsurface  OH + S2 O2
8 ! SBCsurface  O þ SO4 þ HSO4

(2)
Effect of FeCl3·6H2O/biomass impregnation mass ratio
on phenol degradation
The effect of different FeCl3·6H2O/biomass impregnation
mass ratios on the activation of persulfate for phenol degradation is shown in Figure 1. Before the degradation
experiment for phenol, SBC was used to investigate the
adsorption afﬁnity of phenol without persulfate. The adsorption removal rates of phenol were 2.9% for 10 min and 9.4%
for 30 min, respectively. The results indicate that the adsorption effect of SBC was very low. This may be due to the fact
that SBC had an adsorption afﬁnity for phenol and the activation of persulfate for phenol degradation (Yang et al. ).

Figure 1

|

Effect of different FeCl3·6H2O/biomass impregnation mass ratios on the
activation of persulfate for phenol degradation.
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The microscopic morphological characteristics of SBC
and 4ZVI/SBC were conﬁrmed by SEM (Figure 2). The
SBC had a relatively smooth surface and sheet structure,
while 4ZVI/SBC had a rough surface adhered with some
ﬂoccules. In order to obtain information about ﬂoccules distributed across the entire SBC surface, XRD was used to
characterize the 4ZVI/SBC activator. XRD of nZVI/SBC
with different FeCl3·6H2O/biomass impregnation mass
ratios were obtained and is shown in Figure 3. In general,
1ZVI/SBC, 4ZVI/SBC, and 6ZVI/SBC exhibited the
characteristic peak at 2θ ¼ 44 –45 assigned to Fe0
(Wang et al. ), which is indicative of the presence of
zerovalent iron on the iron–biochar composite. The
characteristic peaks of FeOOH (Wang et al. ), FeCl2
(Yang et al. ) and Fe3O4 (Huggins et al. ) were
observed for the 6ZVI/SBC sample and the transformation
of iron species during the pyrolysis process of calcining
FeCl3-laden sorghum straw could be explained by Equations
(3)–(8) (Liu et al. ):
FeCl3 þ 3H2 O ! Fe(OH)3 þ 3HCl

(3)

Fe(OH)3 ! FeO(OH) þ H2 O

(4)

6FeO(OH) þ H2 ! 2Fe3 O4 þ 4H2 O

(5)

6FeO(OH) þ CO ! 2Fe3 O4 þ CO2 þ 3H2 O

(6)

6FeO(OH) þ C ! 2Fe3 O4 þ CO þ 3H2 O

(7)

2FeCl3 þ H2 ! 2FeCl2 þ 2HCl

(8)
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SEM images of SBC and 4ZVI/SBC.

the excess of Fe2þ could be reacted with SO
4 to generate
SO2
4 (Equation (13)) (Anipsitakis & Dionysiou ) resulting in the disappearance of SO
4 species that resulted in the
lower removal efﬁciency of phenol. Another reason may be
that the SO
4 species scavenged persulfate radicals via
Equations (14) and (15) (Yan et al. ) and thus decreased
the observed efﬁciency of persulfate in degrading phenol.
Hence, 4ZVI/SBC with the optimum FeCl3·6H2O/biomass
impregnation mass ratio of 2.7 g/g acted as the best activator
of persulfate for phenol degradation. In addition, the mass of
the dissolved iron of 4ZVI/SBC into solution accounts for
0.8 wt.% of the total mass of 4ZVI/SBC. The recovery of zerovalent-iron–biochar after reaction can be realized with the
small amount of dissolved iron in the water:
Figure 3

|

XRD spectra of nZVI/SBC: (a) SBC, (b) 1ZVI/SBC, (c) 4ZVI/SBC, (d) 6ZVI/SBC.

The iron–biochar mass ratios of nZVI/SBC by using
atomic absorption spectrophotometry were 0.081:1 (1ZVI/
SBC), 0.132:1 (2ZVI/SBC), 0.275:1 (3ZVI/SBC), 0.52:1
(4ZVI/SBC), 2.68:1 (5ZVI/SBC) and 5.47:1 (6ZVI/SBC),
respectively. The result data were consistent with the
above experimental theoretical setting FeCl3·6H2O/biomass
impregnation mass ratio data. The removal efﬁciency of
phenol increased rapidly with the increase in FeCl3·6H2O/
biomass impregnation mass ratio from 0.4 g/g to 2.7 g/g,
but this trend was reversed at the higher ratios (above
2.7 g/g) in Figure 1. Fe0 was consumed to generate ferrous
iron as shown from Equations (9)–(11) (Yan et al. ),
and ferrous iron activated persulfate through Equation
(12). Increasing FeCl3·6H2O/biomass impregnation mass
ratios of 0.4 g/g (1ZVI/SBC) to 2.7 g/g (4ZVI/SBC) yielded
more SO
4 species according to Equation (12) that accelerated the decomposition of phenol. The removal efﬁciency
of phenol by added 5ZVI/SBC or 6ZVI/SBC was lower
than by the addition of 4ZVI/SBC. One reason was that
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2Fe0 þ O2 þ 2H2 O ! 2Fe2þ þ 4OH

(9)

Fe0 þ 2H2 O ! Fe2þ þ 2OH þ H2

(10)

2þ
þ 2SO2
Fe0 þ S2 O2
8 ! Fe
4

(11)

2
3þ
þ SO
Fe2þ þ S2 O2
8 ! Fe
4 þ SO4

(12)

2þ
! Fe3þ þ SO2
SO
4 þ Fe
4

(13)


2
SO
4 þ SO4 ! S2 O8

(14)

2
2

SO
4 þ S2 O8 ! SO4 þ S2 O8

(15)

Speciﬁc surface area and pore distribution of nZVI/
SBC were determined by N2 adsorption–desorption
(Table 1). As can be observed, 1ZVI/SBC had a speciﬁc
surface area of 220.93 m2·g1 and a total pore volume of
156.95 × 103 cm3·g1. The pore diameter measured was
1.42 nm for 1ZVI/SBC (below 2.0 nm) thus indicating
micro-pores (Leng et al. ), and hence could limit the
incorporation of the phenol molecules into the pores.
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N2 adsorption–desorption characterization of nZVI/SBC
1

3

3

SBC

35.24

53.21

15.28

3.02

1ZVI/SBC

220.93

156.95

106.89

1.42

4ZVI/SBC

78.67

231.64

35.19

5.89

6ZVI/SBC

11.88

96.67

5.34

16.27

In contrast, 4ZVI/SBC and 6ZVI/SBC were mesopore
materials according to the classiﬁcation method recommended by IUPAC (Wang et al. ). It is worthwhile to
note that the speciﬁc surface area (78.67 m2·g1), pore diameter (5.89 nm) and total pore volume (231.64 × 103 cm3·g1)
of 4ZVI/SBC are larger than these of 6ZVI/SBC, beneﬁting
the adsorption of phenol on the surface. The result is consistent with the phenol degradation results that 4ZVI/SBC was
the best activator of persulfate for phenol degradation
(versus 5ZVI/SBC and 6ZVI/SBC).
Razmi et al. () successively removed phenol from
wastewater using biochar-La as an activator to activate persulfate for phenol degradation. The speciﬁc surface area of
biochar-La was 31.2 m2·g1. The speciﬁc surface area of
bentonite-supported nanoscale zerovalent iron used by Diao
et al. () for the removal of phenol was 39.41 m2·g1. However, the speciﬁc surface area of these reported activators was
lower than that of the 4ZVI/SBC activator in the paper, and
the higher surface area of 4ZVI/SBC increased the ability to
activate persulfate. Rahmani et al. () demonstrated
93.98% removal of phenol with chelating agent Fe0/complex
as the activated persulfate material. The phenol removal percentage was 91% employing biochar modiﬁed with iron
support as a catalyst (Liu et al. ). Nguyen & Oh ()
studied the degradation efﬁciency of phenol maximized up
to 97% in an Fe(0)–biochar–persulfate system after 330 min.
Relative to the past literature, the one-step synthesis of zerovalent-iron–biochar composites in our work activates persulfate
for phenol degradation with high efﬁciency (95.65% for
30 min at 25  C).

) × 10

Pore volume (cm3·g

1

Speciﬁc surface area (m2·g

)

Total pore volume (cm3·g

1

Entry

) ×10

Pore diameter (nm)

the same time, this could be due to an increase in the
4ZVI/SBC dosage accelerating the presence of additional
redox-active centers and the presence of a sufﬁcient quantity
of iron species, which serve as electron donors. However, if
the 4ZVI/SBC dosage was excessive, and the excessive Fe2þ
consumed and scavenged SO
4 through electron transfer
reactions, then a reducing reaction efﬁciency may be
observed (Dong et al. ). From the above tests, we determined that the reasonable 4ZVI/SBC dosage was 0.5 g·L1.

Effect of inorganic ions on phenol degradation
The generated SO
4 can be scavenged by inorganic ions
such as Cl, SO2
and NO
4
3 (Epold et al. ). Figure 5
shows that the inorganic ions of Cl, SO2
and NO
4
3
affected the removal efﬁciency of phenol with the addition
of 4ZVI/SBC as an activator. The removal efﬁciency of
phenol without interfering ions was higher than that with
the addition of interfering ions as the reaction time
proceeded. It was observed that 86.12%, 82.58% and
71.08% of phenol removal efﬁciency occurred with the

appearance of Cl, SO2
4 and NO3 for 30 min, respectively.

Effect of 4ZVI/SBC dosage on phenol degradation
The effect of 4ZVI/SBC dosage on the activation of persulfate for phenol degradation is shown in Figure 4. The
removal efﬁciency of phenol increased from 37.55% at
0.1 g·L1 to 95.65% at 0.5 g·L1 of 4ZVI/SBC. This trend
can be attributed to the fact that more SO
4 species are
yielded with the increasing of the dosage of 4ZVI/SBC
which then accelerates the decomposition of phenol. At
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Effect of 4ZVI/SBC dosage on the activation of persulfate for phenol
degradation.
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Effect of inorganic ions on the activation of persulfate for phenol degradation.

The reason for this was that the adsorption rate of Cl, SO2
4
and NO
3 was higher than that of phenol molecules on the
surface of 4ZVI/SBC, hence leading to the decreased
phenol removal efﬁciency (Epold et al. ). Cl and SO2
4
have no signiﬁcant impact on phenol degradation, but NO
3
has a negative impact on phenol degradation. The inhibition
removal efﬁciency of phenol by adding SO2
4 was small and
likely resulted from the formation of inner-sphere
complexes on the 4ZVI/SBC surface by SO2
(Li et al.
4

). Cl has little impact on inhibition of phenol degra·
dation because Cl reacts with SO
4 to produce Cl and
2
SO4 following Equation (16) (Rahmani et al. ). NO
3
exhibited the strongest inhibitive effect on phenol degradation
because the presence of NO
3 was the competition with persulfate for reactive sites on the 4ZVI/SBC surface (Wang et al.
). Another reason may be that the NO
3 acts as a scavenger
for sulfate-free radicals (Equation (17)) (Wang et al. ):


2
SO
4 þ Cl ! Cl þ SO4

(16)



2
SO
4 þ NO3 ! NO3 þ SO4

(17)

Effect of phenol concentration on phenol degradation
The effect of phenol concentration on the activation of persulfate for phenol degradation was also investigated, as shown in
Figure 6. As can be observed from Table 2, the phenol concentration affected the ﬁrst-order kinetic rate constant and the
removal efﬁciency of phenol. As the concentration of phenol
was increased from 0.025 to 0.2 g·L1, a drastic reduction of
the phenol removal efﬁciency was observed. It is worth
noting that as the phenol concentration was increased, the
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Effect of phenol concentration on the activation of persulfate for phenol
degradation.

The ﬁrst-order kinetic rate constant and the removal efﬁciency of phenol with
different phenol concentrations
The ﬁrst-order
Removal

kinetic rate constant

Entry

[phenol]

(g·L 1)

[4ZVI/SBC]

(g·L 1)

efﬁciency of
phenol (%)

K1·min

1

0.025

0.5

95.65

0.09510

0.95639

2

0.05

0.5

87.31

0.06160

0.95151

3

0.1

0.5

62.15

0.02703

0.84799

4

0.2

0.5

50.90

0.02518

0.82927

1

R2

active sites of the 4ZVI/SBC surface were largely occupied
which then resulted in the decrease of the removal efﬁciency
of phenol. One possibility is that SO
4 reacts with H2O to
produce OH· (Equation (18)) which then forms Fe(OH)3 precipitation (Wang et al. ) on the surface of the 4ZVI/SBC
thus preventing the degradation of phenol by iron species:
2

þ
SO
4 þ H2 O ! SO4 þ OH þ H

(18)

Phenol and persulfate take place on the adjacent vacant
surfaces at the solid–liquid interface according to the Langmuir–Hinshelwood mechanism in heterogeneous catalysis
systems, and the surface reaction of adsorbed species is
the ﬁrst reaction step (Rao et al. ). The initial rate (r0)
can be expressed as (Rao et al. ):
r0 ¼ 

dC0
kKC0
¼
dt
1 þ KC0

(19)

r0 ¼ 

dC0
¼ K1 C0
dt

(20)
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where C0 is the initial concentration of phenol, K is the equilibrium adsorption constant of phenol on the 4ZVI/SBC
surface (mM1), k represents the limiting reaction rate at
maximum coverage in this system (mM·min1), and K1 is
the ﬁrst-order kinetic rate constant.
Equations (19) and (20) are connected to Equation (21);
k and K were decided to be 0.06325 mM·min1 and
1.56299 mM1 from the slope and intercept, respectively:
1
1
1
¼ C0 þ
K1 k
kK

(21)

Effect of pH on phenol degradation
The pH is a key factor in wastewater chemical treatment
processes (Rahmani et al. ). The effect of pH on the activation of persulfate for phenol degradation by the addition
of 4ZVI/SBC activator is shown in Figure 7. From
Table 3, we can observe that pH affected the ﬁrst-order kinetic rate constant, the initial concentration of phenol
reduction and the removal efﬁciency of phenol. A 97.40%
removal efﬁciency of phenol could be achieved at pH of
3.09, while, 89.97%, 92.92%, 88.30% and 78.66% of
phenol removal efﬁciency were achieved at pH of 5.04,
6.86, 9.06 and 11.03, respectively. The optimal removal efﬁciency of phenol and ﬁrst-order kinetic rate constant were
observed at a pH of 3.09. According to Equations (22) and
(23) (Liang et al. ), the breakdown of persulfate into
SO
4 can occur under acidic conditions which can then produce a rapid attack on phenol. In this case, the oxygen
reactions with zerovalent iron under acidic conditions are
also a factor in forming ferrous iron production according

Figure 7

|

Effect of pH on the activation of persulfate for phenol degradation.
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The ﬁrst-order kinetic rate constant and the efﬁciency of phenol degradation
with different pH
The ﬁrst-order
Removal

kinetic rate constant
K1·min

Entry

[4ZVI/SBC]

(g·L 1)

pH

efﬁciency of
phenol (%)

1

0.5

3.09

97.40

0.10402

0.93698

2

0.5

5.04

89.97

0.06387

0.90479

3

0.5

6.86

92.92

0.08102

0.97611

4

0.5

9.06

88.30

0.06611

0.96106

5

0.5

11.03

78.66

0.04203

0.83830

1

R2

to Equations (24) and (25) (Matzek & Carter ). According to Equation (26), zerovalent iron was also corroded into
ferric iron under acidic pH conditions, and ferric iron
reacted with zerovalent iron to produce ferrous ions
(Matzek & Carter ). More ferrous iron is made available
to generate sulfate radicals. Because SO
4 was the main radical in acidic solution (Yan et al. ), the removal
efﬁciency of phenol under acidic conditions was higher
than that under alkaline conditions. The removal efﬁciency
of phenol decreased with an increased pH (pH > 6.86). The


generated SO
4 reacted with OH to produce HSO4 under
alkaline conditions according to Equations (27) and (28)
(Rahmani et al. ). The removal efﬁciency of phenol
decreased because of the decomposition of sulfate and
hydroxyl radicals. Another reason may be that the precipitation of ferric iron forms oxyhydroxides like FeOH2þ/
Fe(OH)2þ on the 4ZVI/SBC activator surface that inhibit
activating persulfate to form SO
4 in alkaline conditions
(Xia et al. ). Therefore, it is evident that pH affected
the activity of persulfate and the oxidation mechanism of
the reaction:

þ
S2 O2
8 þ H ! HS2 O8

(22)


2
þ
HS2 O
8 ! SO4 þ SO4 þ H

(23)

2Fe0 þ O2 þ 4Hþ ! 2Fe2þ þ 2H2 O

(24)

2Fe0 þ 2O2 þ 4Hþ ! 2Fe2þ þ 2H2 O2

(25)

Fe0 þ 2Fe3þ ! 3Fe2þ

(26)



2
SO
4 þ OH ! OH þ SO4

(27)


OH þ SO2
4 ! HSO4 þ 0:5O2

(28)

The adsorption of phenol can be described by the
Langmuir–Hinshelwood mechanism, assuming that phenol
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Effect of the ozonation time on the removal of phenol and COD concentration

Time/min
3

Phenol concentration (×10

1

g·L )

Removal efﬁciency of phenol (%)
COD concentration (×10

3

1

g·L )

Removal efﬁciency of COD (%)

0

15

30

25

4.02

1.09

0

83.91

95.65

128

36.00

5.58

0

72.81

95.64

and Hþ compete with the reacting substrate for the active
surface sites on 4ZVI/SBC at different pH. Equation (29)
may be written as by Theurich and co-workers (Theurich
et al. ). Equations (29) and (20) are connected to calculate
a k1 of 0.054 mM·min1. The pH affects the limiting reaction
rate at maximum coverage of phenol:
r0 ¼ 

dC0
k1 KC0
¼
dt
1 þ KC0 þ KHþ CHþ

(29)

where C0 is the initial concentration of phenol, K is the equilibrium adsorption constant of phenol on the 4ZVI/SBC
surface (mM1), k1 represents the limiting reaction rate at
maximum coverage in this system (mM·min1), KHþ is the
adsorption coefﬁcient, and CHþ is the concentration of Hþ.

|
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|
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and activated persulfate for phenol degradation. The structural information and composition of the nZVI/SBC were
characterized by atomic absorption spectrophotometry, N2
adsorption–desorption, SEM and XRD. The 4ZVI/SBC
was a mesopore material with a speciﬁc surface area of
78.669 m2·g1, a pore diameter of 5.89 nm and a total pore
volume of 231.64 × 103 cm3·g1, which beneﬁtted the
adsorption of phenol on its surface. The 4ZVI/SBC was
mainly composed of Fe0 with the best FeCl3·6H2O/biomass
impregnation mass ratio of 2.7 g/g. The removal efﬁciency
of phenol increased with increased dosage of 4ZVI/SBC
from 37.55% at 0.1 g·L1 to 95.65% at 0.5 g·L1. The appear
ance of Cl, SO2
4 and NO3 affected the removal efﬁciency
of phenol with the addition of 4ZVI/SBC in the following

order: Cl < SO2
4 < NO3 . The optimal removal efﬁciency
of phenol and ﬁrst-order kinetic rate constant were observed
at pH 3.09. The results showed that phenol was successfully
transformed into CO2 and H2O in the presence of 4ZVI/
SBC activator with a small amount of dissolved iron in the
water. The one-step preparation method of 4ZVI/SBC
exhibited satisfactory activation of persulfate for phenol
degradation that may be used as an alternative eco-friendly
methodology.

Veriﬁcation of the oxidation result for phenol
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CONCLUSIONS
The zerovalent-iron–biochar composite was synthesized via
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