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bstract

The objective of this research is to study the degradation of pentachlorophenol with zero-valence iron (Fe0) coupled with the use of microwave
nergy. The sample containing 1000 mg/L PCP solution was dosed with 0.5 g Fe0 and then subject to 700 W microwave energy for 10 s; 85%
entachlorophenol was noted to be removed. If the microwave treatment time was increased to 30 s, the pentachlorophenol removal efficiency
xceeded 99% with end products including H2O, CO2, HCl, etc. Using Fe0 as a medium, the microwave treatment is made an efficient method
or degrading pentachlorophenol. The time needed to achieve a satisfactory treatment is also reduced leading to significant savings of energy

onsumption to make this method cost-effective. Since this technology applies Fe0, which is amenable to natural environment, to speed up
he decomposition of an industrial solvent, it is not only cost-effective but also environmental friendly for the industry to pursuit sustainable
evelopment.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Pentachlorophenol (PCP) may pollute surface water and
roundwater or be released to the atmosphere due to improper
aste disposal and/or use as ingredients of pesticides [1,2].

t may be accumulated in living organisms via food chain
o cause gene mutation or even death. PCP that exists
n soil or surface water may be decomposed by microor-
anisms through de-chlorination reduction processes into
,3,4,5-tetrachlorophenol, 2,3,5,6-tetrachlorophenol, 2,3,4,6-
etrachlorophenol, 2,4,5-trichlorophenol, 2,3,5-trichlorophenol,
tc. However, traditional biological treatment methods are not
ffective in removing these biologically recalcitrant and toxic
ubstances.

Most of the current research on treating industrial chlorine-

ontaining substances concentrates on using the Fenton or
hoto-catalytic processes to oxidize PCP [3–5], applying various
eagents to adsorb PCP [6,7], using microorganisms to decom-
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F
c
u
l
H
f
m

304-3894/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2007.07.036
ose and to mineralize PCP into harmless substances [8,9], or
ven utilizing the heat process to desorb chlorine-containing sub-
tance [7,10]. All the aforementioned methods may have decent
esults but they may also have many shortcomings. For example,
ncinerating chlorine-containing substances may produce strong
cids that corrode the furnace thus making this method expensive
n addition to releasing toxic chlorine-containing by-products.
dditionally, organic substances that contain high chlorine con-

ent are toxic and recalcitrant to make the biological treatment
ethods ineffective.
Zero-valence iron serves as a donor of electrons (reducing

gent); it easily releases electrons to form oxidative Fe ions that
re capable of reducing various pollutants. Hence, it has been
idely applied for treating groundwater polluted by halogen-

ontaining organic substances. For example, the studies using
e0 to decompose and de-chlorinate trichloroethylene, tetra-
hloroethylene, carbon tetrachloride and pentachlorophenol and
sing filters filled with iron powder to remove Trichloroethy-

ene from groundwater have shown satisfactory results [11,12].
owever, the microwave-based technology has a great potential

or treating chlorine-containing substances. Using a dielectric
edium to absorb the microwave to produce heat directly inside
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he medium, the heat transfer into the media from an exter-
al heat source is eliminated thus greatly raising the energy
tilization efficiency. Comparing with the traditional thermal
r catalytic oxidation method, the microwave-based treatment
akes shorter time to reach higher reaction temperature [13,14].
esults presented in literature have shown that the microwave

reatment is rapid and efficient to decompose and de-chlorinate
rganic substance [15–20].

The zero-valence iron absorbs MW energy to induce elec-
ronic vibration and the friction among molecules leads to the
eneration of thermal energy from MW energy thus raising the
ron molecular temperature to assist PCP pyrolysis. Using the
ighly active but environment-friendly metal, Fe0, is expected
o raise the efficiency and cost-effectiveness of the microwave
reatment.

. Materials and methods

.1. Materials

In this research, 0.045 M FeCl3·6H2O (SHOWA, 97%) and
.25 M NaBH4 (Lancaster, 98%) were mixed to proceed with
he chemical reaction leading to the production of zero-valence
e0 according to the chemical reaction shown as [21]:

Fe3+ + 3BH4
− → 4Fe0↓ + 3H2BO3

− + 12H+ + 6H2 (1)

The resulting Fe0 particles have diameters between 60 and
0 nm with 33.36 m2/g specific surface area as determined using
he BET method (Beckman Co., SA-300). Solid PCP (90%,
ancaster Co., UK) was used in this study; the 1000 ppm PCP
cetone solution was prepared by adding 49.45 mg solid PCP
nto 25 mL analytical grade acetone. Further, a fixed volume of
5 mL acetone was used in all subsequent extraction of remain-
ng PCP after the treatment for being consistent.

.2. Experimental device and procedure

The schematic diagram in Fig. 1 shows the laboratory
etup for conducting the microwave energy enhanced degra-
ation. A modified household microwave oven (SAMPO Co.,
requency 2.45 GHz, max power 750 W) was used for gen-
rating the microwave energy. The column reactor that holds
he sample is made of low-energy loss and heat-resistant
up to 700 ◦C) amber boron-silica glass with screw cap that
as Teflon lining, the boron-silica glass column reactor was
nstalled in the microwave oven. After filling the test sam-
le in the reactor, a layer of activated carbon was placed on
op of the Fe0–PCP to adsorb the un-reacted PCP and end
roducts that may escape with the tail gas for quantitative
nalyses.

With the MW power output fixed at 700 W, three sets of
amples were prepared to contain 0.1, 0.3 and 0.5 g Fe0, respec-

ively. The catalyst was placed on top of the 1000 ppm PCP layer
irectly and the prepared samples were treated with an array of
50, 490 and 700 W for various durations, e.g. 0, 10, 20, . . ., 60 s.
t the end of the heating period, 25 mL acetone was added as the

t
T
T
i

ig. 1. Schematic diagram of the microwave reactor system. (1) MW generator,
2) zero-valence Fe0 particles and 1000 ppm PCP, (3) boron-silica glass column
eactor, and (4) granular activated carbon.

xtracting solvent. After shaking in an ultrasonic wave shaker
or 5 min, the solvent was collected for analyses.

.3. Analysis

Qualitative analyses was done with a HP 6890 gas
hromatography (GC) coupled with an HP 5973 mass selec-
ive detector (MSD) and a capillary column (HP-5MS,
0 m × 0.25 mm × 0.25 �m) was used for the identification of
ntermediates and degradation products. The carrier gas (He)
ow rate was at 1.5 mL/min (constant flow). The oven temper-
ture was programmed from 70 to 260 ◦C (hold for 5 min) at a
amp rate of 30 ◦C/min. The GC injector temperature was 250 ◦C
nd MSD injector temperature was 320 ◦C.

. Results and discussion

.1. Influence of Fe0 dosages on the treatment efficiency

Fig. 2 indicates that under the microwave power of 700 W for
0 s, 0.5 g Fe0 can achieve more than 99.9% removal of PCP. If
he Fe0 dosage is reduced to 0.3 g while other conditions remain
nchanged, the PCP removal efficiency is reduced to 83.2%
nd further to 69.1% for 0.1 g Fe0. The microwave treatment
fficiency is better with more Fe0 dosage applied with shorter
eaction time. Thus, 0.5 g Fe0 was chosen as the dosage for
onducting all subsequent studies.

In order to compare the effectiveness of PCP reduction using
e0 with and without microwave energy induction, the reactor
ontaining 0.5 g Fe0 was placed directly on the PCP layer and

he prepared sample was left undisturbed for a certain period.
he supernatant was then decanted to be analyzed using GC/MS.
he results are shown in Fig. 3. After 75 min, the PCP reduction

s seen to reach a steady level with 972 ppm PCP being removed
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ig. 2. Influence of Fe0 dosage on the removal of PCP using the microwave-
nduced Fe0 treatment (1000 ppm PCP and 700 W microwave energy).

y 0.5 g Fe0. However, the maximum PCP removal efficiency is
nly 3%, which is insignificant when comparing with the 99.9%
btained with the same Fe0 dosage induced with microwave.
eing induced with microwave for 30 s, Fe0 generates heat to

aise the temperature that is effective to break up the chemical
onds of PCP.

.2. Influence of microwave energy levels

Fig. 4 shows that with the microwave energy maintained at
00, 490 and 350 W when the reaction time is reduced to 20 s, the
CP treatment removal efficiencies are 99.9% for 700 W, 89.2%
or 490 W and 13.3% for 350 W. If the microwave induction
ime is increased to 60 s, the treatment efficiencies are 99.9%
or 700 and 400 W and 91.6% for 350 W. When absorbed by
he zero-valence iron, the MW energy causes the molecules to
olarize leading to electronic vibration thus generating heat to
aise the temperature. Hence, more MW power (350–700 W)
pplied causes higher Fe0 temperature (370–540 ◦C) to achieve
etter PCP removal efficiency; the treatment time for achieving

he same results will be shortened.

Fig. 4 shows the results obtained with the microwave energy
aintained at 700 W. As the reaction time is concerned, about

9.1% PCP is removed at 10 s but almost 100% PCP can be

ig. 3. PCP decomposition with Fe0 in the absence of microwave induction
PCP 1000 ppm).
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ig. 4. Influence of microwave energy level on PCP reduction for the microwave-
nduced Fe0 treatment of aqueous PCP solution (1000 ppm PCP and 0.5 g Fe0).

emoved at 30 s. The PCP removal rate is the highest for the
nitial 5–10 s and becomes diminished after 10 s. During the ini-
ial seconds of microwave induction, portions of Fe0 emitting
ncandescent light to show the spark effect. After 10 s, the high
emperature caused by the spark effect leads to changes of the
e0 surface thus bringing about a reduction of the surface poros-

ty or causing the surface porosity covered by impurities. This
urther reduces the microwave refraction in the pores on the Fe0

urface to yield a mild PCP removal rate.

.3. Identification of reaction products

Analyses of the acetone that has been used to extract organic
ubstances from the microwave-based Fe0 treated samples
how that the by-products include tetrachlorophenol and pen-
achlorobenzene. The Fe0 sample that has gone through the

icrowave treatment is mixed with 25 mL de-ionized water and
he mixture shaken in ultrasonic shaker for 5 min. The decanted
upernatant is found to be acidic probably because during the
rocess of microwave treatment, Fe0 and PCP (C6Cl5OH) form
l− and Cl2 that react with water vapor to form HCl to drop the
H.

The reactor tail gas was collected by placing 1 g granu-
ar activated carbon (GAC) in the tube that exhaust the gas
rom the microwave reactor to adsorb the gas emission. After
he microwave induced Fe0 treatment of PCP had been com-
leted, the GAC was removed and mixed with 25 mL acetone;
he mixture was then subject to 5 min ultrasonic shaking. The
upernatant was decanted and injected into a GC/MSD for qual-
tative analyses of organic substances. The results show that
sing 700 W microwave energy for 10 s, the tail gas contains
etectable CO2 and trace amount of HCl gas. If the treatment
ime exceeds 10 s, the end product is only CO2. Thus, the obser-
ations indicate that under high temperature (520–540 ◦C) by
e0 during the microwave treatment, some chemical bonds in
CP are cleaved up to result in the formation of Cl–C or Cl−,
hich react with moisture to form trace quantity of HCl.
. Conclusion

The feasibility on using microwave-induced Fe0 to decom-
ose PC in aqueous solution has been studied in this research.
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hen the microwave energy is maintained at 700 W, a 30 s treat-
ent time will achieve almost 100% removal efficiency. When

he reaction time is increased to 20 s, the treatment efficiency is
roportional to the microwave energy level applied with 700 W
eing superior to 490 and 350 W. If the microwave energy level
s fixed, longer reaction time will result in slower PCP removal
ate. This is caused by the oxidation of the Fe0 surface that
esults in alterations of the surface crystal structure and particle
ize leading to poor microwave refraction in the surface pores
hus lowering the production of arcing light intensity. However,
hen the microwave reaction time is maintained at 60 s, the
50 W microwave energy may still achieve 90% PCP removal.
s the cost-effectiveness of this process is concerned, the selec-

ion of a proper microwave energy level will depend to a great
xtent on the need for removing PCP. The final end products of
icrowave-induced Fe0 treatment of PCP consist of H2O, CO2

nd trace amount of HCl.
The lab experimental results indicate that the microwave-

nduced Fe0 treatment is a practical method that can effectively
educe the reaction time and thus energy consumption to
ield a satisfactory removal of PCP. Additionally, Fe0 is an
nvironment-friendly substance and its use will eliminate the
ossibility to cause secondary pollution hence achieving a win-
in situation in terms of environmental protection and economic
evelopment.
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