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ABSTRACT

A continuous microwave/nZVI treatment system was built for the removal of malachite
green (MG). Using the system, MG was efficiently degraded in a short hydraulic retention
time. Operational parameters, including flow rate of influent, aeration method, microwave
power (MP), and pH of MG solution, were optimized. The results indicate that the removal
efficiency of MG increased significantly following the decrease in influent flow rate (Qi). At
Qi = 4 mL/min, the highest removal efficiency of MG reaches 98.5%, while the highest load
of MG degradation per gram of nZVI was 74.3 mg/g at Qi = 16 mL/min. Increasing the MP
could slightly increase MG and TOC removal efficiency. And analysis of system shock
resistance indicated the use of this system stabilized effluent quality. It was further
concluded that MG removal efficiency could benefit from pre-acidification processes to
reach the pH range from 5.0 to 7.0 and pre-aeration prior to using the system. The
dominant gas product and the residual detected following degradation of MG in the nZVI
system were CO2 and iron oxides, respectively.
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1. Introduction

The removal of organic dyes from wastewater is of
major concern, especially in areas that are vulnerable
to environment. Traditional approaches [1], including
carbon adsorption, filtration, chemical precipitation,
electrochemical treatment, and membrane technology,
and novel approaches, such as photocatalytic decol-
orization using quantum dots (QDs) as nanophotocat-
alysts [2–4], are used to achieve satisfactory organic
dyes removal. However, the organic dyes normally
used in the textile industry exhibit anti-oxidation and

anti-photodecomposition properties [5], which makes
the decolorization of organic dyes much more
difficult.

Microwave (MW) irradiation has gained interest in
the last few years as an efficient technique for water
and wastewater treatment. However, the use of MW
alone cannot achieve sufficient degradation of organics
in wastewater treatment. MW-assisted methods,
including MW with cooperated oxidants, catalysts, the
Fenton process, and photocatalysis [6] for pollutant
degradation, can dramatically reduce treatment time
by increasing the degradation rate, providing the
advantages of significantly smaller treatment reactor
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as well as easier and often more reliable in situ
operation.

To date, studies on MW-enhanced catalytic
degradation of organics in the presence of absorbers,
semiconductors, ferromagnetic metals, or transition
metal oxides have been conducted primarily in rela-
tion to the development of catalysts and mechanisms
for degradation of organics. Several studies have
employed MW radiation in combination with CoFe2O4

[7], MgFe2O4 [8], NiFe2O4 [9], CuFe2O4 [10], carbon
[11–13], carbon-supported copper [14] and platinum
[15], zero-valent iron (ZVI) [16–20], and nickel oxides
[21–23] for the degradation of various pollutants. We
previously reported a rapid and efficient technique for
dye removal using MW/nanoscale ZVI (nZVI) [24].
However, little research has been conducted into con-
tinuous treatment systems at a laboratory scale, which
may reduce possibility for industrialization of these
methods.

In this study, a continuous MW/nZVI treatment
system, equipped with an industrial-grade MW sys-
tem, was setup. Malachite green (MG) was used as
target pollutant. Parameter optimizations, including
influent flow rate, aeration method, microwave power
(MP), and pH of the MG solution, were carried out to
ensure continuous and efficient wastewater treatment
using the MW/nZVI system.

2. Materials and methods

2.1. Materials

Analytical grade reagents were used in all cases,
and were purchased from Shanghai Chemical
Reagents Company. MG (C23H25ClN2), an organic dye,
was used as the target contaminant. The three-dimen-
sional (3D) molecular structure of MG is shown in
Fig. 1. A background solution containing 2.0 mmol/L
NaHCO3 and 0.1 mol/L NaCl was prepared one week
prior to the commencement of each experiment, to
ensure that equilibrium was reached between the
background solution and the atmosphere. The simu-
lated organic wastewater was prepared prior to use,
by dissolving MG in the background solution. The
nZVI particles were prepared based on a liquid-phase
chemical reduction method, which was described in
detail in our previous study [24].

2.2. Experimental system

A diagrammatic sketch of the experimental setup
is shown in Fig. 2. The MW system (WLD3S-03), with
a frequency rating of 2,450 MHz and output power
range of 0–1,600 W, was designed by Sanle Co., Ltd

(Shanghai, China). MWs were generated by mag-
netrons and transferred via the waveguide into the
MW cavity. To prevent damage to the magnetrons by
the reflection of MWs, a circulator was placed between
the MW generator and the MW cavity. It should be
noted that the MW system used in this study was
industrial grade, and could therefore run continuously
without damaging the magnetrons.

The fixed bed quartz reactor (FBQR), shown in
Fig. 3, was constructed from pure quartz (>99%), and
could therefore tolerate temperatures of up to 1,000˚C.
The FBQR had a diameter of 20 mm and consisted of
three parts: (1) a mixing section (50 mm tall) used for
the mixing of liquid and gas; (2) a reaction section
(80 mm tall), which was bounded by two quartz sand
cores and filled with quartz fiber; and (3) a heat-
exchange section (230 mm tall) used for preheating
and cooling influent and effluent.

2.3. Experiment design

2.3.1. Continuous MW/nZVI treatment

Differing concentrations of MG solutions (100 and
200 mg/L), with varying pH values and 18 MΩ cm of
ultrapure Milli-Q (MQ) water were stored in three
Pyrex® vessels (1 L conical flask). The pH values of
the MG solutions were adjusted using a PHS-3C pH
meter (Shanghai, China) combined with a glass elec-
trode and Ag/AgCl reference. Ten grams of nZVI par-
ticles were added into the FBQR, and MQ water and
air were rapidly introduced for approximately 10 min
to rinse the entire system. It should be noted that the
comparative experiment of void column (without
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Fig. 1. The 3D molecular structure of MG and the
qualitative analysis of MG UV–vis spectra at different time
intervals after the continuous MW/nZVI treatment system
at C0 = 100 mg/L, MP = 600 W, pH 7.0, and Qg = 20 mL
(air)/min.
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nZVI added) was not investigated in this study, as it
has been found in our previous study [24] that only
MW irradiation could not lead to any degradation of
dye. After the rinsing process, the MG solution was
pumped into the FBQR at different flow rates for
20 min. The MW system and stopwatch were then
switched on simultaneously. The influent passed suc-
cessively through sections 3, 1, 2, and 3, before being
discharging into the solution container. The cleaned
water, which was hot, could subsequently be reused
in printing and dyeing processes if the system was
commercialized. In the bottom section of the FBQR,
gas was pumped at as low rate to achieve mixing and
aeration. In the top section of the FBQR, the off-gas
was purified successively by the heat exchanger and
the dryer, and collected in the gas sampling bag.
Finally, the exhaust gas was harmlessly discharged
after absorption.

2.3.2. Parameter optimization

The parameters of the continuous MW/nZVI treat-
ment system are shown in Table 1. The invariant
parameters included the dimensions of FBQR and the
dosage of nZVI. The ionic strength (I) and alkalinity
(B) of the simulated organic wastewater were fixed at
I = 0.1 mol/L NaCl and B = 2.0 mmol/L NaHCO3,
respectively.

The hydraulic retention time (HRT) in section 2 is
the most important parameter relating to the flow rate
of influent (Qi) in the system, and was varied from 1.0

to 6.4 min by changing the Qi. To evaluate the effect
of aeration gas on the removal of MG, different gases,
including air, O2 and N2 were injected at the flow rate
of gas (Qg) of 20 mL/min. Additionally, different
methods of aeration, including pre-aeration in the MG
solution container and aeration in the FBQR, were
investigated.

The effect of MP and pH of the MG solution on
MG removal efficiency were investigated by increasing
MP steadily from 0 to 1,000 W during the treatment,
and varying the pH of MG solutions from 10.0 to 3.0.
The shock resistance of the continuous MW/nZVI
treatment system was investigated by abruptly chang-
ing the source of MG from the container with
100 mg/L MG to that with 200 mg/L MG.

MG and TOC removal efficiencies (RM, % and
RT, %) were determined (as a percentage) at 10 min
intervals, using Eq. (1):

R ¼ C0 � Cr

C0
� 100 (1)

where C0 (mg/L) is the initial MG or TOC concentra-
tion and Cr (mg/L) is the residual MG or TOC
concentration.

2.3.3. Chemical analysis of nZVI, off-gas and effluent

The morphology of the nZVI particles was
observed with an EVO MA 15 (Zeiss, Germany) scan-
ning electron microscope at 5 kV to characterize the

Fig. 2. Diagrammatic sketch of experimental setup equipped with MW system and gas and liquid paths, which include.
Notes: (1) three-phase alternating-current source, (2) MW control instrument, (3) MW generator, (4) MW circulator, (5)
MW cavity, (6) FBQR, (7) solution containers, (8) valves, (9) peristaltic pump, (10) air extracting pump, (11) gas cylinder,
(12) flow meters, (13) heat exchanger, (14) dryer, (15) gas sampling bag, and (16) gas-absorbed bottles.
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surface-changes in the metal particles. The chemical
structure and functional groups in invalid nZVI

particles were determined using a Nicolet 6,700
Fourier transform infrared spectroscopy (FTIR,
Thermo Fisher Scientific, USA). The wave number
region ranged from 4,000 to 400 cm−1, and the optical
grade potassium bromide (KBr), dried at 80˚C for 8 h
before use, was selected as a spectroscopic matrix. The
main components of off-gas were detected via gas
chromatographic spectrometry (PE580, PerkinElmer,
USA).

The concentrations of MG in the different samples
were measured using a UV–vis spectrophotometer
(TU-1901, Persee, China) based on Beer-Lambert’s law.
The absorption spectrum of MG solutions, using full-
wavelength scanning, qualitatively shows that the
absorption maxima in the UV–vis spectra of MG solu-
tions occur at 617 nm (Fig. 1). Therefore, calibration
curves at each pH for determining the dye concentra-
tions were developed based on the absorbance signal
at 617 nm, giving rise to high r2 values (>0.99). It
should be noted that MG solution with high concen-
tration should be diluted by several times until the
absorbance at 617 nm was in the range of the calibra-
tion curve, and the value obtained from the calibration
curve was multiplied by the dilution times, which
gives the original concentration of MG solutions.

Total organic carbon (TOC) concentrations in
effluent samples were tested using a TOC analyzer
(Aurora 1030D, O.I., USA). The concentration of total
soluble Fe (FeT) in dye samples was quantified with
an inductively coupled plasma-emission spectrometer
(OPTIMA 7000DV, PerkinElmer, USA).

3. Results

3.1. Effect of flow rate of influent on MG removal

The extent of MG removal, investigated as a func-
tion of time at differing flow rates of the influent
(Qi = 4–24 mL/min), was examined at C0 = 100 mg/L,
MP = 600 W, pH 7.0 and Qg = 20 mL (air)/min. As
shown in Fig. 4, the removal process of MG in the
influent included three major stages, namely, the
growth stage (<30 min), the stationary (30–140 min)
stage and the decay stage (140–170 min). Clearly, the
duration of the growth stage was correlated with Qi,
and higher Qi would result in more rapid response of
the MG concentration in the effluent, as the movement
of MG solution in the FBQR was sequencing. How-
ever, the duration of the decay stage was not corre-
lated with Qi, which suggests that Qi had little effect
on the neutralization of nZVI in the FBQR.

It is evident from Fig. 4 that MG removal efficiency
during the stationary stage increased gradually with
the decrease in the Qi, which was due to the increase

Fig. 3. Structure scheme of FBQR.
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in the contact time between the MG molecules and
nZVI in the FBQR when HRT was increased by main-
taining a slower Qi. The average MG removal efficien-
cies during the stationary stage from 30 to 140 min
were 98.2, 95.5, 83.6, 75.0, 63.5, and 37.5% for Qi,
equaling 4, 8, 12, 16, 20, and 24 mL/min, respectively.
However, the growth rate of RM decreased gradually
when Qi was increased. The following empirical equa-
tion was used to calculate the MG removal capacity of
nZVI at C0 = 100 mg/L, MP = 600 W, pH 7.0, and
Qg = 20 mL (air)/min:

L ¼ ðC0 � �CrÞ � Qi

m
(2)

where L (mg/g) is the MG degradation load per gram
of nZVI, �Cr (mg/L) is the average residual MG
concentration and m (g) denotes the mass of nZVI,

which is 10 g in this study. As shown in Fig. 5, L
reaches the maximum value of 74.3 mg/g at
Qi = 16 mL/min, where average MG removal effi-
ciency is only 75.0%.

Therefore, when a continuous MW/nZVI treatment
system is used for advanced wastewater treatment,
where high MG removal efficiency is necessary to
meet strict discharge standards, slower Qi should be
used until the effluent satisfies the discharge stan-
dards. When the system is used for wastewater pre-
treatment, the Qi of 16 mL/min could be applied to
achieve the highest usage efficiency of nZVI.

3.2. Effect of aeration on MG removal

To evaluate the effect of aeration on MG removal,
air, O2 and N2 aeration in the FBQR were investigated

Table 1
Parameters of continuous MW/nZVI treatment system

Parameters of fixed bed quartz reactor Diameter 20 mm
Volume of section II 25.1 mL
Flow rate of influent (Qi) <24.0 mL/min
Hydraulic retention time in section II >1.0 min
Flow rate of gas (Qg) 20 mL/min
Dosage of nZVI 10 g
Microwave power 0–1,000 W

Parameters of wastewater Temperature 22˚C
pH 7.0–9.0
NaCl 0.1 mol/L
NaHCO3 2.0 mmol/L
Malachite green 100 mg/L, 200 mg/L
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Fig. 4. The MG removal efficiency by continuous
MW/nZVI treatment system as a function of time with
different flow rates of influent at C0 = 100 mg/L,
MP = 600 W, pH 7.0, and Qg = 20 mL (air)/min.
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(see Fig. 6). The efficiency of MG degradation
increased nonlinearly with an increase in the oxygen
content of aeration gas. Even N2 aeration showed an
MG removal efficiency of about 80.0%. This can be
explained by the fact that N2 aeration could not reject
all the dissolved oxygen in the MG solution during
short contact time between the aeration gas and the
solution. However, the concentration of dissolved oxy-
gen in real wastewater is very low as a consequence
of aerobic degradation; hence aeration is necessary to
improve the oxygen transfer efficiency in wastewater.
In this study, pre-aeration using air in the MG solu-
tion was also investigated. As shown in Fig. 6, MG
removal efficiency following air pre-aeration was simi-
lar to that of the air and O2 aeration in the FBQR.
Therefore, the effect of pre-aeration prior to continu-
ous MW/nZVI treatment is considerable in practical
applications where it is difficult to set up aeration in
the FBQR.

Further, the results shown in Fig. 6 indicate that
the duration of the decay stage increased when O2

aeration was applied. This implies that the increase in
oxygen content accelerated the neutralization of nZVI
in the FBQR. Therefore, it is important to choose an
aeration mode that optimizes both removal efficiency
and operation costs. It also can be concluded that the
oxidizing reactions of nZVI by O2 occurred simultane-
ously during the degradation of MG around the nZVI
hotspots in the FBQR. It has been demonstrated that
the four-electron transfer between nZVI and O2

induced the production of reactive oxygen species
(ROS), which are capable of degrading organics in
wastewater [25]. Hence, the degradation of MG in the
FBQR would be brought about by not only thermal

decomposition around the nZVI hotspot, but also by
non-thermal chemical reactions between ROS and MG.
However, the presence of ROS was not detected in
this study, and will be researched further in greater
detail.

3.3. Effect of pH and MP on MG and TOC removal

The MG and TOC removal efficiencies by this
system at a pH range from 3.0 to 10.0 have been
investigated under the experimental conditions of
C0 = 100 mg/L, MP = 600 W, Qi = 4 mL/min and
Qg = 20 mL (air)/min. As shown in Fig. 7, at lower
pH from 3.0 to 5.0, the MG and TOC removal efficien-
cies were slightly increased following the increase of
pH, which may be due to the fast consumption of
nZVI at lower pH and high temperature. However, at
higher pH from 7.0 to 10.0, decreasing the pH resulted
in a slight increase in MG and TOC removal efficien-
cies, which is similar to that of our previous study on
the removal of dyes by the MW/nZVI batch reactor
[24], and to the trend observed for methyl orange
removal [26] and nitrate removal using nZVI [27]. As
most dye wastewater is strongly alkaline (higher than
pH of 10), a process of pre-acidification prior to con-
tinuous MW/nZVI treatment to reach the pH range
from 5.0 to 7.0 is suggested in this study, to increase
the MG and TOC removal efficiencies. Evidence from
the various cases indicated that TOC removal
efficiency was lower than MG degradation efficiency
(by approximately 10.1–22.0%). The results further
indicated that MG was degraded in the continuous
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MW/nZVI treatment system as a function of time with
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MW/nZVI treatment system by producing a number
of intermediates prior to mineralization, and that the
use of MW radiation dramatically enhanced mineral-
ization efficiency.

The effect of MP on MG and TOC removal efficien-
cies was investigated by varying the MP from 0 to
1,000 W at C0 = 100 mg/L, pH 7.0, Qi = 8 mL/min,
and Qg = 20 mL (air)/min. As shown in Fig. 8, the
MG and TOC removal efficiencies were extremely low
(less than 10%) during the initial 30 min when MW
radiation was turned off, and the removal of MG and
TOC occurred only through their adsorption onto
nZVI. However, the use of MW radiation markedly
increased MG and TOC removal efficiencies. It was
also shown that removal efficiency increased nonlin-
early with increase in MP. Furthermore, increasing
MP from 400 to 1,000 W only enhanced the removal
efficiency of MG from 85.6 to 91.9%, while that of
TOC increased from 70.9 to 89.2%. The increase in
TOC removal is greater than that for MG removal,
indicating that more MG molecules in the solution
were mineralized at a higher MP. As shown in Fig. 8,
the experimental results also indicated that the TOC
removal efficiency or the mineralization of MG
dropped sharply during the decay stage, possibly due
to the low mineralization efficiency caused by the
neutralized nZVI.

3.4. Shock resistance of the continuous MW/nZVI
treatment system

The shock resistance of the continuous MW/nZVI
treatment system was investigated by abruptly chang-
ing the MG source from the container with 100 mg/L

MG to that with 200 mg/L MG at MP = 600 W, pH
7.0, Qi = 8 mL/min and Qg = 20 mL (air)/min.
Furthermore, the data in Fig. 9 demonstrate that the
continuous MW/nZVI treatment system has high
shock resistance and therefore the capability to main-
tain high MG removal efficiency and stabilize effluent
concentrations.

4. Discussion

4.1. Speciation of off-gas

The species of off-gas produced in the continuous
MW/nZVI treatment system were examined using gas
chromatographic spectrometry with a thermal conduc-
tivity detector and He carrier gas. The spectra results
when using O2 and N2 aeration are shown in Fig. 10.
The characteristic CO2 peak appeared in all scenarios,
suggesting CO2 production during MG degradation in
the continuous MW/nZVI treatment system. It should
be noted that when using N2 aeration, both CO2 and
O2 showed smaller peak values, probably resulting
from the rejection of O2 from the MG solutions as a
consequence of N2 aeration. In Fig. 10(a), the charac-
teristic peaks during the initial 10 min appear more
complicated than those at 60 and 120 min, possibly
due to the incomplete degradation of MG into smaller
molecules. The above results evidenced that the min-
eralization of MG is essential in MG degradation
using the continuous MW/nZVI treatment system,
and that the dominant species produced in off-gas is
CO2, which can be discharged harmlessly into the
atmosphere.
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4.2. Speciation of iron in the system

In our previous study [24], soluble iron species
could be formed in the MW/nZVI treatment system
via the two-electron transfer between nZVI and oxy-
gen. In this study, the total iron in the effluent was
measured and the distribution of iron in solid and liq-
uid phases was calculated. Fig. 11 describes the effect
of Qi on the concentration of FeT in the effluent and
the distribution of iron in solid and liquid phases. As
can be seen, slight decrease in the concentration of FeT
occur when the amount of effluent is increased.
Additionally, a small portion of iron was found in the
liquid phase (less than 0.51 g) in different experimen-
tal situations, although speciation using the Visual
Minteq 3.0 chemical equilibrium program [28] indi-
cated that all Fe(III) would be precipitated at the pH
level examined in this study.

Most of the iron stayed in the solid phase, and
hence the SEM and FTIR of the nZVI and the solids
following MG treatment (nZVIa) were investigated
(see Figs. 12 and 13). The SEM image of the nZVI
showed perfectly spherical particles of diame-
ter < 200 nm. However, the SEM image of the nZVIa
was observed as an agglomerate, and the spherical
nZVI particles disappeared. The FTIR spectra of both
nZVI and nZVIa exhibited adsorption bands around
3,400 cm−1, indicating O–H stretching of the hydroxyl
group and hydrogen bonds, which were related to a

peak at the range of 3,200–3,600 cm−1 [29,30]. The
absorption peaks around 1,560 and 1,400 cm−1 of nZVI
might indicate the presence of C–O and B–O, likely
related to the preparation of nZVI using NaBH4 and
starch. The absorption peaks at 1,186, 1,049, and
470 cm−1 were similar to the characteristic peaks of
iron oxides [31–33], indicating oxidation of nZVI
during MG treatment.
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5. Conclusion

A continuous MW/nZVI treatment system was
built for this study. The MG removal capacity of the
system was investigated, and parameters were opti-
mized. The results demonstrate that the continuous
system could efficiently degrade and mineralize the
target pollutant with a very short HRT, possibly lead-
ing to a very convenient in situ treatment for pollu-
tants at contaminated sites. The results also indicate
that pre-acidification process prior to using the contin-
uous system to reach the pH range from 5.0 to 7.0,
and both of air pre-aeration and air or O2 aeration in
the FBQR could enhance the degradation efficiency of
pollutants. Furthermore, the system exhibits high
shock-resistance. The dominant gas products of the
system were CO2 and H2O, which can be discharged
directly into atmosphere without any risk to health.

(a)

(b)

Fig. 12. The SEM of nZVI (a) and the solid after MW/nZVI treatment (b).

4000 3500 3000 2500 2000 1500 1000 500

0

20

40

60

80

100

T
ra

ns
m

is
si

on
 (

%
)

Wavenumber (cm-1)

 solid after MW/nZVI treatment 
 nZVI

3444

1635

1186
1049

470

3419

1560 1400

Fig. 13. The FTIR spectra of nZVI and the solid after
MW/nZVI treatment.

Y. Mao et al. / Desalination and Water Treatment 57 (2016) 24395–24405 24403



Most of the nZVI was oxidized and stayed in the solid
phase after treatment, and the concentration of iron in
the effluent was extremely low.

The continuous system could be conveniently
used, within a small area, for pretreatment of highly
concentrated organic wastewater, and as an advance
treatment for water reuse. However, notwithstanding
its high potential, factors such as energy and nZVI
consumption would increase the cost of wastewater
treatment. Therefore, the application of the system
could benefit from improved MW energy efficiency
and substitutes for nZVI. The continuous system with
parameters developed in our study was investigated
in the simulated dye wastewaters containing simple
inorganic matrices. In real wastewater, various elec-
trolytes, such as sulfate, nitrate, and phosphate, may
affect the dye removal efficiency in some extent. In
addition, organic dyes could complex metal ions, and
the formed dye–metal species would also affect the
dye reduction. Hence, in these cases, a detailed under-
standing of the reactions between the dyes and nZVI
under MW radiation, which would be useful to
explain the effect of different electrolytes, should also
be investigated in the future.
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