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A B S T R A C T

A kind of effective cyclic Fenton process was investigated, in which Fe species were reused as homogeneous
catalysts after the acid dissolution of Fe-containing sludge. It was observed that the degradation of phenol was
abruptly accelerated (i.e., triggering effect) after an induction phase of ca. 30 min for non-first runs. The abrupt
acceleration was attributed to the rapid reduction of Fe(III) by poly-phenol intermediates, such as 1,2-
hydroquinone, 1,4-hydroquinone and 1,2,4-trihydroxybenzene. Specially, it was found that sludge carbon (SC)
could not only improve the precipitation performance of Fe and Al species, decreasing residual concentration of
Fe and Al species to 0.11 mg L−1 and 4.6 mg L−1, respectively, but also reduce considerably induction phase of
the degradation, promoting the advent of the triggering effect in advance. The promotion of SC was stemmed
from its unique co-catalytic property, by which Fe(III) was continuously reduced to active Fe(II) and H2O2 was
turned to stronger oxidizing %OH and 1O2.

1. Introduction

Fenton-family processes have been extensively investigated and
used to treat highly loaded, refractory, toxic and colored wastewaters
that are difficult to be biologically treated [1,2]. However, a large
amount of iron-containing sludge from the processes is unbeneficial to
their practical application because such hazardous solid waste needs
high cost in its disposal [3,4]. To adderss this issue, two strategies are
approached. One is to develop heterogeneous Fenton catalysts, and the
other is to reuse cyclically iron-containing sludge as homogenous
catalyst after pretreatments (this technique is referred to as cycling
Fenton in this paper).

In the first strategy, various favorable heterogeneous catalysts have
been found, such as Fe3O4 [5], iron exchanged zeolite [6], Fe(II) loaded
Al2O3 [7], nanosized zero-valent iron [8]. The use of heterogeneous
catalysts is advantageous to operation of Fenton reactors because they
are easy to be separated from a water stream. However, the catalytic
activity is usually less than that of homogenous Fenton catalyst or
deteriorates with the repeated use of the catalysts because of the
leaching of active iron [4].

In the second strategy, the acid dissolution of the iron sludge is

relatively simple in the various pretreatment processes and these
dissolved iron species show desirable catalytic efficiency. For example,
Kavitha and Palanivelu found that the reused Fe ions showed a same
catalytic activity in the 5 recycling photo-Fenton oxidation of phenol
although Fe ions were somewhat lost during decantation and dissolu-
tion [9]. Cao et al. reported that when the regenerated catalyst was
applied in the Fenton-like oxidative treatment of the fine chemical
wastewater, both COD removal and BOD5/COD remained nearly the
same after the iron catalyst was reused six times [10]. Bolobajev et al.
concluded that the cycling Fenton technique could be employed to
efficiently treat various wastewater, to substantially minimize the
production of hazardous ferric-containing wastes and hence reduce
the overall cost of the treatment process, through investigations on the
treatment of three wastewater (mature municipal landfill leachate,
wood soaking basin effluent and semi-coke leachate) [11]. However, it
is also found to be difficult to effectively precipitate Fe ions with NaOH
from the treated wastewater. For example, Bolobajev et al. and Li et al.
took 1 day to precipitate Fe ions from the oxidized wastewater [11,12].
Cao et al. also reported that the recovery of Fe species was subjected to
a precipitation process with a hydraulic retention time of about 8.3 h
[10]. The precipitation time is generally much longer than that of
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conventional sedimentation process (ca. 1.5 h). Such long precipitation
time is unfavorable in the application of the cycling Fenton and would
inhibit its development. These features of cycling Fenton process arouse
our interest to improve the Fe precipitation efficiency.

Although Fe and Al salts both are conventional coagulation-
flocculation agents, they usually need to cooperate with organic
polymer flocculants, such as polyacrylamide (PAM). Considering that
the added organic polymer flocculants with the reused Fe catalyst will
be brought into the following wastewater and increase treatment
trouble difficulties in the cycling Fenton process. To avoid this issue,
the present paper will focus on the use of non-organic coagulant-aids.
Activated carbon powder was reported to possess a special coagulant-
aid function [13] in addition to its potential of excellent adsorbent and
catalyst promoter [14,15]. It can not only enhance the flocculation
performance via the bridging role of particles but also improve the
removal efficiency of pollutants by adsorption pathway [13]. For
example, Badawy and Ali reported that FeCl3 as a coagulant could
only remove 44% color from an Egyptian industrial wastewater,
addition of powdered activated carbon (0.4 g L−1) could enhance its
color removal efficiency to 95%. The efficiency was much higher than
that of other coagulant-aids (cationic polymer (79%), anionic polymer
(73%) and bentonite (84.5%)) [16]. However, powdered activated
carbon has a relatively lower density, resulting in a slow settlement
speed in the wastewater. Sewage sludge carbon (SC) is a kind of special
activated carbon material obtained by hydrolysis of sewage sludge from
urban wastewater treatment plants. In addition to carbon, it still
contains a lot of ash (generally ca. 50% − 70% [17]), So it has a
greater density than that of conventional activated carbon. Therefore, it
is expected to process a favorable settlement characteristic. The expect
encourages us to probe the feasibility of sludge carbon as a type of
coagulant-aid with adsorption and co-catalytic function in cycling
Fenton process.

This paper will investigate a cycling Fenton process for degradation
of organic pollutants, in which Fe species will be repeatedly used as a
homogeneous catalyst after acid dissolution of its Fe-containing sludge.
The investigation mainly includes the recovery efficiency of Fe species
from treated wastewater and its improvement with addition of Al(III)
and SC, the catalytic activity of the recovered Fe species and its
enhancement with SC, specially, the enhancement mechanism of SC
in the cycling Fenton process. Considering that phenol is highly toxic
and widely exists in wastewater from petrochemicals industries, paint,
pesticide, coal conversion and so on, it is selected as a targeted organic
pollutant in these investigations. The objective is to develop an effective
sludge-free cycling homogeneous Fenton technology for degradation of
organic pollutants.

2. Experimental section

2.1. Materials

Methanol (HPLC), phenol, 1,2-hydroquinone (1,2-HQ), 1,4-hydro-
quinone (1,4-HQ), 1,2,4-trihydroxybenzene (1,2,4-THB), and 1,10-
phenanthroline were all obtained from Guangzhou Chemical Reagent
Industries (China), H2SO4, FeSO4·7H2O, Fe2(SO4)3, Al2(SO4)3·18H2O,
SiO2 and Al2O3 were all purchased from Tianjin Baishi Chemical

Reagent Co., Ltd (China). H2O2 was bought from Tianjin Fuchen
Chemical Reagent Co., Ltd. (China). The spin trapping reagents of
5,5-dimethyl-1-pyrroline N-oxide (DMPO) and 2,2,6,6-tetramethyl-4-
piperidone (TEMP) were bought from Aladdin Chemistry Co., Ltd. All
reagents used were of analytical grades unless otherwise stated.
Deionized water was used to prepare the solutions in the experiments.

Dewatered sewage sludge was obtained from Datansha municipal
wastewater treatment plant in Guangzhou (China). The sludge was
dried at 105 °C to a constant weight, ground and sieved through the
100–200 mesh sieve, and finally stored in a desiccator at room
temperature. Pine wood sawdust was washed thoroughly with deio-
nized water before use. SC and WC (wood carbon) were prepared with
the pretreated sludge and sawdust by a simple pyrolytic carbonization.
Their specific preparation process and characterization were reported
in our previous study [18]. For SC, the surface area was 57.7 m2/g,
content of ash reached as high as 77.6% and content of C was 17.8%,
aluminum, silicon of the ash were 10.3% and 6.2%, respectively. The
aluminum and silicon occurred in the form of SiO2 and Al2O3. For WC,
the surface area was 49.5 m2/g, content of ash was only 3.5%, content
of C reached as high as 96.5%.

2.2. Experiment process of cycling fenton oxidation for phenol

All cycling Fenton trials were performed in a 1 L thermostatic batch
reactor (25 ± 1 °C) under mechanical stirring. Experimental proce-
dure is shown in Fig. 1. In the first run, Fenton reaction was initiated by
adding H2O2 (0.6 g L−1) in pH 2.5 for 60 min, after a specific amount of
catalyst Fe(II) (0.03 g L−1), the precipitation-aid agents SC (0.5 g L−1)
and Al(III) (0.2 g L−1) were added in 500 mL of 0.2 g L−1 phenol-
containing wastewater under mechanical stirring. At different time
intervals samples were withdrawn and promptly determined the
concentration of phenol by high-performance liquid chromatography
(HPLC). The Fenton oxidation was followed by neutralizing with NaOH
(1 M) to a pH approximately 8.5 under mechanical stirring at 200 rpm
for 10 min. Then a precipitation process was performed for about
60 min. The neutralization and precipitation generated the mixed
sludge mainly containing Fe(OH)3, Al(OH)3 and SC. In the other runs,
the obtained mixed sludge was added to the batch reactor filled by
500 mL of 0.2 g L−1 phenol-containing wastewater, dissolved and
acidified with H2SO4 to pH 2.5. Fenton-based oxidation was initiated
again by adding H2O2 (0.6 g L−1).

2.3. Analysis methods

The concentration of phenol, 1,2-HQ, 1,4-HQ and 1,2,4-THB were
quantified by high-performance liquid chromatography (HPLC, LC-15,
Shimadzu, Japan) with a UV detector set and a Kinetex PFP 100 A
2.6 μm 100 mm× 4.6 mm column (Pheno-menex). The metal concen-
trations in digested liquid and washing solutions were measured by ICP-
OES spectrometry (ICPS 7500, Shimadzu, Japan). The concentration of
Fe(II) ions was measured by spectrophotometer using 1,10-phenanthro-
line as chromogenic agent (Futura, Alliance, France) [19]. Electron spin
resonance (ESR) signals of %OH and 1O2 trapped by DMPO and TEMP,
respectively were recorded using a BRUKER A300-10-12 spectrometer
(Bruker, Germany).

Fig. 1. Schematic diagram of cycling Fenton process for degradation of phenol.
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