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A microwave assisted zero-valent iron oxidation process was studied in order to investigate the synergetic
effects of MW irradiation on Fe/EDTA system (Fe/EDTA/MW) treated 4-nitrophenol (4-NP) from aqueous
solution. The results indicated that the thermal effect of microwave improved the removal effect of 4-NP
and TOC through raising the temperature of the system, as well as the non-thermal effect generated by
the interaction between the microwave and the Fe resulting in an increase in the hydrophobic character
of Fe surface. During the degradation of 4-NP in Fe/EDTA/MW system, the optimum value for MW power,
-Nitrophenol
DTA
ero-valent iron
icrowave
egradation
iodegradability

Fe, EDTA dosage was 400 W, 2 g and 0.4 mM, respectively. The possible pathway for degrading the 4-NP
was proposed based on GC/MS and HPLC analysis of the degradation intermediates. The concentration
change course of the main bio-refractory by-products, the aminophenol formed in the degradation of 4-NP
suggested a more efficient degradation and mineralization in Fe/EDTA/MW system. Finally, BOD5/CODCr

of the solution increased from 0.237 to 0.635 after reaction for 18 min, indicating that the biodegradability
of wastewater was greatly improved by Fe/EDTA/MW system and would benefit to further treatment by

biochemical methods.

. Introduction

The corrosion of zero-valent iron by oxygen could produce reac-
ive oxidants capable of oxidizing pesticides, aromatic compounds,
nd chelating agents [1,2]. However, the oxidant yield was too low
o degrade effectively those pollutants [3]. Several investigators
ad reported that the addition of EDTA to oxygen-containing solu-
ions of zero-valent iron increased oxidant yield [4,5]. It was not
very effective mean for practical application yet [6]. Fortunately,

he use of MW for assisting and strengthening oxidation of many
ecalcitrant organic compounds was extensively investigated [7].
icrowave (MW) was a part of the electromagnetic spectrum and

ccurs in wavelengths of 1 mm to 1 m at corresponding frequencies
f 300 GHz to 300 MHz and could provide rapid heating of mate-
ial. The characteristic of MW effect capable of enhancement of

eaction rate via selective heating resulted from internal molecule
ibration had attracted wide attention from many researchers, who
ad tried to modify conventional chemical to improve the degra-
ation efficiency of pollutant by using MW assisted method [8].

∗ Corresponding author. Tel.: +86 25 83593239; fax: +86 013921426821.
E-mail addresses: yongboliu@163.com (B. Liu), ls8214@163.com (S. Li),

yjun2007@126.com (Y. Zhao), feibanana6@163.com (W. Wu), zhangxx@nju.edu.cn
X. Zhang), xygu@nju.edu.cn (X. Gu), liruihua@nju.edu.cn (R. Li), ysg420@sina.com
S. Yang).

304-3894/$ – see front matter. Crown Copyright © 2009 Published by Elsevier B.V. All ri
oi:10.1016/j.jhazmat.2009.11.015
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

For example, when microwave and Fenton reagent were com-
bined to degrade the organic pollutant, the thermal effect of the
microwave could improve significantly the reaction rate of Fenton
and raise the degradation efficiency of the organic pollutant [9].
Hence, a novel combined system of zero-valent iron irradiation by
microwave worthy paid our attention, which could be used to effi-
ciently destroy the organic via thermal effect from MW accelerate
the reaction rates of zero-valent iron with EDTA to significantly
increase oxidant yield.

At the same time, microwave was not merely a heat source.
Some studies have assumed an additional effect termed an non-
thermal effect resulted from polarizing parts of macromolecules
aligning with the poles of the electromagnetic field leading to
possible breakage of hydrogen bonds bring about denaturation
and death [10]. For example, Horikoshi et al. [11] suggested that
non-thermal effect from the microwave radiation also played
a significant role in degrading organic through contrast exper-
iments. Therefore, this study would also examine microwave’s
non-thermal effect on the degradation of organic by zero-valent
iron system.

Accordingly, the present study focused on (1) examining the

influence of microwave radiation on zero-valent iron oxidation sys-
tem’s capacity to degrade the organic matter; (2) delineating the
difference in the heating effect between microwave and traditional
methods by comparing the impart on the oxidation process of zero-
valent iron with EDTA; (3) studying the effect of initials condition,
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ig. 1. Schematic diagram of experimental setup (1) aeration device; (2) pH con-
roller; (3) 4-NP solution container; (4) metrical pump; (5) thermometer; (6) acid
olution bottle; (7) reactor; (8) microwave oven; (9) condenser tube.

uch as MW power, iron and EDTA dosage as well as pH on the
egradation of pollutant.

In this study, typical organic contaminant, such as 4-NP, was
hosen as simulating pollutants. Several types of industrial and
gricultural wastewaters containing 4-NP, were very harmful and
ighly toxic towards microorganisms [12,13]. It is therefore impor-
ant to assess the fate of this pollutant in the environment and
evelop effective methods to remove them from water.

. Materials and methods

.1. Materials

Analytical grade 4-NP, ethylene diamine tetraacetic acid dis-
dium dehydrate salt (EDTA), was purchased from School of
hemistry and Chemical Engineering, Nanjing University. Fe (diam-
ters between 0.2 and 0.3 mm) and normal hexane (HPLC grade)
ere obtained from Nanjing Zhongdong Chemical Glass Instrument
o. Ltd., China, and other chemical (such as HCl and H2SO4) were
f analytical grade.

.2. Apparatus

As shown in Fig. 1, a modified household microwave oven
frequency 2.45 GHz, max power 750 W) was used to supply the

icrowave energy, inside which was an organic glass reactor (ϕ
cm × 15 cm, Nanjing Pmma factory, China). Experiments were
erformed in this reactor. Temperature measurer (TM902C, Zhe-

iang, China) was used to detect the temperature of the solution in
he reactor. 4-NP solution container was used to adjust the initial
eaction condition. pH controller (Mettler Toledo FE20, Shanghai,
hina) and acid solution bottle were used to regulate the initial
H of the solution. The aeration device (SB-2800, Nanjing, China)
upplied the solution with continuous oxygen needed for reac-
ion. 4-NP was pumped into the reactor through digital display
onstant current pump (HL-6B, Shanghai, China) and degradation
ccurred under the MW irradiation. The effluent went through the

ondenser tube so that the temperature of the solution in the reac-
or was controlled at 80 ± 5 ◦C. The effluent then flowed back to
-NP solution container, forming a closed cycling reaction system.
he total amount of water processed by the system was 200 ml. The
ow rate of the pump was controlled at the constant 200 ml/min.
aterials 176 (2010) 213–219

The processes of Fe/EDTA method, MW assisted Fe/EDTA method
(Fe/EDTA/MW), conventional thermally assisted Fe/EDTA method
(Fe/EDTA/TH), MW alone method were operated in this apparatus,
but Fe/EDTA/TH process had the organic reactor installed in the
constant temperature oscillator (THZ-98, Taicang, China) maintain-
ing the same temperature with that in the Fe/EDTA/MW process.

2.3. Analysis

All samples were immediately analyzed to avoid further reac-
tion. The determination of 4-NP and p-aminophenol was carried
out on a high-performance liquid chromatography (HPLC, Gilson,
France) equipped with UV detector (UV-1575, Jasco Co. Ltd., Japan)
and C18 reverse-phase column (250 mm × 4.6 mm, 5-�m ODS, Kro-
masil, China) [14]. Aliquots of 25 �l were injected to HPLC to
determine the concentration of 4-NP, running with mobile phase
of acetonitrile/water/concentrated H3PO4 (v/v/v) at 58/42/0.2. The
separation was performed using an ODS-18 reversed phase col-
umn at a flow rate of 1.5 ml min−1, column temperature of 25 ◦C,
and wavelength set of 254 nm. Analyses of CODcr and BOD5 were
measured in parallel to investigate biodegradability of the 4-NP
effluents after treatment [15]. Total organic carbon (TOC) analyzer
was used to investigate the mineralization of 4-NP after the reac-
tion. The intermediates were identified by GC–MS: typically a 10 ml
sample from the reactor was acidified to pH < 2 with H2SO4. Then
it was extracted from dehydrated with anhydrous sodium sulfate
and 2 ml extract of it was took and stored in the fridge until analysis
within 4 h [16].

The same experiments were carried out in duplicate to check
the reproducibility of results and standard deviation of each exper-
iment was within ±5%, which showed that the match between
successive experiments was excellent. The data reported in the
paper are the arithmetic average of the results derived from
repeated MW assisted oxidation experiments.

3. Results and discussion

3.1. Comparison of 4-NP degradation in different systems

In order to assess the effect of MW in the degradation of 4-
NP, and simultaneously investigate the non-thermal effect of MW
on the organic degradation, comparative experiments were car-
ried out in MW, Fe/EDTA, Fe/EDTA/MW and Fe/EDTA/TH system,
respectively. These experiments were operated under the same
conditions of pH, MW power, reaction time, iron addition and EDTA
concentration.

The corresponding temporal decreases of the concentration of
the 4-NP and TOC during the degradation are showed in Fig. 2a. MW
radiation alone for 12 min had nearly no degradation of the organic
pollutants. In contrast, in Fe/EDTA system, 28.7% 4-NP decomposi-
tion was found after 12 min operation, correspondingly 9.8% TOC
was removed. Contrary to the Fe/EDTA system, during the same
reaction time, the 4-NP removal in the Fe/EDTA/TH system reached
87.5%, indicating the thermal effect on the degradation of 4-NP
could improve the removing efficiency of the organic. Interestingly,
complete degradation of 4-NP was almost achieved after the intro-
duction of MW into the Fe/EDTA system, which showed that MW
assisted oxidation process was effective to promote the degrada-
tion of the 4-NP. Meanwhile, the differences of the degradation
results among the Fe/EDTA/MW, Fe/EDTA and Fe/EDTA/TH sys-

tem indicated that MW irradiation could cause thermal effect to
induce the temperature of the degradation process to increase and
additional non-thermal effect to play a significant role in the degra-
dation of 4-NP. This result was similar to the degradation of RhB in
other studies [11].
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ig. 2. (a) Degradation of 4-NP in different comparison experiments; (b) TOC and 4
DTA 0.2 mM; initial 4-NP 1000 mg/L; MW power 350 W; pH 3; T 80 ± 5 ◦C; reactio

As shown in Fig. 2b, the removal rates of 4-NP of Fe/EDTA/MW
nd Fe/EDTA/TH were 98.7% and 87.5%, respectively, while the
emovals of TOC were 68.4% and 31.6%, respectively, indicating
hat 4-NP was more easily mineralized in Fe/EDTA/MW system.
owever, as for the Fe/EDTA/TH system, 4-NP was degraded effec-

ively but complete mineralization was hard to achieve. Fig. 3
hows the comparison of the HPLC spectrum before and after
reatment of 4-NP solution by these different systems. After
reatment for 12 min, the peaks for 4-NP, hydroquiine, benzo-
uinone, nitrobenzene, phenol, 4-aminophenol and low molecule
cid were found in Fe/EDTA/MW system, while in the Fe/EDTA/TH
ystem, the peaks of nitrobenzene and phenol were not found.
ue to the same temperature in these two systems, it could
e inferred that MW could cause additional non-thermal effect
o play an important role in the degradation of 4-NP. Mean-
hile, the obvious “arc light” phenomenon was found among the

e surface during the experiment of Fe/EDTA/MW system. Mag-
etic transition metal enjoys high capacity for MW absorption,
nd metal potential on Fe surface could interact fiercely with
he MW to induce the high-energy electron irradiation and non-
quilibrium plasma in this system [17], leading the iron surface
o be more hydrophobic, which was easier to be oxidized by O2
o generate ·OH or easier to chelate with EDTA and cause chain
eactions to generate ·OH. Therefore, the amount of ·OH increased
18].
.2. Influencing factors on the degradation of 4-NP in
e/EDTA/MW system

The effect of different initial conditions, such as MW power, Fe
ddition, EDTA dose and pH value was investigated.

ig. 3. HPLC chromatograms of the 4-NP intermediates in different systems. (1. RT = 0.96, ox
. RT = 4.146, propionate; 6. RT = 6.705, benzoquinone; 7. RT = 8.181, phenol; 8. RT = 8.876
emoval of different comparison blank experiments. (Initial condition was iron 4 g;
12 min.)

MW power is a crucial factor for the investigation of the thermal
effect and non-thermal effect of MW on assisting and enhancing
oxidation of the organic pollutant. Comparative experiments were
carried out in four MW powers, such as 300, 350, 400 and 450 W.
Other parameters remained constant, namely, EDTA 0.2 mM, Fe
addition 2 g and pH value 3. As shown in Fig. 4a, a stepwise increase
of removal rate of 4-NP was observed with the increase of MW
power from 300 to 450 W, and the improvement of MW power had
a positive effect on the degradation of 4-NP. It was widely accepted
that chemical reaction would be affected remarkably by tempera-
ture, which would accelerate the reaction rates. Generally, the more
improvement input MW power, the higher temperature increase.
That is to say, the MW power was improved in order that the sys-
tem temperature would be raised to accelerate the reaction rate and
promote the degradation of the organic pollutants in the system.
However, the increased removal rate became less obvious when the
input power increased from 400 to 450 W. Furthermore, high input
power also means high electricity consumption and results in the
rapid increase of system temperature, posing stricter requirement
for heat-resistance of the apparatus.

As described above, EDTA played an important role in the oxi-
dation of 4-NP because EDTA acted as chelating agent to supply
coordination orbit and induce chain reaction to generate active free
radical [19]. Accordingly, the comparative experiments with differ-
ent initial EDTA dosages were conducted to investigate the effect of
the amount of EDTA on the 4-NP degradation. EDTA dosages were

set as 0, 0.1, 0.2, 0.4, 0.8 and 2 mM. Fig. 4b shows that the removal
efficiency of 4-NP was very low (only 35.6%) in the absence of EDTA
after reaction for 12 min. However, the removal efficiency of 4-NP
was improved rapidly to 72.5% when 0.1 mM EDTA was introduced
into the electrolytic system, and a successive addition of EDTA up

alic; 2. RT = 1.036, 4-aminophenol; 3. RT = 1.201, EDTA; 4. RT = 3.418, hydroquinone;
, 4-NP; 9. RT = 10.032, nitrobenzene).
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Fig. 4. Different influencing factors on the removal of 4

o 0.4 mM brought about continuous increase in the 4-NP removal
fficiency. However, further increase of EDTA addition from 0.4 to
mM led to a slight decrease of removal rate, which indicated that
DTA of excessive amount would have adverse effect on the 4-NP
egradation in the Fe/EDTA/MW system. Because EDTA had great

nfluence on the generation of the free radical as chelating agent,
hile it was also belong to organic and would compete for the free

adical generated in the 4-NP system to have degrading reaction
etween the target substrate. Meanwhile, excessive EDTA might

nhibit the formation of [FeII (EDTA)(O2)]2−, which was indispens-
ble for the production of active oxidants [20].

Fe, as the source of active oxidants, had great effect on the degra-
ation rate, and Fig. 4c illustrates the degradation of 4-NP under
ifferent initial Fe dosages. Almost no effect of 4-NP degradation
as observed after the reaction for 12 min in the absence of Fe

ddition. However, obvious 4-NP degradation was found after the
e was added into the reactor, and 4-NP removal was much lower
ith 0.5 g Fe, indicating this dose was insufficient for effective 4-NP
egradation. When the Fe dosage amount was increased from 0.5
o 2 g, the 4-NP removal efficiency rose continuously. Obviously, Fe
ddition could accelerate the decomposition of 4-NP, as more Fe2+

ons were generated which further simultaneously accelerated the
ormation of organic ligand and the production of active oxidants
21]. However, it was worthwhile to note the difference between
he significant increase of removal rate with raising initial Fe dose
rom 0.5 to 2 g and the slight increase of removal rate observed

hen the initial Fe dose was further increase from 2 to 6 g. It could

e explained that the more Fe dosage, the more Fe2+ ions, which
ould result in rapid consumption of ·OH or other active oxidants.

imultaneously, excessive Fe would also lead to an environmental
oncern.
a) MW power; (b) EDTA dose; (c) Fe dose; (d) pH value.

pH is also a crucial factor for Fe/EDTA/MW to degrade the organic
pollutants as it can influence the existing state of the Fe in the solu-
tion, as well as the characteristics and activity of the free radical
generated in the system [22,23]. Fig. 4d shows the effect of the solu-
tion’s acidity on the removal of 4-NP and TOC by Fe/EDTA/MW, only
two levels of value 3 and 7 were investigated here. In the presence
of 300 W MW, both the 4-NP removal rates showed slight difference
at pH 3 and pH 7, while the TOC removal rate appeared to be signif-
icantly different. In the Fe/EDTA/MW, the MW improved dynamic
rate of the reaction and reduced the activation energy of the reac-
tant [24], facilitating the occurrence of 4-NP degradation. In acidic
condition much hydroxyl radicals were generated to improve the
TOC removal effect in Fe/EDTA/MW system, in contrast, it was most
likely to produce a different oxidant at natural pH values, such as
ferryl ion, which had a weak oxidation capacity and was unable to
oxidize aromatic compounds, leading to low TOC removal rate [25].

3.3. Reaction intermediates and the possible mechanistic
pathway

To investigate the pathway of 4-NP degradation, the interme-
diates in the treatment of 4-NP by Fe/EDTA/MW process were
identified by GC/MS analysis and the results are shown in Fig. 5.
Furthermore, based on the products determined by the HPLC chro-
matogram (Fig. 3), the main degradation pathway was proposed in
Fig. 6. 4-NP was firstly reduced to 4-aminophenol by Fe in the sys-

tem and was further degraded to nitrobenzene, phenol and other
chemicals as a result of the MW effect. The products were then oxi-
dized by the free radical such as hydroxyl radical to hydroquinone
and benzoquinone, which were further oxidized to ring opening
compounds, generating low molecular acid, even H2O and CO2.
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Fig. 5. GC/MS analysis of intermediates of 4-NP after 12 min of degradation by Fe/EDTA/MW system.

Fig. 6. General reaction pathway proposed for 4-NP degradation in Fe/EDTA/MW system (organic compounds inside dashed panel should be intermediate opening of the
ring reported by other related literature, which could not be determined in this paper yet).
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Fig. 7. (a) Variation of AP against time in different systems; (b) bio

One concern in these systems was the formation of undesirable
egradation intermediate, such as toxic, recalcitrant compounds. In
iew of these, 4-aminophenol (AP) evolutions against time in these
rocesses were compared because it was hard to be biologically
egraded [26,27], and the change in AP concentration could indi-
ate the strength of oxidation capacity of these reaction systems.
he objective of this section was to demonstrate that MW assisted
xidation process would also benefit intermediates evolution com-
ared with the individual Fe/EDTA and Fe/EDTA/TH.

The variation of AP against time under these processes is shown
n Fig. 7a. It was observed that AP increased as soon as the reaction
tarted, then decreased after reaching a peak concentration, and
fter a reaction for 12 min, its concentration turned to be very low in
e/EDTA/MW system. In Fe/EDTA/TH system, AP was produced very
uickly, exactly the same as that in Fe/EDTA/MW system, but began
o decrease after it reached the maximum amount at about 6 min.
owever, what differed from the degradation of Fe/EDTA/MW sys-

em was that AP was degraded extremely slowly, showing that
t was difficult to degrade to other organic or acids. While in
e/EDTA system, the formation rate of AP was very slow, indicat-
ng that the degradation capability of organic was very weak. So,
ased on the changing trend of these three systems in accordance
ith aminophenol, it can be inferred that MW assistance oxidation
rocess can generate more active radicals with strong oxidation
apacity to promote the organic degradation.

.4. Investment of biodegradability

The ratio BOD5/CODCr is an important biochemical index,
astewater is considered with high biodegradability as the ratio is
igher than 0.4 [28]. Fig. 7b shows the biodegradability of the efflu-
nt processed by Fe/EDTA/MW system in terms of BOD5/CODCr. The
nitial value of BOD5/CODCr of 4-NP waste water was 0.237. It was
urprising that the ratio went down continuously along with the
eaction, after the reaction for 4 min, it reached the minimum 0.07.
possible explanation was that some toxic intermediates with low

iodegradability were generated during the reaction, for example,
P and benzoquinones. Afterwards, the ratio went up continuously
ith the reaction and reached 0.635 at the end of the experiment.
ecause Fe/EDTA/MW could obviously improve the biodegradabil-

ty of the wastewater, it indicated that this process could be applied
o treat those wastewaters containing recalcitrant aromatic sub-
tances.
. Conclusions

In Fe/EDTA/MW system, MW could effectively enhance degra-
ation of 4-NP in Fe/EDTA system. As for the 4-NP of 200 ml with

[

[

dability of the outflow in different systems (condition as in Fig. 2).

the initial concentration of 1000 mg/l, after the reaction for 12 min,
the TOC and 4-NP removal efficiency is significantly higher than
those in Fe/EDTA, Fe/EDTA/TH system.

Through the single factor experimental analysis of 4-NP degra-
dation by Fe/EDTA/MW, the best value which values 400 W, 2 g,
0.4 mM, respectively, and shows that MW power, Fe, EDTA dosage
have a positive effect on the removal of 4-NP and TOC, while excess
Fe and EDTA dose will lead to a slight decrease of TOC and 4-NP
remove rates, and acidic condition is benefit to the removal organic.

The intermediates generated by 4-NP degradation in the
Fe/EDTA/MW system were analyzed qualitatively by GC/MS and
HPLC chromatogram to infer the degradation pathway of 4-NP.
The biodegradability of the wastewater was improved through the
system, beneficial to the following biological treatment.
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