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The overall photoelectro-Fenton (PE-Fenton) process for water treatment with neutral initial pH includes three steps of pH
reduction, PE-Fenton reaction, and pH elevation. Reaction-controlled pH adjustment (RCpA), which utilizes the intrinsic electrochemical reactions instead of chemical addition, has been employed to lower the pH, maintain the lowered pH for the Fenton
reaction, and recover the pH for final eﬄuent discharge. This study demonstrated that the overall eﬃciency of this sustainable
PE-Fenton process was improved by rapidly recycling the iron substance. Nanosized iron oxide was prepared and employed to
ensure such rapid recycling. SEM and XRD results showed that the as-prepared iron oxide was α-FeOOH with 20 nm in size.
The experimental results of dimethyl phthalate (DMP) degradation showed that diatomite-supported α-FeOOH (N-α-FeOOH/
diatomite) could eﬃciently reduce the DMP concentration and total organic carbon. Furthermore, compared with Fe3+ , the N-αFeOOH/diatomite saved 160 min for iron settlement at 20 mg L−1 DMP concentration. Also, with the increment in the initial DMP
concentration, extra energy consumed by the individual step of PE-Fenton reaction using the N-α-FeOOH/diatomite became negligible compared with that using free iron ions with the increment in the initial DMP concentration. This development is expected
to be a major step of the PE-Fenton process with RCpA towards actual water treatment.

1. Introduction
The cathodic electro-Fenton reaction (E-Fenton) with electrogenerated H2 O2 and added Fe2+ as an advanced oxidation
process (AOP) has recently been developed on the basis of a
well-established Fenton’s reagent [1–4] for the degradation
of recalcitrant organic pollutants in aqueous media. The
cathodic and coupled anodic reactions of the E-Fenton reaction are expressed as follows [4–6]:
O2 + 2H+ + 2e −→ H2 O2
1
H2 O −→ O2 + 2H+ + 2e
2

(cathodic reaction)

(1)

(anodic reaction)

(2)

During this process, the electrogenerated H2 O2 interacts
with the added Fe2+ to form nonselective and highly active
hydroxyl radicals that destroy the organic substrates. Many

reports have demonstrated that the E-Fenton process is a
promising AOP for water purification [7–9].
Two hurdles must be surpassed for the development for
a realistic application of the E-Fenton process. The first is the
narrow pH required for the Fenton reaction [10–12]. The
medium pH for the Fenton reaction must be maintained
within the narrow range of 2.0–4.0 to preclude the iron
precipitate. This pH limitation obviously requires chemical
addition of an acid and a base to obtain the desired pH,
essentially hampering the realistic application of the PEFenton reaction. The second is the running oﬀ of iron ions.
Solid iron oxides can substitute iron ions and photo energy
is simultaneously inputted to mediate the E-Fenton process,
also known as the photoelectron-Fenton (PE-Fenton) process [3, 8, 13–15]. Without input of electricity, this system
is called photo-Fenton system [16–18]. Furthermore, nanosized iron oxides have been observed to exhibit higher

2
reactivity. However, they present a diﬃculty for separation
from the aqueous phase after use given their small size and
fine dispersion in the solution. Therefore, the problems with
pH conditioning and iron recovery need to be solved to
develop a more eﬃcient PE-Fenton process.
For the pH-conditioning obstacle, a reaction-controlled
pH adjustment (RCpA) mechanism has been found, which
can be explored to preclude the chemical addition and
thereby bring sustainability to the associated water treatment
process [19]. Briefly, spatial separation of the cathode and
anode chambers ensures the use of the OH− generated in the
cathode (1) and H+ in the anode (2). The former increases
the pH, whereas the latter decreases the pH. A combination
of the two chambers ensures the maintenance of a low pH.
The strategy can obtain varied pH for all-pH conditioning
without any chemical addition. Naturally, such mechanism
works in the PE-Fenton process. Therefore, any measure
that serves to separate the nanosized iron oxide rapidly for
recovery is desirable in the PE-Fenton process with RCpA for
sustainable water treatment.
The present study attempts to prepare nanosized iron
oxide and support it on diatomite in the PE-Fenton process
with RCpA to boost the overall eﬃciency significantly
by shortening the duration of iron settlement. Diatomite,
abundant in many areas of the world, has unique physical
characteristics, such as high permeability and porosity, small
particle size, and high surface area [20]. It is commonly used
in the fields of catalysis and environmental purification as an
environment friendly support material. Dimethyl phthalate
(DMP), which is representative of dialkyl phthalate esters
(DPEs), belongs to the family of endocrine-disrupting chemicals [21–24]. It was used as a model organic substrate in
the study to assess the eﬃciency of the PE-Fenton process
rapidly. The eﬃciency of the iron settlement was also evaluated through the settling time.

2. Experimental Section
2.1. Chemicals and Reagents. Except for acetonitrile (Dima
Technology, Inc., Richmond Hill, Ontario, CA, USA),
which is a high-performance liquid chromatography (HPLC)
grade reagent, all other chemicals employed, such as DMP,
FeSO4 ·7H2 O, and H2 O2 , were of analytical grade and used as
obtained from Xilong Chemical, Inc. (Shantou, Guangdong,
China). In all experiments, double-distilled water was used.
The water used to prepare the Fe2+ solution was bubbled
with high-purity N2 gas (99.99%) for 30 min before solution
preparation. Sulfuric acid and sodium hydroxide were used
at 0.1 M concentration to obtain the initial pH (pH0 ) of the
solution.
2.2. Preparation and Characterization of Nanosized Iron Oxide
Supported on Diatomite. The iron-oxide-supported diatomite was prepared. FeCl3 solution at 0.5 mM concentration
was immersed with diatomite for 2 h and filtered to separate
the Fe3+ /diatomite from the supernatant. The latter was
discarded, and the former was washed with water repeatedly
until the Cl− was completely removed, as confirmed by
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a precipitation test using AgNO3 solution. Finally, the
Fe3+ /diatomite was heated to 400◦ C for 5 h at a temperatureincreasing rate at 10◦ C min−1 . The theoretical iron content
in the diatomite was calculated to be 5%. For comparison,
unsupported iron oxide powder was also prepared in the
absence of diatomite. The as-prepared samples were then
observed by scanning electron microscopy (SEM) using
a Philips Quanta 400 FE environmental scanning electromicroscope (FEI, Holland) coupled with an INCA energy
dispersive X-Ray spectrometer (EDS, Oxford, UK) to obtain
the atomic composition of the products. X-ray diﬀraction
(XRD) was employed to investigate the chemical composition of the samples at 45 kV and 30 mA using a D/MAX 2200
VPC (RIGAKU, Japan) equipped with a graphite monochromator (Cu Kα, = 1.54056 Å).
2.3. Experimental Procedure. The design of the quartz electrochemical reactor with a graphite cathode (15 cm2 ) and
a Pt anode (1.0 × 1.0 cm2 ) is presented in Figure 1. The
reactor consisted of three chambers: a common chamber
(undivided chamber) with both anode and cathode and two
divided chambers (anodic chamber and cathodic chamber)
connected by a bipolar membrane [25, 26]. Each chamber
had an eﬀective volume of 120 mL and a height of 15 cm.
In the reactor, H2 O2 was generated by purging air onto the
cathode at a flow rate of 100 mL min−1 controlled by a needle
valve. DMP degradation via the PE-Fenton reaction was
performed. Sodium sulfate solution (0.05 M concentration)
was used as the electrolyte. An 8 W near-UV lamp with a
primary wavelength of 365 nm was employed to illuminate
the cathode in the common and cathodic chambers. A PS-1
potentiostat/galvanostat (Zhongfu Corrosion and Protection
Co., Ltd., Beijing, China) was employed to apply a cathodic
current to the electrode system.
In the three-step PE-Fenton process, three-step pH
conditioning by RCpA was also performed. In the first step,
the pH was lowered below 4.0 through the anodic reaction.
Keeping the low pH constant was the second step, and the
third step was bringing the pH to neutral. Organic degradation occurred in the second step and continued into the
third step. In this study, we focused on comparing the DMP
degradation using free iron ions and supported nanosized
iron oxide in the second step.
The as-prepared iron oxide was used in the PE-Fenton
process (see Figure 1). For comparison, ferric ions were also
used as the iron substance in the PE-Fenton process, during
which iron sludge was formed due to the increased pH. In
the third step of the PE-Fenton process, the iron substances
in the form of iron sludge or solid iron oxide were relocated
from the cathodic chamber to the anodic chamber for reuse.
The settling time for the iron oxide and the iron sludge
formed from Fe3+ was recorded. DMP solution was put into
the cathode chamber for PE-Fenton degradation. During
the PE-Fenton reaction, 1.0 mL sample was withdrawn for
analysis, and 10 μL of methanol was injected into the sample
to quench any potential radical reaction before the measurement the DMP concentration, while no chemical was
injected to measure the total organic carbon (TOC).
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Figure 1: Schematic of the PE-Fenton process with reaction-controlled pH adjustment (RCpA).
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Figure 2: (a) XRD patterns of unsupported iron oxides and (b) SEM image of N-α-FeOOH.

2.4. Chemical Analysis. The DMP concentration was analyzed by HPLC (Techcomp, LC 2130, Shanghai, China)
equipped with a reverse-phase column (Waters, XTerra MS
C-18, 5 μm) and a UV detector. The mobile phase was
composed of acetonitrile and water (50 : 50), and the measurement wavelength for the UV detector was set to 276 nm.
The TOC concentration was measured using a TOC analyzer
(Shimadzu 5000A) equipped with an autosampler. For the
measurement of total iron, the Fe3+ in the solution was
initially reduced to Fe2+ by hydroxylamine hydrochloride,
then quantified via the light absorption intensity of the
complex formed between the Fe2+ and 1,10-phenanthroline
at 508 nm [27] using a UV-VIS spectrophotometer (TU1810,
Universal Analysis, Beijing, China).

3. Results and Discussion
3.1. Characterization of the Iron Oxide Samples. Figure 2(a)
shows the results of the XRD investigation of the as-prepared
unsupported samples at diﬀerent calcination temperatures.
Iron oxide in the form of γ-FeOOH was obtained at the
low calcination temperature of 65◦ C. By increasing the
calcination temperature, the γ-FeOOH was transformed to
α-FeOOH, then to α-Fe2 O3 , and finally to γ-Fe2 O3 .
3.2. Eﬃciency of the PE-Fenton Reaction in DMP Degradation
Using Nanosized α-FeOOH. A set of DMP degradation
experiments via the PE-Fenton reaction with RCpA was performed to evaluate the eﬃciency of the PE-Fenton reaction
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detrimental for the PE-Fenton reaction from pH 3.5 to 6.0.
A 100% decay of DMP concentration was obtained within
90 min at pH 3.0 and within 120 min at pH 3.5. At a
pH above 4.0, the decrease in DMP concentration slowed
down significantly, and only 62% of the DMP was reduced.
TOC removal was detected after 210 min of the PE-Fenton
reaction (Figure 3(b)). With increasing pH, TOC removal
decreased significantly from 75% at pH 3.0 to 16% at pH 6.0.
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Figure 3: PE-Fenton degradation of DMP at 20 mg L−1 in the
common chamber at diﬀerent pH using N-α-FeOOH/diatomite.
(a) Decay of DMP concentration (%) and (b) TOC removal after
210 min (%).

in the common chamber using the four types of iron oxides.
N-α-FeOOH was the most active in DMP degradation (data
not shown). The morphology of the N-α-FeOOH was then
observed by SEM, and the results are shown in Figure 2(b).
N-α-FeOOH was leaf-like with one dimension at nanoscale.
Another set of DMP degradation experiments via the
PE-Fenton reaction with RCpA was subsequently performed
to evaluate the eﬃciency of the PE-Fenton reaction in the
common chamber using N-α-FeOOH at initial pH of 3.0,
3.5, 4.0, 5.0, and 6.0. In the common chamber, the OH−
in (1) and H+ in (2) neutralized each other to maintain the
solution pH. The results of the DMP degradation are shown
in Figure 3(a). The decrease in DMP concentration in the
Fenton reaction depended on the pH. Thus, a high pH was

For comparison, an optimal dose of free Fe3+ ions at
1.0 mM was used as the iron substance for the PE-Fenton
reaction. After 10 min reaction at pH above 4.0, iron precipitate was formed. The DMP concentrations were detected
after 60 min. The DMP concentrations at 60 min under
diﬀerent pHs were compared in Figure 4. At pH 3.0, 3.5,
and 4.0, the DMP degradation eﬃciency in terms of Fe3+
concentration was higher than those for N-α-FeOOH. However, the opposite case was observed at pH 5.0 and 6.0. That
was to say, at pH 5.0 and 6.0, the DMP removal eﬃciency
using N-α-FeOOH after 60 min was higher than that using
Fe3+ . This result implied that at higher pH, the Fe3+ precipitation impeded its competitiveness compared with the
N-α-FeOOH. In addition, DMP degradation due to the
coagulation of ferric hydroxide was negligible [19].
3.3. Supported and Unsupported N-α-FeOOH. The activities
of the supported and unsupported N-α-FeOOH in DMP
degradation by the PE-Fenton reaction were further evaluated. Two sets of experiments were conducted with the two
iron substances to degrade 20 mg L−1 DMP at pH 3.5. Each
set included six experiments with diﬀerent dosages of the
iron materials. After 90 minutes of the reaction time, the D
MP concentrations in the samples were measured (Figure 5).
Supported N-α-FeOOH on diatomite exhibited markedly
higher activity than unsupported N-α-FeOOH. Under
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Figure 5: Decay of DMP at 20 mg L−1 initial concentration after 60 min of the PE-Fenton reaction using (a) unsupported N-α-FeOOH and
(b) N-α-FeOOH/diatomite a pH 3.5.

an optimal dosage of unsupported N-α-FeOOH, the DMP
concentration decreased by 55%; for the supported N-αFeOOH on diatomite, the DMP concentration decreased
by 70%. Since it was quite diﬃcult for unsupported N-αFeOOH to settle, this study focused on comparing the
activities of N-α- FeOOH/diatomite and Fe3+ without paying
any further attention to the unsupported N-α-FeOOH.
3.4. Duration of pH Elevation and Reduction and Iron Settlement. During the pH increase, the iron substances settled
as ferric hydroxide or N-α-FeOOH/diatomite for separation
and recovery from the aqueous solution. During the process
of pH decrease, the ferric hydroxide dissolved. Besides the
eﬃciency of the PE-Fenton reaction (Step 2) with RCpA, the
overall eﬃciency of the PE-Fenton process also clearly relied
on the duration of pH elevation and reduction steps.
Theoretically, the duration of pH increase equals that of
pH decrease. The durations are listed in Table 1. It could
be seen that during the step of pH reduction, the duration
of iron settlement using Fe3+ was 45 min, slightly longer
than that (40 min) using N-α-FeOOH/diatomite. As the
pH decreased, the ferric hydroxide gradually dissolved. In
contrast, such consumption of H+ was precluded when N-αFeOOH/diatomite was used. Thus, pH reduction using Fe3+
demanded more H+ and slightly prolonged the operation
time.
In the step of pH elevation, the duration of pH adjustment using Fe3+ reached 45 min, which was also slightly
longer (40 min) than when using N-α-FeOOH/diatomite.
The prolonged interval was attributed to the formation of
ferric hydroxide that consumed OH− during the process of

Table 1: Duration of the steps in the PE-Fenton process with RCpA
using diﬀerent iron substances (current density, 6 mA cm−2 ; N-αFeOOH/diatomite, 500 mg L−1 ; free iron, 25 mg L−1 ).
Step
pH decrease
PE-Fenton reaction
pH increase
Iron settlement
Total time∗

Fe3+
45
75
45
180
300

Duration of steps (min)
N-α-FeOOH/diatomite
40
100
40
15
140

∗

pH decrease and pH increase proceeded simultaneously, and time was
included for an individual step; the time for iron settlement was included in
the pH increase as the time for pH increase was longer than the settlement,
otherwise, the latter included the former.

pH increase. Furthermore, ferric hydroxide settled very
slowly. As shown in Table 1, even if the pH increased to 7.0,
the duration of ferric hydroxide settlement took as long
as 180 min. OH− production via (1) occurred more slowly
compared with via chemical addition. Thus, the ferric
hydroxide particulates were finer and flocculation did not
occur. In contrast, the duration of N-α-FeOOH/diatomite
settlement was only 15 min. Besides, DMP degradation using
Fe3+ and N-α-FeOOH/diatomite in the second step of the
PE-Fenton reaction required 75 and 100 min, respectively.
Therefore, the settlement time of the iron substances played
a vital role in improving the eﬃciency of the PE-Fenton
process with RCpA. Accordingly, the overall PE-Fenton
process with RCpA using N-α-FeOOH/diatomite was more
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The proportion of the excess time to the duration of
the PE-Fenton reaction using N-α-FeOOH/diatomite could
be obtained, as shown in Figure 6. Interestingly, this ratio
decreased from 20% at 20 mg L−1 initial DMP concentration
to 7.0% at 100 mg L−1 initial DMP concentration. Thus,
with increasing initial DMP concentration, compared with
using Fe3+ , the energy eﬃciency of the PE-Fenton reaction
using N-α-FeOOH/diatomite increased. Once the DMP
concentration reached 100 mg L−1 , the added energy was less
than 10%. Thus, although extra energy was consumed by
using N-α-FeOOH/diatomite compared with using Fe3+ , the
percentage of additional energy consumption became negligible as the substrate concentration increased.

Ratio between the exceeding time
and the E-Fenton reaction time (%)

25

20

15

10

5

0
0

20

40
60
80
DMP initial concentration (mg L−1 )

100

Figure 6: The proportion of the excess time to the duration of the
PE-Fenton reaction using N-α-FeOOH/diatomite (current density,
6 mA cm−2 , and pH 3.5).

eﬃcient than that using Fe3+ , because 160 min was saved in
the present system.
3.5. Eﬃciency of the Reuse of Iron Substances. Following iron
settlement, the iron substances can be recovered and reused.
Thus, the application of this process is beneficial and environmentally safe from an engineering point of view. Interestingly, no significant decrease in the DMP degradation eﬃciency via the PE-Fenton process was observed either using
the recycled N-α-FeOOH/diatomite or the recycled Fe3+ at
pH 3.0 or 3.5. This finding is in agreement with previous
reports [19].
3.6. Energy Eﬃciency of the PE-Fenton Reaction Steps. Table 1
also shows that although the durations of the iron settlement
and the overall process were significantly shortened by
using N-α-FeOOH/diatomite, the durations of the individual
steps of the PE-Fenton reaction to degrade the DMP were
prolonged. Since these steps consumed energy, assessing the
energy eﬃciency using the two diﬀerent iron substances was
necessary.
The duration of the steps of the PE-Fenton reaction
using N-α-FeOOH/diatomite was 100 min, whereas it was
only 75 min using Fe3+ . The extra 25 min was spent for the
consumption of electricity. Under the conditions we established, the current was 0.050 A, and the voltage was 2.0 V. The
extra energy for the employment of N-α-FeOOH/diatomite
was thus calculated to be 0.075 W h. Compared with the
total energy consumption of 0.225 W h using Fe3+ , using
N-α-FeOOH/diatomite for the PE-Fenton reaction consumed 33.3% additional energy at a DMP concentration of
20 mg L−1 degradation of diﬀerent concentrations of DMP
was performed, and the durations obtained for the complete
decay of DMP via the PE-Fenton reaction. The average
additional time ranged from 20 min to 25 min.

4. Conclusion
In using RCpA in the PE-Fenton process for sustainable
water treatment, increasing the overall eﬃciency of the
process is important. In this study, supported nanosized iron
oxide appeared to be a suitable alternative that maintains
high activity and exhibits viable recyclability. The N-αFeOOH/diatomite exhibited slightly lower activity than Fe3+
at lower pH, but as the pH increased to 5.0, the N-αFeOOH/diatomite activity was higher. Since the second
step of the PE-Fenton reaction occurred in acidic solution
at pH 3.5, the time consumed for this step using N-αFeOOH/diatomite was longer than that using Fe3+ and thus
extra energy was consumed in using N-α-FeOOH. However,
increasing the substrate concentration to 100 mg L−1 caused
the extra energy to become negligible. More importantly,
the overall duration of the PE-Fenton process using N-αFeOOH/diatomite was significantly shorter than that using
the Fe3+ . In our system, 160 min was conserved from the
300 min overall PE-Fenton process. The findings in this study
imply that for any practical application of the PE-Fenton
process in sustainable water treatment, the operation time
and degradation eﬃciency, as well as the energy consumption, should be carefully balanced.
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