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a b s t r a c t
A large number of wastewater is produced in the process of electroplating industry, and pose 
serious threats to humanity. Nanoscale zero valent iron (nZVI) has a desirable reductive adsorp-
tion capacity for treatment of the electroplating wastewater, but limited by its agglomeration and 
oxidation. In this study, the composite material nZVI@B was prepared using the emulsion of nZVI 
and sodium bentonite, and characterized by scanning electron microscopy, X-ray diffraction, and 
X-ray photoelectron spectroscopy. The aggregation and oxidation phenomena of nZVI particles 
were decreased with the successfully supported on bentonite. The decontamination abilities of 
nZVI@B were tested by removal of nickel (Ni) from the electroplating wastewater. The results showed 
that the nZVI@B has a 99.96% removal efficiency at 120 min, which is greatly better than those of 
nZVI and bentonite. The reactivity of the nZVI can be effectively improved by dispersed in the 
interlayer of Bentonite and reduced to contact with water. The lower solution pH value, initial concen-
tration, and higher dosage had positive effects on Ni removal. But the effect of temperature on final 
removal efficiency was not remarkable. Furthermore, the tailings obtained though the batch experi-
ments were detected by energy-dispersive X-ray spectroscopy, the content of Ni is in the range from 
25% to 40%, which can reduce the total amount of tailing slag treatment and the difficulty of recycling.
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1. Introduction

Nickel is widely used in electroplating industry because 
of its hardness, corrosion resistance, and weldability [1–3]. 
However, a large number of heavy metal wastewater will 
inevitably be produced in the process of electroplating 
industry [4,5]. Nickel is a kind of heavy metal with car-
cinogenic characteristics [6]. It accumulates in human body 
and affects activity of biological enzymes [1]. Therefore, the 
treatment and discharge of electroplating wastewater have 
become an urgent problem.

Chemical precipitation method and membrane fil-
tration method are the most commonly used to treat the 

electroplating wastewater in recent studies [7–10]. However, 
in the process of chemical precipitation, the pH value of 
wastewater needs to be adjusted for several times, result-
ing in a large number of generated neutralizing slag [7]. 
Moreover, to meet the discharge standard of China (the 
nickel content of emissions is not more than 0.5 mg/L, no. 
GB21900-2008) [11], a large number of flocculants and 
heavy metal capture agents are needed to be added, result-
ing in a series of problems, such as a high cost of chemicals 
and difficult treatment of tailings [7,8]. Membrane filtra-
tion method is used membrane to block specific elements 
and purify water [9,10]. With the improvement of mem-
brane materials, this method has achieved good results in 
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wastewater treatment. Yet, due to the membrane material 
is easy to be polluted during the treatment process as well 
as the high cost of membrane components, this technology 
still has room for improvement [10]. Moreover, the pro-
duced tailings belong to hazardous waste in China, which 
must be treated by the chemical precipitation method or 
membrane filtration method [12–14]. The cost of treatment 
tailings accounts for a large part of the total production cost.

As an advantageous water treatment material, nanoscale 
zero valent iron (nZVI) has been developed rapidly in 
recent 20 y [15–18]. An amount of research has been done 
on the remediation of organic and inorganic pollution 
in wastewater and contaminated soil, because of its sim-
ple operability and environmental friendliness [15,16]. 
However, there are still some technical problems should 
be solved in the use of the nZVI. First, Na2BH4 or K2BH4 is 
the main raw material for the preparation of nZVI, which 
leads to high production cost and difficulty in large-scale 
production [16–18]. Second, the nZVI particles are prone 
to agglomerate, resulting in the reduced reactive activ-
ity [17]. To overcome agglomeration shortcoming, many 
porous materials, such as active carbon [19,20], montmo-
rillonite (MMT) [21], cryogels [22], vermiculite [23], and 
poly sodium acrylate [24], have been tested as the support 
to inhibit the aggregation of nZVI particles. Xie et al. [25] 
successfully supported nZVI on the reduced graphene 
oxide (rGO), which significantly reduced the aggrega-
tion of nZVI, and the removal effect of nZVI-rGO on 
trichloroethene was much higher than that of free NZVI.

Bentonite is a non-metallic mineral having the crystal 
structure of 2:1 layered silicate, which is composed of two 
silica tetrahedrons and one alumina octahedron [26]. Because 
of the existence of cations (such as Cu, Mg, Na, K, etc.) in 
the structure of bentonite soil layer, the interaction between 
these cations and crystal cells is very unstable, which makes 
bentonite have the excellent ion exchange capacity and can 
be used in wastewater treatment [27–29]. Yang et al. [29] 
prepared the composite hydrogel bead based on magnetic 
bentonite, chitosan and sodium alginate, and used it for 
adsorbing copper ions in wastewater. The results showed 
that the maximum adsorption capacity was 56.79 mg/g. 
Wang et al. [30] found that the adsorption capability of 
bentonite for U(VI) is obviously improved at low pH.

In recent years, several researches have investigated 
the bentonite-nZVI (nZVI@B) for treating the wastewa-
ter. Shi et al. [31] successfully synthesized nZVI@B by the 
sodium borohydride reduction method, and tested by 
aqueous Cr(VI) removal. The result showed that bentonite 
decreases the aggregation of nZVI particles. Li et al. [32] 
simulated the treatment of Cr(VI) in groundwater with 
nZVI@B, and found that the efficiency of the treatment of 
Cr(VI) by nZVI@B was much higher than that by free nZVI. 
The reduction process was in accordance with the pseudo 
first-order kinetic model, and the apparent rate constant K 
decreased with the decrease of the initial concentration of 
nZVI@B. However, it is rarely reported on the application 
of nZVI@B in the treatment of nickel from the actual electro-
lytic wastewater, and the removal mechanism and treatment 
kinetics of nickel wastewater treatment has not been clarified.

In this study, the emulsion of nZVI prepared by electro-
deposition method was used as raw material, and supported 

on sodium bentonite to get composite material nZVI@B. 
The composite material and experimental products were 
characterized by X-ray diffraction (XRD), scanning electron 
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), 
inductively coupled plasma-optical emission spectroscopy 
(ICP-OES), and energy-dispersive X-ray spectroscopy (EDX). 
The comprehensive mechanism for removal of Ni from 
wastewater by bentonite-supported nZVI in wastewater 
was proposed, and the influence factors were analyzed.

2. Materials and methods

2.1. Materials and chemicals

The nZVI emulsion was obtained by the impulse 
electro-deposition method, and the detailed preparation 
process can be found in our previous studies [33]. The size 
of nZVI particles was mainly 30–60 nm, and the total Fe 
concentration in the emulsion was 30 g/L. The sodium ben-
tonite was supplied by Heng-Guang Mineral Products Co., 
Ltd., Hebei, China, with the particle size of 20 μm, density of 
1.6 g/cm3, and expansion ratio of 12.3. Other reagents, such 
as absolute ethanol (>98%), HCl (AR), and NaOH (AR), were 
purchased from Beihua Chemical Co., Ltd., Beijing, China. 
The deionized water was used throughout the experiments.

2.2. Synthesis of nZVI@B

The composite material was synthesized in a 500 mL 
conical flask, with 200 mL of nZVI emulsion and 100 mL of 
deionized water. The blended solutions were mixed under 
the sonication (Transsonic TI-H) for 30 min, and then 5 g of 
sodium bentonite was added. The supporting process was 
carried out using the mechanical mixer (IKA, Microstar 15) 
at 240 rpm for 30 min. During the mixing process, the space 
between the bottleneck, and the stirring rod was covered 
by the sealing film to avoid massive oxidation of materi-
als. Finally, the mixed solution was filtered by vacuum fil-
ter (Sciencetool, FS3310), and the composite was washed 
for three times by anhydrous ethanol and dried in vacuum. 
1 g of nZVI@B was dissolved by 5 mL HNO3 (10 mol/L) 
and the concentration of Fe ions in acid solution were 
analyzed by ICP-OES. The total Fe content in the nZVI@B 
was calculated to be 17.46%.

2.3. Characterization

The micro morphology and mapping scan analysis of 
the sample were analyzed by scanning electron microscopy 
with energy dispersive spectrometer (SEM-EDX, SU8010, 
Tokyo, Japan). Before the SEM-EDX analysis, the sample 
was diluted and dispersed in absolute ethanol under ultra-
sonic for 15 min, then a few drops were deposited on the car-
bon-covered conductive tape and dried quickly by aurilave. 
The crystal structure and composition phase of samples 
were investigated by X-ray diffractometer (XRD, Ultima 
IV, Tokyo, Japan) scanned from 5° to 90° for 2θ with rate 
of 5°/min. The surface characteristics of nZVI@B were deter-
mined by XPS (Thermo ESCALAB 250XI; Massachusetts, 
USA). The concentration of metal ions in solution and 
tailings were detected by inductively coupled plasma 
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spectrometer (ICP-OES; PerkinElmer 8300, Massachusetts, 
USA) and energy dispersive X-ray spectrometer (EDX, EDX-
720, Kyoto, Japan), respectively.

2.4. Adsorptive and reductive performances

The wastewater used in batch experiments was taken 
from an electroplating factory in Jingzhou (Hubei Province, 
China), with Ni content of 198.2 mg/L and pH value of 4.7. 
The total amount of other metal ions (Zn, Cu, and Cr) was 
less than 1.0 mg/L, so the influence of other metal ions for 
the experiments was ignored. The deionized water was 
used to dilute the wastewater to different concentrations 
(10, 40, 70, and 100 mg/L) for standby.

The batch experiments were carried out by adding 
the 200 mL diluted wastewater and the weighed material 
(Bentonite, nZVI, and nZVI@B) in a 500 mL conical flask, 
respectively. The conical flask was shocked on a thermomixer 
comfort (Jin-kong, ZW-A, China) at 240 rpm, and 5 mL of 
solution was taken out at 5, 10, 20, 30, 60, 90, and 120 min, 
respectively. After the batch experiment, the solution was 
filtered, and the obtained tailings were dried in vacuum. 
The initial pH value of wastewater (3.0, 7.0, and 10.0) was 
modified by adding 0.01 mol/L HCl or NaOH. The reaction 
temperatures (20°C, 40°C, and 60°C) were controlled by 
constant temperature water bath (Larksci, LWB-4, China). 
The removal efficiency and equilibrium removal capacity 
of Ni were calculated according to the Eqs. (1) and (2) [22]:
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where η (%) is the removal efficiency of Ni from waste-
water. C0 (mg/L), Ct (mg/L), and Ce (mg/L) represent 
the concentrations of Ni in wastewater at initial time, 
t time, and equilibrium time, respectively. qe (mg/g) is the 
removal capacity of Ni at equilibrium, V (L) is the solution 
volume, and w (g) is the dry weight of metals.

The pseudo-first-order (PFO, Eq. (3)) and pseudo- 
second-order (PSO, Eq. (4)) [33] equations were employed 
to quantitatively describe the adsorption kinetics of Ni 
from wastewater as following:
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where qt (mg/g) is the removal capacity of Ni at t time; 
k1 (min−1) and k2 (g/(mg min)) represent the equilibrium 
rate constants of PFO and PSO model, respectively.

3. Results and discussions

3.1. Characterization

As shown in Figs. 1a and b, the nZVI particles prepared 
by impulse electro-deposition method can be dispersed 
in absolute ethanol under the ultrasonic condition. 
Bentonite can be well-dispersed into starch gel in water, 
which provides favorable condition for successful immobi-
lization of nZVI particles. After being deposited and dried 
on the carbon-covered conductive tape, bentonite piles up 
together, resulting in the layered structure, as shown in 
Figs. 1c and d.

The XRD patterns of nZVI, bentonite, nZVI@B before 
and after reaction are shown in Fig. 2. The pattern of nZVI 

Fig. 1. SEM micrographs of nZVI and sodium bentonite, (a) and (b) nZVI, (c) and (d) bentonite.
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shows three diffraction peaks at 2θ value of 18.1°, 22.2°, 
and 26.6° corresponding to (105), (223), and (116) Fe2O3, 
and a diffraction peak at 38.7° corresponding to (111) of 
Fe0, respectively [31]. The diffraction peak of nZVI is weak, 
indicating the nZVI particles prepared by impulse electro- 
deposition method is extremely small with the limited crys-
tallization degree [32]. The main components of bentonite 
are SiO2 and aluminosilicate (Al2SiO5 and NaAlSi3O8) as 
shown in the pattern (b). The pattern (c) shows two addi-
tional peak at 2θ value of 36.5° and 61.9° corresponding 
to FeO, and it declares the successful supported of nZVI. 
There is no peak of Fe0 on the XRD patterns of nZVI@B 
before and after reaction, which may be due to the poor crys-
tallinity of Fe0 or the formation of oxide film on the surface 
during the reaction. The peak at 2θ value of 21.0°, 34.8°, and 

39.5° corresponding to the taenite ([Fe,Ni]) after reaction 
with wastewater for 2 h as shown in the pattern (d), indicat-
ing that Ni can be adsorbed on the surface of nZVI@B.

The nZVI@B compounded by mechanical stirring 
method was dried and broken, and its micrographs and 
mapping scan are shown in Fig. 3. For the fresh nZVI@B, a 
large number of nZVI particles adhere to the interlayer of 
bentonite individually as stacked layers, as clearly shown in 
Figs. 3a and d. Moreover, the mapping scan shows the dis-
tributions of Fe, Na, Si, and Al on the interlayer of nZVI@B, 
as shown in Figs. 3b, c, e, and f. The distributions of Fe 
and Na are remarkably synchronous, which confirms that 
the supported process of nZVI is related to the cations in 
the structure of bentonite soil layer. Therefore, the layered 
structure of bentonite effectively prevents the aggregation 
of the nZVI particles, which is beneficial to the exposure 
of active sites, so as to promote the reactivity of nZVI.

The XPS spectra of nZVI@B after reaction was ana-
lyzed to study the transformation process of Fe and Ni 
in the reaction process, as shown in Fig. 4. In Fig. 4a, the 
peaks of Fe 2p and Ni 2p appears at the range of 711.95 
and 856.65 eV, respectively [34]. The high-resolution XPS 
spectra of Fe 2p orbit is displayed, and can be divided into 
four peaks, as shown in Fig. 3b. The Fe3+ peak appears at 
711.6 and 725.3 eV, and the Fe2+ peak appears at 710.0 and 
722.7 eV, respectively [32]. However, the peak of Fe0 in XPS 
spectrum has not been detected, which is due to the rapid 
formation of iron oxide on the surface of nZVI particles, 
and the limitations of the detection depth for XPS technol-
ogy [31]. The high-resolution XPS spectra of Ni 2p is divides 
into three peaks, as shown in Fig. 3c. The peak at 855.1 eV is 
corresponded to Ni0, while the peaks at 874.2 and 863.7 eV 
are corresponded to Ni2+ [22]. The calculated molar content 
of Ni0 and Ni2+ are 75.7% and 24.3%, respectively. Clearly, 
a large amount of Ni2+ is reduced to Ni0 in the process of 

Fig. 2. X-ray diffraction (XRD) patterns of nZVI, bentonite, 
nZVI@B before and after reaction.

Fig. 3. SEM micrographs and mapping scan of nZVI@B, (a and d) SEM micrographs of nZVI@B, (c and d) mapping scan of nZVI@B.
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treatment, and it proves the reduction and adsorption is 
the main way for Ni2+ removal by nZVI@B from wastewa-
ter. Moreover, the rest of Ni2+ can be co-precipitation with 
nZVI@B. The possible reactions can be summarized as 
follows:

Fe Ni Fe Ni0 + → ++ +2 2 0  (5)

2 22 2 3 0Fe Ni Fe Ni+ + ++ → +  (6)

( ) ( ) ( ) ( )3+ 2
1 (3 )

1 Fe Ni 3 OH Fe Ni OHxx x
x x x+ −

− −
− + + − → ↓  (7)

3.2. Adsorption performance

The removal efficiencies of Ni from wastewater by 
bentonite, nZVI, and nZVI@B were investigated. Because 
of the excellent ion exchange capacity, Bentonite has a 
certain adsorption ability to remove Ni from wastewa-
ter, and its removal efficiency is 55.7% after 120 min, as 
shown in Fig. 5a. The removal efficiency of nZVI is 71.8% 
at 120 min. It is noteworthy that, nZVI shows a rapid 
removal efficiency of Ni in the initial stage of the reaction, 
but the removal efficiency significantly reduces with the 
increase of reaction time. This is due to a layer of oxide 

film forms on the nZVI particle surface during the treat-
ment process, which leads to the passivation of the material 
[35,36]. However, the nZVI@B material exhibits the excel-
lent removal performance with the removal efficiency of 
99.6% at 120 min, and it completely meets the China’s dis-
charge standard of wastewater. As the nZVI particles are 
dispersed in the interlayer of bentonite, their activity can 
be preserved, and hence the removal ability of nZVI for 
Ni can be significantly improved [37].

The kinetic fitting results are shown in Figs. 5b 
and c, and the kinetic parameters are summarized in 
Table 1. Based on R2, the PFO model can better describe 
the Ni removal behavior, suggesting that the removal of 
Ni by nZVI@B is controlled by the adsorption process [38]. 
Clearly, the rate constant k1 of nZVI@B is 0.0343 min–1, which 
is higher than that of Bentonite and nZVI, indicating that 
the nZVI particles supported on bentonite can be signifi-
cantly improved its reactivity. In this study, the removal 
performance of nZVI@B has been compared with that of 
other nZVI combined materials reported in the literatures, 
as shown in Table 2. Obviously, the removal performance 
of nZVI@B is outstanding, and it has great potential for 
removing Ni2+ the from the actual electrolytic wastewater.

The effect of different initial pH values of wastewa-
ter ranging from 3.0 to 10.0 on Ni removal by nZVI@B was 
investigated, as shown in Fig. 6a. When the initial pH value 

Fig. 4. XPS spectra of nZVI@B after reaction, (a) wide-scan, (b) Fe 2p, (c) Ni 2p, and (d) O1p region nZVI@B after reaction.
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is 3.0, the removal efficiency is 93.4% at 120 min. The removal 
efficiency of Ni is high in the initial stage of the reaction 
and significantly reduces with the extension of time. This 
may be due to the rapid dissolution of the oxide layer on 
the surface of nZVI particles under acidic conditions, and 
the dissolution process improves the activity of nZVI but 
accelerates its consumption [31–33]. The removal efficiency 
reduces to 74.3% at 120 min when the pH value is 10.0. 
Alkaline condition promotes the formation of hydroxide pas-
sivation layer on the surface of nZVI, thereby inhibiting its 
activity [34,35]. It should be noted that the final pH values 

of solutions after 120 min reaction time are in the range  
of 6.5–7.5.

Fig. 6b shows the removal efficiency of Ni by nZVI@B 
under different initial concentrations of Ni in wastewater 
ranging from 10 to 100 mg/L. With the increase of initial 
concentration from 10 to 100 mg/L, the removal efficiency 
of Ni decreased from 99.96% to 98.57%. However, the 
removal efficiency is obviously reduced in the initial stage 
of the reaction. The highly initial concentration leads to a 
competition effect among target pollutants and activity 
sites on the surface of nZVI@B, which leads to the reduction 

Table 1
Kinetic parameters for Ni removal by bentonite, nZVI, and nZVI@B

Sample PFO PSO

qe (mg/g) k1 (min−1) R2 qe (mg/g) k2 (g/mg min) R2

Bentonite 58.73 0.0249 0.9919 57.14 0.0067 0.9713
nZVI 75.14 0.0176 0.9757 73.21 0.0021 0.7916
nZVI@B 99.76 0.0343 0.9953 102.02 0.0017 0.8129

Table 2
Comparison of Ni removal with different absorbents reported in the literatures

Absorbent Dosagea 
(mg/L)

Initial  
pH

Initial concentration 
(mg/L)

T  
(°C)

Reaction 
time (min)

Removal 
capacity %

Reference

nZVI@GC 50 5 20 30 120 87.80 [40]
nZVI@AC 25 7 10 20 30 91.21 [41]
nZVI@S 50 5 10 20 180 92.31 [42]
nZVI@B 20 4.7 10 20 120 99.60 This study
nZVI 20 4.7 10 20 120 71.80 This study

GC: Mesoporous carbon; AC: activated carbon; S: S. cerevisiae cells; dosagea: only present Fe.

     

(a) (b) (c) PFO PSO 

Fig. 5. (a) Removal efficiencies of Ni using different materials, the experiment conditions were the initial concentration of 
10 mg/L, dosage of 20 mg/L, pH value of 4.7, and temperature of 20°C, (b) and (c) the kinetic analysis of reduction–adsorption of 
Ni using PFO and PSO.
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of Ni removal efficiency [39]. In addition, the surface of 
nZVI particles is easier to passivate with the increase of 
initial concentration, and the electron transfers between 
nZVI and discharge standard are inhibited, resulting in 
the reduced of removal efficiency.

Fig. 6c presents the effect of dosage on removal effi-
ciency of Ni. It can be seen that the removal efficiency of 
Ni has an enormous increase, as the dosage increases from 
10 to 40 mg/L. This is because when the dosage is not 
enough, the active site of nZVI is not enough, resulting 
in the relatively low removal efficiency. However, as the 
dosage continuous increases from 20 to 40 and 60 mg/L, 
there is no significant difference. The removal efficiency 
of Ni at 120 min can reach 99.5%.

Fig. 6d shows the effect of temperature on removal 
efficiency of Ni. The chemical reaction rate and the dif-
fusion rate of Ni in the solution can be increased by the 
higher temperature during the reaction process, so as 
to improve the removal efficiency. However, if the dos-
age is enough, the effect of temperature on final removal 
efficiency (at 120 min) is not remarkable.

3.3. EDX analysis of tailings

The tailings obtained by batch experiments under dif-
ferent initial pH values were dried and detected by EDX. 
The results are shown in Table 3, and the sample (a), (b), 
and (c) are corresponded to pH values of 3.0, 7.0, and 10.0, 

Fig. 6. Effects of experiment parameters on removal efficiency.
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respectively. The content of Ni is in the range from 25% to 
40%, which reduces the total amount of tailings treatment 
and the difficulty of recycling. There are two reasons for 
the reduction of the amount of tailings. First, it comes from 
the excellent removal capacity of the nZVI@B. Second, due 
to the simpler use of the nZVI@B, the acidifying or alkaliz-
ing agent and flocculant is not need to be added. Hence, 
the test results of tailings further demonstrate that nZVI@B 
could be practically applied to heavy metal pollutant 
adsorption and reduction.

4. Conclusion

In summary, nZVI@B was prepared by emulsion of nZVI 
and sodium bentonite, and used for effective removal of Ni 
from wastewater. The characterizations of nZVI@B through 
SEM, XRD, and XPS suggested that aggregation and oxi-
dation of nZVI particles are decreased with the successful 
supported on bentonite. The reactivity of the nZVI can be 
effectively improved by dispersed in the interlayer of ben-
tonite and reduced to contact with water. Compared with 
nZVI and bentonite, the removal efficiency of nZVI@B is 
better, which reached 99.96% at 120 min. The PFO model 
can fit the Ni removal behavior very well, which indicates 
that the removal by nZVI@B is controlled by the adsorption 
process. The effect of initial pH values, initial concentra-
tions of Ni, dosage, and temperature on Ni removal were 
also studied in batch experiment, and results revealed that 
the lower solution pH value, initial concentration, and 
higher dosage had positive effects on Ni removal. But the 
effect of temperature on final removal efficiency was not 
remarkable. Furthermore, the tailings obtained by batch 
experiments was detected by EDX, the content of Ni is in 
the range from 25% to 40%, which reduces the total amount 
of tail slag treatment and the difficulty of recycling.
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