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a b s t r a c t
Nanoscale zero-valent iron (nZVI)-multiwalled carbon nanotube (MWCNT) was first applied to 
remove polychlorinated biphenyls (PCBs) from water. The characterization result from scanning 
electron microscopy, transmission electron microscopy, and X-ray powder diffraction showed that 
the nZVI was immobilized successfully on the surface or into the network of MWCNTs. The effects 
of different reaction conditions like temperature, initial pH values, MWCNT-nZVI dosage, and 
initial PCBs concentrations for the removal of PCBs were evaluated. Comparing to pure nZVI or 
MWCNT, the MWCNT-nZVI nanocomposites exhibited around 30% higher efficiency on PCBs 
removal. The removal process obeyed the pseudo-secondary-order kinetics model. By calculating 
the material balance of Cl– during the degradation of PCBs by MWCNT-nZVI, it demonstrated 
that MWCNT-nZVI has not only a reducing effect but also an adsorption effect on PCBs. During 
the reaction, reduction plays a dominant role. The reductive activity of nZVI was efficiently sup-
ported by MWCNT, which can accelerate electrons transfer in the composite and greatly enhance 
the reduction activity of nZVI. At the same time, the reusability and stability of MWCNT-nZVI 
were considered. Overall, MWCNT-nZVI nanocomposites offer a promising alternative material 
for the removal of PCBs from water.
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1. Introduction

Polychlorinated biphenyls (PCBs) are one of the 12 pri-
orities controlled persistent organic pollutants (POPs) in the 
Stockholm Convention issued in 2001. PCBs are mixtures 
of up to 209 individual chlorinated compounds containing 

a different number of chlorine atoms per molecule known 
as congeners. According to the substitution position of the 
chlorine atom on the benzene ring, there are theoretically 
209 different PCBs, which are widely distributed in the 
environment [1–3]. PCBs were first synthesized in 1927. 
Because of its excellent performance, it was commonly 
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used in dielectrics and coolants for electrical instruments, 
plasticizers for coatings, rubber sealants, and in the power 
industry, chemical, plastics, and printing industries [4–6]. 
Depending on the statistics, it has been estimated that global 
production since that time is of the order of 106 tons [7]. 
Some studies have shown that PCBs can accumulate in the 
tissues of aquatic animals and plants, eventually gathering 
in the human through the food chain, and causing many 
adverse effects, including resisting metabolism in vertebrate 
species metabolism, DNA damage and increasing the risk of 
carcinogenesis [8–10]. Owning to their bioaccumulation and 
resistance to biodegradation, if it was released into the water 
supply system, it will pose a serious threat to the environ-
ment and public health [11]. At the same time, urban areas 
under the influence of multi-industrial activities with arid 
and semi-arid environments witness a significant increase 
in environmental pollution, especially in the water sector. 
Many physio-chemical and biological parameters and metal 
especially arsenic were exceeding the permissible limit of 
Punjab environmental quality standards and the World 
Health Organization [12–14].

Numerous researchers have been working on exploring 
efficient and simple PCBs degradation methods in recent 
decades [15,16]. Bioremediation approaches that include the 
use of plants and microbial communities to promote the deg-
radation of PCB have significant potential. Wang et al. [17] 
cultivated and characterized two Dehalococcoides mccartyi 
strains (CG3 and SG1), and revealed interspecies synergistic 
interactions in PCB-dechlorinating microbial communities 
via mutagenesis analysis. Xu et al. [18] studied the effects 
of alfalfa growth and inoculation with symbiotic nitrogen- 
fixing bacteria (rhizobia) on the removal of PCBs from rhi-
zosphere soil through field experiments. After planting for 
90 d, the PCB removal for the rhizosphere soil was enhanced 
in the planted treatments, With an initial PCB content of 414 
to 498 μg/kg in the soil, the PCB content decreased by an 
average of 36%, while the unplanted soil decreased by 5.4%. 
Bioremediation will take more time to grow the strain and 
complete dechlorination [19]. Considering polyethylene 
(micro-PE), 70 nm polystyrene (nano-PS), multi-walled car-
bon nanotubes (MWCNT), and fullerene (C60) to adsorb 
PCBs and organics (OM), the results showed that PCBs 
The adsorption rate of C60 is 3–4 orders of magnitude stron-
ger than that of OM and micro-PE. Sorption to nano-PS was 
1−2 orders of magnitude stronger than to micro-PE, which 
was attributed to the higher aromaticity and surface− volume 
ratio of nano-PS [20]. Shao et al. [21] suggested that the 
β-CD grafted MWCNTs (MWCNT-g-CD) had much higher 
adsorption capacity than MWCNTs in the removal of PCBs 
from aqueous solutions. MWCNT-g-CD reached adsorption 
equilibrium for PCBs in 50 h, and the maximum adsorption 
capacity is 240 mg/g. Due to the pollutants are not completely 
eliminated, and it is difficult to regenerate the adsorbent. 
The method of physical adsorption is gradually going out 
of favor. Chemically treated PCBs mainly use oxidation and 
reduction methods. Dudasova et al. [22] reported that the 
removal of polychlorinated biphenyl congeners in mixture 
Delor 103 from wastewater by ozonation vs./and biological 
method. Results showed that 86% of the total amount of the 
nine selected PCB congeners (PCB 8, 28, 52, 101, 118, 153, 

138, 180, and 203) were removed by the ozonation method. 
However, based on energy consumption and remediation 
efficiency, reductive methods have emerged as being advan-
tageous for remediation of PCBs [23]. Liu and Zhang [24] 
studied that the composite nano-zero valent iron (nZVI) 
contained in porous carbon (PC/nZVI) achieved more than 
90% degradation of PCBs within 16 h. In a word, chemi-
cal extraction, oxidation/reduction, dehalogenation are the 
most effective, economic and non-toxic ways to remove the 
PCBs in the liquid-phase [22].

Zero valent iron (ZVI) or elemental iron (Fe0) has been 
studied as a cost-effective technology for the remediation of 
environmental contaminants since the early 1990s [25,26]. 
Because of its small particle size, large specific surface area, 
high reaction surface sites, and high reactivity, and reaction 
conditions, nanoscale zero-valent iron (nZVI) is often used 
to treat halogenated organic compounds in wastewater and 
groundwater, which is a new environmental remediation 
technology [25]. However, it suffered from many shortcom-
ings when nZVI was applied in practical engineering. Firstly, 
nZVI has strong magnetic properties, easy agglomeration, 
and poor mechanical strength, poor dispersion in water 
[27], which is easy to be oxidized by air and forms an oxide 
layer that blocks the serviceable active surface sites [28]. At 
the same time, it has some environmental health risks and 
needs to control [29]. To overcome the challenges in practi-
cal engineering, in recent years, a suitable material has been 
adopted to develop mechanical support of nZVI to enhance 
its dispersion performance [30]. Carbon nanotubes (CNT) 
[31,32] have a large specific surface area, small particle 
size, strong adsorption capacity, qualities of low cost, and 
adsorb strongly toward PCBs [20], which has been tested as 
select supports to inhibit the aggregation of nZVI particles 
and hence increase the reaction performance. Lv et al. [33] 
adopted nanoscale Nanoscale zero- valent (nZVI)-multi-
walled carbon nanotube (MWCNT) nanocomposites firstly 
to remove Cr(VI) from wastewater. In this paper, a multi-
walled carbon nanotube was used as a porous-based sup-
port material for synthesizing nZVI. More recently, nZVI 
supported by natural bentonite (B-nZVI) and stabilized by 
polypyrrole/attapulgite has been reported to increase the 
durability and mechanical strength of nZVI. Soliemanzadeh 
and Fekri [34] reported that the synthesis of nanoscale 
zero-valent iron (nZVI) in the presence of natural bentonite 
(B-nZVI) using green tea extract, and suggests that B-nZVI 
could be used as a suitable adsorbent for the removal of 
phosphorus from aqueous solutions. Chen et al. [35] had 
been successfully synthesized polypyrrole/attapulgite-sup-
ported nanoscale zero-valent iron (PPy/APT-nZVI), inves-
tigating the composites PPy/APT-nZVI to extract Naphthol 
green B (NGB) from aqueous solution. However, only a few 
studies have reported using MWCNT as support materials  
for nZVI [33].

In this study, multiwalled carbon nanotubes (MWCNTs) 
were selected as support material for the nZVI to synthe-
sis MWCNT-nZVI by liquid-phase reduction. The objec-
tives of this paper were: (1) to prepare MWCNT-nZVI 
and characterize by scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), powder X-ray 
diffraction (PXRD), and Brunauer–Emmett–Teller (BET), (2) 
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to investigate the effecting factors the PCBs removal effi-
ciency by MWCNT-nZVI, including the temperature, pH, 
initial PCBs concentration, and MWCNT-nZVI dosage, (3) 
to research the kinetics and thermodynamics model fitting 
with PCBs removal by MWCNT-nZVI, and kinetic and 
thermodynamic analyses were used to study the reduction 
process, and possible mechanism of PCBs removal was dis-
cussed. This study was expected to provide a theoretical 
basis of MWCNT-nZVI future applications of water pollu-
tion control.

2. Materials and methods

2.1. Reagents

Ferrous sulfate heptahydrate (FeSO4·7H2O, analytical 
reagent (AR)), sodium borohydride (NaBH4, AR), ethyl alco-
hol (AR), acetone (AR), n-hexane (AR), isopropanol (AR), 
MWCNTs (purity > 98%, diameter of 20–30 mm, length of 
10–30 μm, surface area >110 m2/g, density of 0.22 g/cm3). All 
of them were purchased from Beijing DK nano technology 
Co., Ltd. PCBs (PCB28, PCB52, PCB101, PCB118, PCB138, 

PCB153, and PCB180 were purchased from Accustandard 
Inc., (New Haven USA). The general characteristics of study-
ing PCBs were shown in Table 1. The experimental water is 
deionized water, which was used throughout experiments 
from a Millipore Milli-Q system (18.2 MΩ/cm).

2.2. Preparation of MWCNT-nZVI

The MWCNT-nZVI were prepared by the liquid precipi-
tation method (Eq. 1) [36]:

Fe BH H O Fe B OH H2
2

4
0

3 22 6 2 7+ −+ + → + ( ) + ↑  (1)

Ten grams of MWCNTs were heated in ultrapure water 
for 30 min to remove some impurities and dried in a con-
stant temperature oven for 24 h. 2.48 g of FeSO4·7H2O were 
dissolved in 100 mL acetone/ultra-pure water (V1:V2 = 2:3), 
MWCNTs (10 g) were mixed in 100 mL FeSO4·7H2O/ace-
tone/ultra-pure solution, the mixture was transferred into 
500 mL four neck flasks. Two hundred and fifty milliliters 
of NaBH4 (1 mol/L) as a reducing agent and were added 
drop by drop to a four-necked flask by peristaltic pump 

Table 1
General characteristics of the studied PCBs

Name Structure Molecular weight (g/mol)

2,4,4′-Trichlorobiphenyl (PCB 28) 257.5

2,2′,5,5′-Tetrachlorobiphenyl (PCB 52) 292.0

2,2′,4,5,5′-Pentachlorobiphenyl (PCB 101) 326.4

2,3′,4,4′,5-Pentachlorobiphenyl (PCB 118) 326.4

2,2′,3,4,4′,5′-Hexachlorobiphenyl (PCB 138) 360.8

2,2′,4,4′,5,5′-Hexachlorobiphenyl (PCB 153) 360.8

2,2′,3,4,4′,5,5′-Heptachlorobiphenyl (PCB 180) 395.3
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controlled. Add NaOH solution to adjust to 4.0, and stir-
ring until the reaction had no obvious bubble genera-
tion. The whole reduction process continued to flush into 
nitrogen to maintain the anaerobic environment in the four 
neck flasks. The preparation route of MWCNT-nZVI is 
illustrated in Fig. 1.

The MWCNT-nZVI was separated by conventional 
centrifugation and washed by acetone, n-hexane, and ultra-
pure water one by one. MWCNT-nZVI were freeze-dried for 
18 h and kept in a nitrogen atmosphere to avoid oxidation. 
All samples of the experiment were synthesized as soon 
as possible before use.

2.3. Characterization and analysis methods

The surface morphology and particle size of the 
MWCNT-nZVI and MWCNT were studied by the (Carl-
Zeiss, Oberkochen, Germany) and TEM. PXRD patterns 
were recorded in the range of 2θ = 20°–80° on a DX-2700B 
X-ray diffractometer with Cu Kα radiation to investigate 
the elemental composition. The BELSORP-max (BET) 
was applied to analyze the surface area and pore size of 
MWCNT-nZVI. The pH meter was applied to measure the 
pH values. The chloride ion concentration was determined 
by ICS-1000 ion chromatography (IC, DIONEX, USA).

The PCBs were determined by a gas chromato-
graph/mass spectrometer (GC–MS, QP2010, Shimadzu 
Corporation, Japan) added with a DB-5MS column 
(30 mm × 0.25 mm × 0.25 μm). Chromatographic conditions: 
the carrier gas was He at 1 mL/min. The oven temperature 
gradient was designed: start with an initial oven tempera-
ture of 100°C for 1 min, ramp rate of 30°C/min, and final 
temperature of 280°C for 10 min, the sample volume is 
10 μL. Mass spectrometry condition: electron bombard-
ment ion source (EI, 70 eV), ion source temperature is 
260°C, Interface temperature is 280°C.

2.4. Batch experiments

Isopropanol solution (Wt = 10%) is used as the dis-
persing agent, to investigate the impacts on PCBs removal 

reaction by MWCNT-nZVI though batch experiment. PCBs 
with a concentration and material (MWCNT, MWCNT-
nZVI) were added into 100 mL reaction bottles, and double 
sealed with Teflon butyl stopper and aluminum cover. To 
reduce the errors, each of the experiments has been repeated 
twice. Aliquots of the samples were taken at certain time 
intervals, and samples were added with 1 mL of n-hexane 
and extracted for 4 h in an oscillator, then the PCBs analy-
sis was carried out by GC-MS. The PCBs were adsorbed by 
MWCNT-nZVI/ MWCNT, which was extracted by Soxhlet 
extraction apparatus and determined using GC-MS. After 
the vacuum filtered, the solution passes through the solid -
phase extraction cartridge then the concentration of Cl– in the 
solution is determined by ion chromatography.

To compare the removal performance, MWCNT and 
MWCNT-nZVI were applied in PCBs removal. The opti-
mum reaction conditions including pH, temperature, 
MWCNT-nZVI dosage, and initial PCBs concentrations 
were verified. Initial temperature ranged from 15°C, 20°C, 
25°C, 30°C, and 35°C, initial MWCNT-nZVI dosages were 
set for 1.0, 1.2, 1.4, 1.6, and 2.0 g/L, while different initial 
pH values were 3.0, 5.0, 7.0, 8.5, and 10.0, initial PCBs con-
centrations were investigated for 0.7, 1.4, 2.1, and 2.8 mg/L, 
respectively. Through the batch experiments above, 
the optimal removal conditions were obtained.

3. Results and discussion

3.1. Characterization of MWCNT-nZVI

3.1.1. SEM and TEM characterization

The morphologies and surface of MWCNT and 
MWCNT-nZVI were shown in Fig. 2, the diameter of 
MWCNT in 20–30 nm and smooth surface are presented in 
Fig. 2a, and there were numerous bright and clear spheri-
cal spots in Fig. 2c. Several researchers have reported that 
the bright spherical spots are nZVI particles (the diam-
eter in 20–80 nm) [33,37], Previous studies have reported 
that non-supported nZVI particles were linked as a neck-
lace-like chain and grew rapidly to form microspheres [38]. 
The aggregation is attributed to the combined effect of the 

Fig. 1. Preparation route of MWCNT-nZVI composites.
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magnetic properties of nZVI [39–41]. Aggregation of nZVI 
particles was still observed from Fig. 1c, but much decreased 
relative to the unsupported nZVI nanoparticles [42,43]. As 
shown in Figs. 2c and d, the clear nZVI particles (perfect 
black round) located on the surface or inside the network of 
MWCNTs. The structural characteristics of MWCNT-nZVI 
can increase the specific surface area of nZVI, overcome 
the aggregation and passivation of nZVI, and improve the 
stability of the reaction.

3.1.2. PXRD characterization

The PXRD patterns for the nZVI, MWCNT, and 
MWCNT-nZVI were illustrated in Fig. 3. For the pure nZVI, 
the obvious reflection at 2θ of 44.6°was observed to be con-
sistent with zero-valent iron, which belongs to the char-
acteristic peak of α-Fe [44,45], it indicated that the nZVI 
nanoparticles might either load outside the carbon tubes or 
inside the pores and cracks of the network [33]. Besides, a 
very weaker impurity peak of iron oxide (2θ = 35.8°) was 
observed in the PXRD pattern of MWCNT-nZVI, and it is 
possible to the formation of iron oxides crystalline phases 
like Fe2O3, Fe3O4, and FeOOH [46]. The peak (2θ = 44.6°) of 
MWCNT-nZVI was weaker and broader compared with 
nZVI, suggesting that the particle size of iron nanoparticles 
supported on MWCNT was much smaller than that of nZVI 
[47]. The characteristics peak (2θ = 25°–27°) of the MWCNT 
was found in PXRD pattern of MWCNT-nZVI, indicat-
ing that MWCNT-nZVI still had type carbon nanotubes 
structure after supported nZVI.

3.1.3. BET characterization

The N2 adsorption–desorption isotherms of MWCNT-
nZVI and MWCNT composite and pore size distribution 
curve of MWCNT-nZVI composite (inset) are presented in 
Fig. 4, the BET surface area, pore volume, and average pore 

width of MWCNT-nZVI and MWCNT are listed in Table 2. 
Recent experiments found that nZVI displayed a typical 
BET surface area of 54.04 m2/g [30], and the BET surface area 
of MWCNT-nZVI and MWCNT are 61.77 and 92.54 m2/g, 
which are nearly 1.1 and 1.7 times larger than that of pure 
nZVI, respectively, suggesting it is suitable for MWCNT to 
be a support. The average pore size diameter of the MWCNT-
nZVI particles increased to 37.19 nm compared to 28.28 nm 
for MWCNT (Table 2), implying the loading of nZVI did 
not completely block the transport channels of MWCNT.

According to Fig. 4, based on the International Union 
of Pure and Applied Chemistry (IUPAC) classification, the 
kind of isotherm fitted well with the type IV curve of six 
physisorption isotherms. The previous study has investi-
gated that mesoporous pores range from 2 to 50 nm [48]. It 
can be considered that the MWCNT-nZVI sample still has a 
typical mesoporous structure.

Fig. 2. (a) SEM images of MWCNT, (b) TEM images of MWCNT, (c) SEM images of MWCNT-nZVI, and (d) TEM images of 
MWCNT-nZVI.

Fig. 3. PXRD pattern of the nZVI, MWCNT, and MWCNT-nZVI.
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3.2. Results of the analysis on influencing factors

3.2.1. Effect of temperature

Temperature is an important parameter in the degrad-
ing process of PCBs. The dependence of temperature on 
the removal PCBs by MWCNT-nZVI is observed in Fig. 5a, 
which can be obviously seen that the removal rate of PCBs 
increased with reaction temperature was higher, the total 
reaction was 180 min, the PCBs removal rates under five 
kinds of temperature were 59.35%, 76.44%, 93.99%, 95.75%, 
and 97.69% respectively. The reason may be that the rise 
of temperature can accelerate the molecular motion in the 
solution, promoting the degradation efficiency of PCBs. 
Previous studies have reported that the dechlorination reac-
tion was endothermic [49,50]. Therefore, it can promote the 
removal of PCBs by nZVI though increasing the reaction 
temperature. Apul and Karanfil [51] considered that the 
adsorption of SOCs (synthetic organic contaminants) by 
CNTs (carbon nanotubes) was predominantly a tempera-
ture-dependent process. However, how temperature affects 
the mechanism by which multi-walled carbon nanotubes 
adsorb PCBs needs further investigation.

The pseudo-first-order kinetics and pseudo-second-
ary-order kinetics model simulation of the degradation 
of PCBs by MWCNT-nZVI under different temperature 
is revealed in Figs. 5b and c, respectively. The kinetics 
parameter of PCBs remove under different temperature 

values is observed in Table 3. The result showed that the 
R2 of the linear pseudo-secondary-order kinetics model 
was higher than 0.9000, which was higher than the result 
of the pseudo- first-order kinetics model. It illustrates the 
degradation process of PCBs onto MWCNT-nZVI com-
posites was more in line with the pseudo-secondary-order 
kinetics model compared to the pseudo-first-order kinetics 
model. Nevertheless, because the temperature of the sew-
age treatment plant water is close to 25°C in the summer, 
and considerate the energy saving, 25°C was chosen as the 
experimental temperature to investigate the optimal reac-
tion condition.

According to the Arrhenius equation to investigate the 
temperature effects on the reductive dechlorination reac-
tion process of PCBs, the functional relationship between 
temperature and rate constants could be described as 
follows [49]:

k A e
E
RT
a

= ×
−

 (2)

where k is the measured rate constant (k is the measured 
pseudo-secondary-order kinetics model in this study). Ea is 
the activation energy. A is a frequency factor, R is the univer-
sal gas constant (8.314 J/mol/K), and T is the temperature (K). 
Integrating Eq. (3) resulted in:

ln lnk
E
RT

Aa= − +  (3)

Through Eq. (3) to plot Fig. 6a, observing a plot of lnk vs. 
1/T apparent a linear relationship. In this paper, we studied 
the activation energy for removal of PCBs by MWCNT-nZVI 
at different temperatures between 15°C and 35°C and calcu-
lated to be 129.58 kJ/mol.

Eq. (4) [52] was used to calculate the thermodynamic 
parameters, enthalpy change (ΔH°, kJ/mol) and entropy 
change (ΔS°, J/mol/K).

ln lnk
T

k
h

H
R T

S
R

B







 =









 − × +

1  (4)

where kB is the Boltzmann’s constant (1.38 × 10–23 J/K), h is the 
Planck’s constant (6.63 × 10–34 J S).

The apparent linear relationship of ln(k/T) and 1/T are 
shown in Fig. 6b, and values of ΔH° and ΔS° were obtained 
from the slope and intercept of the linear plot of ln(k/T) vs. 
1/T, respectively. After calculation, ΔH° = 127.10 kJ/mol, 
implying that the reaction was endothermic. The value of 
ΔS° is –101.17 kJ/(mol K), ΔS° could reflect the degree of 
arrangement and complexity of the products compared to 
the initial reagents, and the proximity of the system to its 
own thermodynamic equilibrium and the negative value 
of entropy suggested that enthalpy was driven of the reac-
tion, and implied that the complex products formed in the 
reductive dechlorination of PCBs were more structured than 
the initial molecules and more orders might be generated 
after the reaction [53]. Lv et al. [53] reported that nanoscale 
zero-valent iron (nZVI) attached on the Fe3O4 nanoparticles 
(Fe0@Fe3O4) were prepared and creatively applied in the 

Fig. 4. Nitrogen adsorption–deadsorption isotherms for 
MWCNT-nZVI and MWCNT composite, pore size distribution 
curve of MWCNT-nZVI composite (inset).

Table 2
BET surface area and average pore diameter of MWCNT-nZVI 
and MWCNT composite

Sample BET surface 
area (m2/g)

Pore volume 
(cm3/g)

Average pore 
width (nm)

MWCNT-nZVI 61.77 0.49 37.19
MWCNT 92.54 0.65 28.28
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Fig. 5. (a) Effect of temperature on the removal ratio of PCBs, (b) pseudo-first-order kinetics simulation of PCBs degradation under 
different temperature, and (c) pseudo-secondary-order kinetics simulation of PCBs degradation under different temperature. Initial 
reaction condition: [PCBs] = 1.4 mg/L, [MWCNT-nZVI] = 1.6 g/L, pH = 7.

Table 3
Kinetics simulation parameter of PCBs remove under different temperature values

Temperature  
(°C)

Pseudo-first-order kinetics Pseudo-secondary-order kinetics

Ka (1/min) R2 Ka (1/min) R2

15 0.0046 0.8905 0.0079 0.9688
20 0.0072 0.8856 0.0174 0.9913
25 0.0153 0.9380 0.0927 0.9669
30 0.0168 0.9278 0.1258 0.9646
35 0.0203 0.9636 0.2334 0.9091
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reductive dechlorination of carbon tetrachloride (CT), and 
demonstrated that the reaction of removal CT by Fe0@Fe3O4 
was an endothermic reaction, the reaction of entropy was 
negative [54].

3.2.2. Effect of MWCNT-nZVI dosage

To analyze the effect of MWCNT-nZVI dosage on the 
removal ratio of PCBs, and the result is illustrated in Fig. 7a. 
With the increase of MWCNT-nZVI dosage, the removal 
efficiency of PCBs was 64.84%, 74.38%, 85.38%, 93.99%, 
and 95.98%, respectively. The reason was that the dosage 
of MWCNT-nZVI increase, the total amount and the total 
surface area of the nZVI involved in the reaction increased, 
which could make more complete removal of PCBs and pro-
vide more free electrons for the reductive dechlorination, 
resulting in that the removal efficiency of PCBs increased. It 
is obvious that a relatively low removal rate was obtained 
with the MWCNT-nZVI dosage of 1.0 g/L, implying a lack of 
reactive sites. When the MWCNT-nZVI dosage was 2.0 g/L, 
it implied plenty of reactive sites. Fe0 is an excellent source 
of reducing equivalents-serving as the original source of an 
electron donor such as Fe2+ or H2 [55]. The consumption of a 
given mass of contaminants only needs the appropriate lots 
of catalysts, and excessive catalyst will react with water, pos-
sibly leading to a larger amount of hydrogen production. The 
generated H2 may adhere to the surface of MWCNT-nZVI 
particles, which are not conducive to the dechlorination of 
PCBs due to the hindering of the active site [54]. Therefore, it 
is necessary to choose a more suitable catalyst dosage.

3.2.3. Effect of initial pH

The pH value not only affects the chemical properties 
of the material but also influences the reaction products 
and species of formed iron oxides. In order to investigate 
the effect of pH on removing ratio of PCBs, and the initial 
pH value was adjusted to 3.0, 5.0, 7.0, 8.5, and 10.0 by H2SO4 
and NaOH solutions with suitable concentration.

From Fig. 7b, it can be concluded that after 180 min, the 
removal efficiency reached 70.05%, 85.04%, 93.99%, 49.90%, 

and 42.10%, respectively. The result implied that higher effi-
ciency could be achieved in neutral conditions, and with a 
decrease of pH from 10.0 to 7.0. The following reasons could 
explain this phenomenon: (1) more H+ was released at lower 
pH values, which could not only accelerate the corrosion of 
nZVI particles, but also eliminated ferrous hydroxide and 
other passive layers on the surface of the incorporated Fe0 to 
generate fresh active sites. Therefore, this will improve the 
electron transfer from nZVI to PCBs and increase the reduc-
tion rate [56,57], (2) alkaline pH could enhance the formation 
of the iron hydroxide precipitates, which eventually forms 
a surface layer (or passive film) on the nZVI particles and 
inhibits further reactions involving direct electron and pro-
ton transfers [58].

3.2.4. Effect of initial PCBs concentrations

At presented in Fig. 7c, with the increase of the initial 
PCBs concentrations, the removal efficiency of PCBs was 
decreasing. With different initial PCBs concentrations, 
finally removal efficiency of PCBs reached 98.00%, 93.99%, 
70.69%, and 54.99%, respectively. When the initial concen-
tration was 0.7 mg/L, finally removal efficiency of PCBs was 
close to 99%, which was close to the removal efficiency of 
PCBs in the initial concentration of 1.4 mg/L, which indicated 
that the active site may be adequate. On the contrary, there 
was not enough active site in the process of 2.1 and 2.8 mg/L 
initial PCBs concentrations. Therefore, the final removal 
efficiency of PCBs was lower. Recent evidence suggests that 
the limited active sites could become a constraint factor that 
obstructed continuous reaction with a gradually decreased 
reaction rate [53], this phenomenon could be explained by it.

In a word, through experimental research, the tempera-
ture was 25°C, and the pH was 7.0, which were the optimum 
reaction conditions.

3.3. Mechanism analysis

When the initial PCBs were 1.4 mg/L, T = 25°C, and 
pH = 7.0, with nZVI, MWCNT-nZVI, and MWCNT dosage 

Fig. 6. (a) Fitting curve of lnK/T and (b) fitting curve of ln(K/T)/T.
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of 1.0 g/L, the removal efficiency curves of nZVI, MWCNT-
nZVI, and MWCNT were shown and compared in Fig. 8a. 
The content of PCBs without any adsorbent material was 
basically unchanged, and the PCBs content decreased only 
1.72% at the end of the reaction, which proved that the liq-
uid-phase PCBs in the experimental process was basically 
free of volatilization or self-degradation. During the first 
hour of reaction, the content of PCBs in all groups decreased 
significantly, and the removal rate of PCBs was more than 
50% except nZVI. The removal rate of MWCNT (57.53%) 
was only slightly higher than MWCNT-nZVI (53.21%), 
but the removal efficiency of nZVI only was 20%. Recently 
investigators have found that the specific surface area plays 
a certain role in the total removal rate of pollutants in the 
initial stage of the reaction [59,60]. According to the BET test 
results in Table 2, the loading of nZVI makes the specific 
surface area and pore volume of MWCNT-nZVI slightly 
smaller than MWCNT’s, therefore MWCNT may have a 
slightly better effect on liquid-phase PCBs removal during 

the first 1 h. When the reaction proceeded to 6 h, the adsorp-
tion of PCBs by MWCNTs was basically balanced, and the 
MWCNT-nZVI materials still had the tendency to continue 
to remove PCBs. After 6 h of reaction, the removal effi-
ciency of PCBs by nZVI, MWCNT-nZVI, and MWCNT were 
41.18%, 71.94%, and 63.84%, respectively. It is suggested 
that the chemical dechlorination reaction compensates for 
the disadvantage of the reduced specific surface area result-
ing in insufficient adsorption and makes the MWCNT-nZVI 
composite exhibit better removal ability for PCBs. The bad 
dispersions of nZVI may cause low removal efficiency of 
PCBs [27,61].

It can be seen that the pseudo-first-order kinetics 
model and pseudo-secondary-order kinetics equation fit 
the removal process of PCBs by nZVI, MWCNT-nZVI, and 
MWCNT from Figs. 8b and c and Table 4, and the fitting 
results showed a good linear relationship. The correla-
tion coefficient R2 was all higher than 0.80. However, the 
result of the pseudo-secondary-order kinetics equation fits 

Fig. 7. (a) Effect of MWCNT-nZVI dosage on removal ratio of PCBs, (b) effect of pH on removal ratio of PCBs, and (c) effect of ini-
tial PCBs concentrations on removal ratio of PCBs. Initial reaction condition: [PCBs] = 1.4 mg/L(a and c), [MWCNT-nZVI] = 1.6 g/L 
(a and b), pH = 7 (b and c), T = 25°C (a–c).
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is better than the pseudo-first-order kinetics model. The 
pseudo- secondary-order kinetics rate constant of MWCNT-
nZVI is 2.83 times than MWCNT’s. This may be the loca-
tion of the dechlorination reaction mainly occurs on the 
surface of MWCNT-nZVI [49,50], and the adsorption of 
MWCNT increases the content of PCBs near nZVI, so, which 
enhances the pseudo-secondary-order kinetics rate constant 
of MWCNT-nZVI.

The experiments of MWCNT and MWCNT-nZVI 
removal PCBs were carried out for 17 h, and the removal 
rates reached 71% and 87%, respectively. The balance mass 
of PCBs in the liquid-phase and of MWCNT solid-phase was 
calculated. It is presented in Fig. 9a. In the past decade, many 
researchers have determined that MWCNT is an excellent 
adsorbent [20,21,31]. The presence of Cl– was not detected in 
the liquid-phase, indicating that there was no dechlorination 

Fig. 8. (a) Comparison between different catalysts on degradation of PCBs, (b) pseudo-first-order kinetics equation fitting curve 
for the removal of PCBs, and (c) pseudo-secondary-order kinetics equation fitting curve for the removal of PCBs (reaction 
condition: [PCBs] = 1.4 mg/L, [nZVI] = 1.0 g/L, [MWCNT] = 1.0 g/L, [MWCNT-nZVI] = 1.0 g/L, PH = 7.0, and T = 25°C).

Table 4
Parameter of kinetic model of PCBs remove by MWCNT-nZVI and MWCNT

Catalysts
Pseudo-first-order kinetics Pseudo-secondary-order kinetics

Ka (1/min) R2 Ka (1/min) R2

nZVI 0.0011 0.8789 0.0016 0.9110
MWCNT 0.0007 0.8091 0.0018 0.8440
MWCNT-nZVI 0.0019 0.9467 0.0051 0.9813
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of PCBs in this process, and this is just an adsorption removal 
process. On the contrary, from Figs. 9b and c, 2 h before the 
reaction, the outer surface of the MWCNT provided a lot of 
active sites, the PCBs were quickly adsorbed to the outer sur-
face. So the adsorption rate was faster. The contact time of 
nZVI with PCBs is later than the adsorption time of MWCNT-
nZVI material, the rate of reductive dechlorination is slower, 
and the adsorption rate of PCBs is higher than that of dechlo-
rination. Therefore, solid-phase PCBs are accumulated [62]. 
After 2 h of reaction, the PCBs that were adsorbed on the 
solid-phase began to decrease. At this time, nZVI acceler-
ated the reduction of PCBs adsorbed onto the solid-phase. 
Although MWCNT-nZVI can continue to adsorb PCBs from 
the liquid-phase, the adsorption rate at this time is less than 
the rate of reductive dechlorination, resulting in a continuous 
reduction in solid-phase PCBs.

The mechanism of PCBs dechlorinated by nZVI has been 
explored by many researchers. The following two methods 
are widely accepted by researchers. As shown in Fig. 10, first, 

PCBs as an electron acceptor to react with nZVI, and nZVI 
reacts directly with PCBs in the dechlorination process [63]. 
Second, the electron was moved from nZVI to H2O, firstly. 
The generated hydrogen could complete the reactivity with 
organic chloride [64]. All these above paths coexisted in our 
system and were dominated by the first paths. As Fig. 7b dis-
plays, higher efficiency can be achieved in neutral conditions. 
Experiments at different initial pH values were conducted, 
and the final pH values were measured. As shown in Table 
5, a certain increase in pH value occurred under neutral con-
ditions, whereas slight increases were found under alkaline 
and acidic conditions. When the initial pH value is 5.0 and 
7.0, the final pH values increased to 5.2 and 7.4 after reac-
tion over, respectively. The PCBs removal efficiency when pH 
is 5.0 is lower than pH is 7.0. It implied that nZVI reacted 
directly with PCBs in the dechlorination process, the first 
path dominant in the reaction.

Exploring through experiment, the chemical reaction 
equation for reductive dechlorination is as follows:

Fig. 9. (a) Mass balance calculation of PCBs removal using MWCNT, (b) mass balance calculation of PCBs removal using MWCNT-
nZVI (reaction condition: [PCBs] = 1.4 mg/L, [MWCNT] = 1.0 g/L, [MWCNT-nZVI] = 1.0 g/L, PH = 7.0, and T = 25°C), and (c) chloride 
ion content variation in the process of MWCNT-nZVI removing PCBs.
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Fe Fe e0 2 2→ ++ −  (6)

Ar Cl H e Ar H Cl2 2m mm n n m+ + → + −( )+ − −  (7)

In the MWCNT-nZVI composite system, MWCNT can 
effectively adsorb the mass transfer [33], while nZVI is mainly 
responsible for providing electrons. As a carrier, MWCNT 
aggregates PCBs in the liquid-phase around nZVI, increasing 
the contact of nZVI with target contaminants, and improving 
the dechlorination reduction effect of nZVI on PCBs.

Dechlorination of PCBs can also be manifested by the 
concentration of Cl– and is shown in Fig. 9c. As the reac-
tion time increases, the Cl– concentration increases contin-
uously, indicating that the reductive dechlorination process 
continues continuously. The dechlorination efficiency of 
PCBs was calculated by using the detected Cl– concentra-
tion and compared with the theoretical value. It was found 
that the actual dechlorination efficiency was slightly lower 
than the theoretical value, and the error was 0.32% to 6.98%. 
Previous studies have reported that a bit of Cl– may adsorb 
on the iron hydroxide product, and resulting in a decrease 
in Cl– concentration [65].

For the process of the nZVI removing PCBs, many 
researchers studied that non-ortho-substituted congeners 
had faster initial dechlorination rates than ortho-substi-
tuted congeners in the same homolog group [16]. Seven 
different PCBs (PCB28, PCB52, PCB101, PCB118, PCB138, 
PCB153, and PCB180,) were used to investigate the rule of 
PCBs dechlorination in experiments. It can obviously study 
that PCBs with higher chlorine atoms were firstly removed. 
The concentration of PCBs with lower chlorine atoms 
was elevated as PCBs with higher chlorine atoms decline. 
However, it is hard to recognize the rule of PCBs dechlori-
nation, because the product of dechlorination is difficult to 
determine.

3.4. Reusability and stability of MWCNT-nZVI

Regeneration and stability of the MWCNT-nZVI com-
posite for the removal of PCBs from water are also import-
ant properties for the evaluation of its practical use per-
formance. This study also investigated the reusability of 
MWCNT-nZVI for PCBs treatment. Regeneration of the 
MWCNT-nZVI composite should be attained by wash-
ing and oscillation treatment [66]. After the first cycle, the 
used MWCNT-nZVI particles were regenerated by wash-
ing them with 0.01 M HCl to remove the oxide layer and 
to dissolve the precipitated iron and chloride [61,67]. The 
particles then were washed with n-hexane and ultra-pure 
water and dried under the vacuum overnight. As depicted 
in Fig. 11, the PCBs degradation efficiency decreased from 
71.94% to 52.60% after five cycles, illustrating that MWCNT-
nZVI could be reusable. After reusing five times, the 
removal efficiency of PCBs dropped 19.34%. The main rea-
son was that the loss of nZVI increased with the increase of 
the cycle of reuse [68].

4. Conclusions

In this research, MWCNT was chosen as a dispersant 
and supporter to immobilize nZVI. MWCNT-nZVI was 
successfully prepared by a liquid-phase reduction reaction 
and applied in the dechlorination of PCBs firstly. Compared 
with MWCNT, pure nZVI, and MWCNT-nZVI could reach 
a high degradation efficiency MWCNT-nZVI can over-
come the aggregation and surface passivation problem of 
nZVI, and enhance the activity and stability of nZVI. The 
PCBs removal efficiency of MWCNT-nZVI reached 71.94% 
in 6 h. It was higher than MWCNT (8.1%) and n-ZVI 
(30.76%), respectively. The removal process obeyed the 
pseudo- secondary-order kinetics model. By calculating the 
material balance of Cl– during the degradation of PCBs by 
MWCNT-nZVI, it demonstrated that MWCNT-nZVI has 
not only a reduction effect but also an adsorption effect on 
PCBs. The reduction activity of nZVI was efficiently sup-
ported by MWCNT, which can accelerate electrons trans-
fer in the composite and greatly enhance the reduction 

Fig. 10. Adsorption and reduction mechanism of PCBs by 
MWCNT-nZVI.

Fig. 11. Cyclic performance of PCBs reduction over MWCNT-
nZVI.

Table 5
Changes in solution pH values

Initial pH 3.0 5.0 7.0 8.5 10.0

Final pH 3.1 5.2 7.4 8.7 10.1
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activity of nZVI. Besides, two reaction pathways for PCB 
removal by n-ZVI were proposed. Our research provides 
a fast and easily available modified catalyst for degrading 
PCBs in the environment. The future research direction 
needs to research and verify the degradation intermediates 
of PCBs by electron paramagnetic resonance (EPR) tech-
nique, gas chromatography/mass spectrometer (GC-MS) 
and improves the degradation efficiency of PCBs in water 
by supporting Fe and Pd to MWCNT.
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