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Abstract
In this paper, metallic copper (Cu) was supported on nanoscale zero-valent iron (nZVI) to form a nanoscale bimetallic composite
(nZVI-Cu), which was used to activate persulfate (PS) to simultaneously remove the compound contaminants Cr(VI) and
tetracycline hydrochloride (TCH) in simulated wastewater. nZVI, nZVI-Cu, and nZVI-Cu-activated PS (nZVI-Cu/PS) were
characterized by SEM, TEM, XRD, and XPS. The effects of the bimetallic composite on Cr(VI) and TCH removal were
compared in the nZVI, nZVI-activated PS (nZVI/PS), nZVI-Cu, and nZVI-Cu/PS systems. The results showed that nZVI and
Cu can form a nanobimetallic system, which can create galvanic cells; thus, the galvanic corrosion of nZVI and the transfer of
electrons are accelerated. For a single contaminant, the removal efficiency of Cr(VI) and TCH is the highest when nZVI is loaded
with 3 wt% and 1 wt% Cu, respectively. The ratio of nZVI-Cu with 3 wt% Cu to PS is 7:1, and the removal efficiency of Cr(VI)
and TCH compound contaminants is ~ 100% after 60 min under acidic conditions, which indicates that the Cr(VI) reduction and
TCH oxidation were complete in the nZVI-Cu/PS system. The mechanisms of simultaneous removal of Cr(VI) and TCH in the
nZVI-Cu/PS system are proposed. The removal of Cr is because of the adsorption-reduction effects of the nZVI-Cu bimetallic
material. The degradation of TCH is mainly due to the action of oxidative free radicals generated by Fe2+-activated PS. The free
radical capture experiments showed that SO- 4· plays a major role in the process of TCH degradation.

Keywords Nanoscale zero-valent iron . Persulfate . Oxidative free radical . Cr(VI) . Tetracycline hydrochloride . Removal
mechanisms

Introduction

With continuous economic development, the types and con-
centrations of pollutants increase in water environments, and
various types of discharged sewage exhibit complex charac-
teristics, high concentrations, biodegradation resistance, and

high toxicity. Traditional biological treatment technology has
difficulty meeting increasingly stringent sewage discharge
standards. Advanced oxidation technology (AOP) has be-
come a research hotspot for researchers to address such waste-
water, and various new oxidation technologies are emerging
(Kang et al. 2018).

Persulfate (PS) is activated to produce the strong sulfate
radical (SO- 4·), which is considered to be the most promising
AOP for remediating contaminated water and soil. Its redox
potential (SO- 4·, E0 = 2.5–3.1 V) even exceeds that of the
highly oxidizing hydroxyl radical (·OH, E0 = 1.8–2.7 V)
(Matzek and Carter 2016), which can theoretically degrade
most organic pollutants. The commonly used methods for
the activation of PS are mainly heat (Waldemer et al. 2007),
ultraviolet light (Lin et al. 2011), transition metal ions (Xu and
Li 2012), electron beam radiation (Criquet and Leitner 2011),
and ultrasonic treatment (Chen and Su 2012). Among the
many activation techniques, transition metal ion activation is
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the most widely used (Song et al. 2019). Transition metal ion
(Fe2+)-activated PS is used at normal temperature and pres-
sure, and the operation mode is relatively simple and easy to
implement. However, Fe2+ reacts with PS extremely quickly,
and the reaction is usually completed in a few minutes. To
overcome this deficiency, some researchers have used Fe0 as a
source of Fe2+, such as Ghauch et al. (2013), to demonstrate
the feasibility of using Fe0 as a source of Fe2+ for activating PS
to degrade sulfamethoxazole. Li et al. (2017) explored the role
of surface Fe species and the synergistic effect of ·OH and SO-
4· on the activation of PS by iron powder.

Nanoscale zero-valent iron (nZVI) is a kind of zero-valent
iron particle with a particle size of approximately 1–100 nm. It
has high surface energy, magnetic properties, large specific
surface area, and excellent adsorption and reaction efficiency
for wastewater contaminants. nZVI, as a slow release source
of Fe2+, can activate PS to produce SO- 4· to degrade organic
compounds (Diao et al. 2016). In addition, adding PS to nZVI
was found to improve the efficiency of removing heavy
metals by enhancing the corrosion of nZVI (Guo et al.
2016). However, nZVI alone tends to agglomerate to form
micron-sized aggregates and forms iron oxides or
oxyhydroxides on the surface after reaction, which will result
in a decrease in reactivity. To overcome these factors, another
active metal, such as Pt, Cu, Ag, and Ni, can be loaded onto
the nZVI surface to develop and improve the performance of
nZVI. The synthesized bimetallic particles form a
microbattery on the nZVI surface to promote electron transfer
and accelerate the reaction rate (Wei et al. 2006; Zhu and Lim
2007; Shi et al. 2016; Zeng et al. 2017). Ag and Ni metals
have certain toxicity, and Pt is a precious metal and is a rela-
tively expensive synthesis metal for doping. Cu is relatively
low cost compared with several precious metals and has low
toxicity. The nanoiron-copper bimetal composite prepared by
Hosseini et al. (2011) has a suspension time of up to 20 h, a
stability that far exceeds that of nanoiron particles, and has
higher removal efficiency for target contaminants.

Using metal-modified nZVI to reduce heavy metal
adsorption and activated PS to degrade organic pollut-
ants, the two technologies were combined to treat the
compound contaminants of heavy metals and organic
matter in wastewater. We aimed to elucidate the simul-
taneous removal mechanisms of heavy metals and or-
ganic pollutants involved in PS activation by nZVI-
loaded Cu (nZVI-Cu) bimetallic material. The roles of
nZVI-Cu on PS activation were studied by investigating
the loaded amount of Cu and the ratio of nZVI-Cu to
PS in the activation systems. The evolution of the
nZVI-Cu core-shell bimetallic structure was analyzed
by quantitatively determining the Fe and Cu species
during the nZVI-Cu activating PS process. The forma-
tion and function of SO- 4· and ·OH were quantitatively
predicted by the radical capture experiments.

Experimental

Chemicals and materials

The chemical reagents, including sodium persulfate, tetracy-
cline hydrochloride (TCE), potassium dichromate (K2Cr2O7),
ethyl alcohol absolute, ferric chloride hexahydrate (FeCl3·
6H2O), sodium borohydride (NaBH4), copper nitrate hydrate
(Cu(NO3)2·3H2O), methanol (MA), and tert-butanol (TBA),
were analytical reagent grade.

Preparation of nZVI and nZVI-Cu composites

The nZVI was prepared by a chemical reduction method ac-
cording to that described by Sheng et al. (2014 and 2016). The
reaction equation is as follows:

4Fe3þ þ 3BH4
− þ 9H2O→4Fe3O4 þ 3H2BO3

− þ 12Hþ þ 6H2↑ ð1Þ

In this study, 1.216 g of FeCl3·6H2O and 1.888 g of NaBH4

were separately dissolved in a 100-mL beaker containing a 3:7
aqueous solution of ethanol and water. Then, NaBH4 was
added dropwise to the FeCl3 solution in a 40-kW ultrasonic
environment to produce a solid-liquid mixture, which was
subjected to solid-liquid separation by a strong magnet to
obtain black solid nZVI.

A certain volume of 8.5 mM Cu(NO3)2·3H2O solution is
slowly dropped into the separated nZVI by the above method.
After complete addition and stirring for 15min, the reaction of
Cu2+ with Fe0 was complete. The reaction equation is as fol-
lows:

Cu2þ þ Fe0→Fe2þ þ Cu0 ð2Þ

After the reaction, the product was washed three times with
deoxygenated deionized water and then further washed three
times with absolute ethanol to obtain nZVI-Cu bimetallic
nanocomposites.

Characterizations

The surface morphology of the nZVI, nZVI-Cu, and nZVI-Cu
of activated PS (nZVI-Cu/PS) was characterized by field
emission scanning electron microscopy (FESEM, Japanese
Hitachi S-4800) and high-resolution transmission electron mi-
croscopy (TEM). The crystallization conditions, crystal phase,
and crystal structure of the nanomaterial and nZVI-Cu/PS
were analyzed using X-ray powder diffraction (XRD,
Bruker D8 Advance A25, Germany). The main elemental
composition and valence state changes of nZVI and the
nZVI-Cu/PS composites were examined using X-ray photo-
electron spectroscopy (XPS, Thermo Scientific EscaLab
250Xi, USA).
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Experimental procedure

Batch experiments were carried out in a permeable reaction
column simulation device made of plexiglass. The experimen-
tal device was described in our previous published paper (Qu
et al. 2019). The nZVI-Cu bimetal material and PS were si-
multaneously added to the top of the column, a 500-mL bea-
ker was placed on a magnetic stirrer, and the amount of con-
taminated wastewater added to the beaker was 400 mL. The
simulated wastewater was pumped via a latex tube into the
reaction column by a peristaltic pump and then returned to the
beaker via the bottom outlet. The process was continuously
circulated by a peristaltic pump with a pump flow of about
60 mL/min. The pH value and initial concentrations of Cr(VI)
and TCH in solution were 5.0, 40.0, and 100 mg L−1, respec-
tively, unless otherwise stated. Samples were set at different
time intervals, and the samples were filtered through a 0.22-
mm membrane filter. The concentrations of aqueous Cr(VI),
Cr(III), Fe3+, Fe2+, and PS were measured by using a UV-Vis
spectrophotometer (Yoke UV1901, China), respectively. The
concentrations of total Cr (Crtotal) and total Fe (Fetotal) in so-
lution were determined using a Z-2000 polarized Zeeman
atomic absorption spectrometer (Hitachi, Japan), respectively.
The concentration of TCH in solution was measured at
280 nm using a high-performance liquid chromatograph
(HPLC, C18, China).

Results and discussion

Characterizations of nZVI, nZVI-Cu, and nZVI-Cu/PS

The surface morphology and structure of nZVI, nZVI-Cu, and
nZVI-Cu/PS were characterized by SEM and TEM. The re-
sults are shown in Fig. 1a–f. As seen in Fig. 1a, because the
nZVI particles have magnetic properties, small particle sizes,
and large specific surface areas, the particles adhere to each
other to form a long chain, and the individual nZVI particles
have a spherical shape. The original nZVI surface is smooth
and flat with few particles on it. It can be seen from Fig. 1b
that Fe0 is in the form of granulated fuzzy particles, and a
small amount of Cu is in the form of vertical strips. The sur-
face of the nZVI-Cu bimetallic particles is rough and has more
particles and rich voids, and the particles are more uniformly
dispersed. As seen from Fig. 1d and e, the particles of nZVI
and nZVI-Cu have a spherical structure, and the nZVI-Cu
particles are loosely agglomerated. This phenomenon indi-
cates that loading Cu on nZVI does not change the structure
of nZVI, but the surface is uneven and the voids increase,
which are beneficial for increasing the specific surface area
of the material and achieving good adsorption and catalysis.
After the activation reaction of nZVI-Cu to PS (Fig. 1c), the
nZVI-Cu particles become larger with more agglomerate

distribution and interparticle voids. The particles are in the
form of random sheets, which may be caused by oxidation
of the surface during the reaction, and corroded fragments
are deposited on the surface of the particles. As shown in
Fig. 1f, the edges of the nanometal particles of nZVI-Cu/PS
are dispersed. This is because PS oxidizes Cu0 of nZVI-Cu
particles to form firstly an oxide shell of Cu on the surface of
the particles, then oxide shell of Cu is reduced by nZVI to
generate Cu0 and Fe oxide shell, but the core is still a spherical
structure of nZVI.

X-ray diffraction patterns of nZVI, nZVI-activated PS
(nZVI/PS), and nZVI-Cu/PS are presented in Fig. 2. The peak
at 2θ = 44.9° for Fe diffraction appears, which corresponds to
the diffraction of the 110 plane of body-centered cubic α-Fe0.
Although the diffraction peak appeared, the peak shape was
diffuse, which confirmed that the nZVI particles synthesized
by the liquid phase method are mainly in a microcrystalline
state. The characteristic peak also appears in the XRD patterns
of the nZVI/PS and nZVI-Cu/PS composites. This indicates
that the addition of PS and Cu2+ did not affect the structure of
nZVI, but the nZVI diffraction peak was small. This phenom-
enon may be because PS causes some Cu0 and Fe0 to be
oxidized, so the nZVI in the composite may be below the
detection limit of XRD.

To further analyze the surface composition and valence
state of the composite system, Fig. 3 presents the XPS spectra
of the nZVI and nZVI-Cu/PS composites. Figure 3a shows
that nZVI and nZVI-Cu/PS exhibit two peaks at 713.3 eV
and 726.2 eV, corresponding to the binding energies of Fe
2p1/2 and Fe 2p3/2, respectively. The narrow spectrum of Fe
2p is shown in Fig. 3b, and only the weak Fe0 (706.2 eV)
characteristic peak is detected. This result indicates that the
nZVI surface is oxidized, which is consistent with the previ-
ous XRD characterization. Figure 3a shows the strong O 1 s
signal in the spectrum of nZVI-Cu/PS. The surface of the
nZVI particles is oxidized by PS to form a metal oxide, prob-
ably due to the addition of PS in nZVI-Cu. Figure 3a also
shows the detection of the Cu 2p signal in the composite
system. Figure 3a shows that Cu is successfully loaded onto
the nZVI surface. The XPS spectrum of Cu 2p is shown in Fig.
3c. The characteristic peaks at approximately 934.5 eV and
964.3 eV correspond to the binding energy of the Cu 2p3/2
region, and the Cu 2p1/2 region includes two characteristic
peaks at 943.5 eV and 955.3 eV. The characteristic peak for
Cu 2p3/2 is composed of Cu0 (934.5 eV) and Cu(OH)2
(936.5 eV). The characteristic peak for Cu 2p1/2 also confirms
that Cu is loaded on the nZVI surface (Pullin et al. 2017).

Single removal of Cr(VI) and TCH in different
treatment systems

The removal of Cr(VI) is presented in Fig. 4a in different
treatment systems. The removal efficiency of Cr(VI) is
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23.55%, 13.75%, 37.57%, and 55.59% after 60 min of re-
action in the nZVI, PS, nZVI/PS, and nZVI-Cu systems,
respectively, which is less than the removal efficiency
(65.59%) of Cr(VI) in the nZVI-Cu/PS system. It is obvious
that Cu significantly improved the effects of nZVI on Cr(VI)
reduction due to Cu covering the surface of nZVI to form a
nanoscale bimetallic layer. In addition, the presence of PS
may accelerate the surface corrosion of nZVI, which ex-
poses more reaction sites on the nZVI-Cu bimetallic surface
to promote the reduction reaction between nZVI and Cr(VI).
Similarly, as shown in Fig. 4b, the removal efficiency of
TCH is also highest in the nZVI-Cu/PS system. On the
one hand, PS is activated by Fe2+ and may generate some
oxidative free radicals. On the other hand, a small amount of
Cu transition ions may be formed on the surface of the
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Fig. 2 XRD patterns of nZVI, nZVI/PS, and nZVI-Cu/PS

Fig. 1 FESEM images of (a) bare
nZVI, (b) nZVI-Cu, and (c)
nZVI-Cu/PS and TEM images of
(d) bare nZVI, (e) nZVI-Cu, and
(f) nZVI-Cu/PS
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bimetallic layer, which may also act as an activator of PS to
degrade TCH (Deng et al. 2019; Zhou et al. 2018).

As mentioned above, depositing Cu0 onto the surface of
nZVI forms the nZVI-Cu bimetal core-shell structure.
Therefore, the proportion of Cu is an important parameter
for the Cr(VI) and TCH removal in the nZVI-Cu/PS system.
The effects of the amount of Cu on nZVI on Cr(VI) and TCH
removal are shown in Fig. 5. Figure 5a indicates that the

Cr(VI) removal is rapid at the first 30 min, and then slows
down. As the amount of Cu loaded on nZVI increased from 0
to 7 wt%, the removal efficiency of Cr(VI) first increased and
then decreased. When the loaded amount of Cu is 3 wt%, the
removal efficiency of Cr(VI) is almost 100.0% after 30 min in
the nZVI-Cu/PS system. The removal efficiency of Cr(VI)
decreases when the loaded amount of Cu is more than 3
wt%, but it still reaches 95.0% after 40 min. The removal
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efficiency of TCH has a similar trend as Cr(VI) removal with
different Cu amounts (Fig. 5b). However, the best removal
effect of TCH appears when the loaded amount of Cu on
nZVI is 1 wt%. Increasing the level of Cu loading provides
more galvanic cells to accelerate the electron transfer,
resulting in accelerated Cr(VI) and TCH removal. However,
excessive Cu may also hinder and inhibit the corrosion of
nZVI. Additionally, the results show that the requirements
for the loaded amount of Cu on nZVI are also different for
different pollutants to achieve higher removal efficiency.

Simultaneous removal of Cr(VI) and TCH in different
treatment systems

From the previous experiments, it can be found that the
removal efficiencies of Cr(VI) and TCH are above 95.0%
when the Cu amount on nZVI is 3.0 wt%. Therefore, we
used nZVI-Cu/PS loaded with 3 wt% Cu to simultaneously
remove Cr(VI) and TCH, and the results are shown in
Fig. 6. The PS alone has little effect on Cr(VI) removal.
In the nZVI/PS system, the removal efficiencies of Cr(VI)

and TCH are 44.17% and 65.39%, respectively, while the
removal efficiencies of Cr(VI) and TCH are 69.01% and
80.88% in the nZVI-Cu/PS system, respectively. As de-
scribed in the structural analysis of the nZVI-Cu bimetallic
composite, nanoscale Cu modified the nZVI particles to
enhance the reactivity of the nanoparticles and form
nanobimetallics. The close and effective contact of the
two nanometals enhances the transformation of electrons
between them, thereby promoting the reduction of Cr(VI)
in solution (Xu et al. 2012). nZVI is oxidized to form Fe2+,
which can activate PS and rapidly produces strong
oxidizing free radicals to degrade TCH. In addition to the
nZVI, Zhou et al. (2018) thought that transition ions of Cu
may also acts as a new metal active site to activate PS.

Based on the above analysis, it can be concluded that
the ratio of nZVI-Cu and PS may affect the removal effi-
ciency of Cr(VI) and TCH. As shown in Fig. 7, when the
proportion of nZVI-Cu increases from 1:1 to 7:1 in the
nZVI-Cu/PS system, the removal efficiency of Cr(VI)
and TCH increases from 61.43 and 70.53% to almost
100.0% after 40 min. However, when the dosage of
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nZVI-Cu further increases, the removal efficiency of the
two contaminants decreases. This is because the addition
of excess nZVI-Cu leads to the rapid release of Fe2+, and
excess Fe2+ consumes free radicals in the system, which
may inhibit removal of the contaminants (Li et al. 2019).

The pH is an important parameter for the treatment of
wastewater. The pH value directly affects the removal ability
of a treatment system for pollutants. The effects of pH on
Cr(VI) and TCH removal in the nZVI-Cu/PS system are
shown in Fig. 8. The removal efficiency of Cr(VI) and TCH
decreases with increasing pH. Under acidic conditions, the
removal efficiency of Cr(VI) and TCH is nearly 100.0% after
40 min. However, when the initial pH value of the solution is
9.0, the removal efficiency of Cr(VI) and TCH decreases to
62.17% and 66.32% after 60 min, respectively. Acidic condi-
tions may accelerate the corrosion of nZVI-Cu to release more
Fe2+ (Lai et al. 2013) and generate additional SO− 4· (Eq.
(3)–(4)). The formation of SO− 4· promotes TCH degradation
(Hussain et al. 2016).

S2O8
2− þ Hþ→HS2O8

− ð3Þ

HS2O8
−→2SO4

− � þHþ ð4Þ

In addition, Cr(VI) is mainly present in the form of HCrO4
−

under acidic conditions.While the existence of H+ is favorable
to the reduction of HCrO4

− (Eqs. (5)–(6)), acidic conditions
can also effectively inhibit the deposition of precipitates on the
surface of the material and allow full exposure of the active
reaction sites on the nZVI-Cu surface, promoting the reduc-
tion of Cr(VI) (Qu et al. 2017).

HCrO4
– þ nZVI−Cuþ 8Hþ→Cu2þ þ Fe2þ þ Cr3þ þ 4H2O ð5Þ

HCrO4
– þ 3Fe2þ þ 7Hþ→3Fe3þ þ Cr3þ þ 4H2O ð6Þ

Mechanisms of simultaneous removal of Cr(VI) and
TCH

Figure 9 shows the variation in PS and different forms of Fe
and Cr in solution with reaction time for nZVI-Cu/PS system.
As shown in Fig. 9a, PS decreases rapidly with the reaction
time, while the concentrations of Fetotal and Fe3+ in solution
always increases due to the production of Fe3+. Fe2+ is mainly
derived from uncovered nZVI, and Cu0 of the nZVI-Cu com-
posites react with PS and Cr(VI) in the nZVI-Cu/PS system
(Eqs. (7)–(10) and Eq. (2)). The concentration of Fe2+ in-
creases to 0.14 mg L−1 (the highest value) in solution during
the first 10 min and then decreases, finally maintaining a rel-
atively stable value. Once Fe2+ is dissolved from the solid
surface, it will react with Cr(VI) or PS. In addition, a passiv-
ation reaction of the oxide or precipitate on the nZVI surface
may occur after 10min, resulting in a slight decrease in Fe2+ in
solution. Figure 9b indicates that the Cr(VI) and Crtotal con-
centrations decrease with the reaction time, while the concen-
tration of Cr(III) reaches a maximum at 5 min (5.62 mg L−1)
and then slowly decreases at a later time. Due to the
adsorption-reduction effects of nZVI-Cu on heavy metal ions
in the nZVI-Cu/PS system, a large amount of Cr(VI) is re-
duced to Cr(III) in solution. The decrease in Crtotal and
Cr(III) indicates that different types of Cr may be adsorbed
on the solid surface of the nZVI-Cu layer.

nZVI uncovered by Cu0
� �þ S2O8

2−→Fe2þ þ 2SO4
2−: ð7Þ

Cu0 þ 1=2S2O8
2−→Cuþ þ SO4

2− ð8Þ

Cuþ þ S2O8
2−→Cu2þ þ SO4

2− � þSO4
2− ð9Þ

3Cu0 þ 2Cr6þ→2Cr3þ þ 3Cu2þ ð10Þ

The XPS spectra were also used to analyze the main ele-
mental composition and valence states of Fe, Cu, and Cr be-
fore and after the reaction. As presented in Fig. 10a, a new
characteristic peak appears near 580 eV after the reaction, and
the characteristic peak belongs to the region of Cr 2p, which
further confirms that Cr is adsorbed on the nZVI-Cu
nanomaterial surface. Figure 10b is an XPS spectrum of the
Cr 2p region; the peak at 587.3 eV in the Cr 2p1/2 region is the
Cr(III) characteristic peak (Kong et al. 2016). There are three
characteristic peaks in the Cr 2p3/2 region, which represent
Cr(III) and Cr(VI), respectively, and the peak at 578.8 eV is
indicative of K2Cr2O7 (Paparazzo 1987; Huang et al. 2013;
Liu et al. 2016). The presence of K2Cr2O7 implies that Cr(VI)
exists on the surface of the nZVI-Cu nanometal materials, and
the adsorption of Cr(III) on the surface of the nanomaterials
indicates that Cr(VI) is reduced during the reaction (Hu et al.
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Fig. 8 Effects of pH value on the removal of Cr(VI) and TCH in the
nZVI-Cu/PS system
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2010). The results show that the nanobimetallic material
achieves adsorption and reduction of Cr(VI) in the nZVI-Cu/
PS system. Cr(VI) is first adsorbed on the surface by the
nZVI-Cu composite, and then Cr(VI) is rapidly reduced to
Cr(III) by the highly reductive nature of Cu0. Figure 10a
shows that the characteristic peaks at the Fe 2p region include
the Fe 2p3/2 (713.3 eV) and the Fe 2p1/2 (726.2 eV), which
are the same as before the reaction, indicating that the mixed-
valence iron oxide appeared on the surface of the composite
after the reaction; the characteristic peaks at Fe 2p3/2 refer to
Fe3+ and Fe2+. As shown in Fig. 10a, the Cu 2p3/2 region
includes characteristic peaks of Cu 2p3/2 and Cu 2p1/2, indi-
cating the presence of Cu0 and Cu(II) on the surface of the
composite. It can also be seen from Fig. 10 that the adsorbed
Cr(VI) is reduced to Cr(III) by Cu0 on nZVI-Cu surface (Eq.
(10)), while nZVI is oxidized by Cu2+ to form Fe2+ (Eq. (2)).
The generated Fe2+ can react with Cr(VI) to form Fe3+ and
Cr(III) (Eq. (11). In addition, the nZVI-Cu bimetallicmaterials
can promote the formation of galvanic cells and enhance the
electron transfer between them. A small amount of a Cu0 layer
is also formed on the surface of the nZVI-Cu composite to
promote the reduction of solution Cr(VI) (Fig. 11). Since the
redox potential of Cu0 is lower than that of Cr(VI) (Hu et al.
2010), Cr(VI) undergoes a redox reaction with Cu0 to form
Cu(II) and Cr(III) (Eq. (10))

3Fe2þ þ Cr6þ→3Fe3þ þ Cr3þ ð11Þ

The removal of TCH is another important function in the
nZVI-Cu/PS system (Fig. 11). The PS activated by nZVI
mainly generates oxidative free radicals (such as SO4

−· and
·OH) to degrade organic pollutants (Eqs. (12)–(14)) (Zhao
et al. 2010; Yuan et al. 2014; Liu et al. 2017). In order to
identify the active species which plays a predominant role to
TCH degradation in the nZVI-Cu/PS system, quenching ex-
periments were carried out, and the inhibition of TCH degra-
dation in the presence of radical scavengers was analyzed.
Based on different reaction rates, TBA and MA were used
to evaluate the relative contribution of ·OH and SO4

−· in the
degradation process of TCH, and the results are shown in
Fig. 12. After the addition of two capture agents, the removal
efficiency of Cr(VI) hardly changes. However, the removal
efficiency of TCH decreases significantly, especially when
TBA is added to the reaction system.

Fe2þ þ S2O8
2−→SO−

4 � þSO4
2− þ Fe3þ ð12Þ

SO−
4 � þH2O→ � OHþ Hþ þ SO4

2− ð13Þ

SO−
4 � þOH−→ � OHþ SO4

2− ð14Þ
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According to previous reports, the relative contribu-
tions of SO4

−· and ·OH can be determined by analyzing
the difference in the rate constant of the pollutant re-
moval with different scavengers (Ahmad et al. 2012; Oh
et al. 2016). As shown in Table 1, the pseudo-first
order rate constants of TCH degradation without a scav-
enger and with TBA are 0.1287 and 0.0779 min−1 in
the nZVI-Cu/PS system, respectively. The relative con-
tribution of ·OH can be estimated to be 39.5%.
However, the addition of MA further increases the in-
hibition; the rate constant decreases to 0.0151 min−1.
The difference between inhibition caused by TBA and
MA can be attributed to the function of SO4

−·. Thus,
the relative contribution of SO4

−· is estimated to be
48.8%. This suggests that SO4

−· plays a predominant
role in TCH degradation, which is consistent with other
literature (Kim et al. 2018). It is also indicated that the

involvement of free radicals that have not been identi-
fied because the sum of contributions of SO4

−· and ·OH
is less than 100%.

Conclusion

This study has demonstrated for the first time that
nZVI-Cu/PS can simultaneously remove Cr(VI) and
TCH from aqueous solutions. Compared with PS,
nZVI nZVI/PS, and nZVI-Cu, nZVI-Cu/PS exhibited
faster and more effective reduction of Cr(VI) and oxi-
dation of TCH. Nanoscale Cu covers the surface of the
nZVI to form a nanobimetallic and significantly im-
proved the effect of nZVI on Cr(VI) reduction. The
loaded amount of Cu on nZVI and the ratio of nZVI-
Cu and PS affected the removal efficiency of Cr(VI)
and TCH. Acidic conditions are more favorable for the
activation of PS and the corrosion of nZVI than alkaline
conditions. The SO4

−· produced from PS activated by
the nZVI-Cu nanobimetallic is identified as the main
active oxygen species responsible for TCH degradation,
and the activation process is in a continuous state.
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Fig. 12 Effects of TBA and MA on Cr(VI) and TCH removal in the
nZVI-Cu/PS system

Table 1 Change in the kinetic constant, k, for Cr(VI) and TCH removal
after adding different radical scavengers to the nZVI-Cu/PS system

Contaminant Pseudo-first order kinetic constant k (min−1)

MA TBA Without

TCH 0.0151 0.0779 0.1287

Cr(VI) 0.1008 0.1045 0.1163

Fig. 11 Mechanisms of
simultaneous removal of Cr(VI)
and TCH in the nZVI-Cu/PS
system
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