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Abstract:

This work investigated the effects of organic acids and initial solution pH on the
photodegradation of BPA in a photo-Fenton-like process using a-FeOOH as a catalyst.
The results showed that the additions of different organic acids affected the formation
of the ferric-carboxylate complexes and free radicals, which in turn varied the
photodegradation efficacy. Compared with the other acids, oxalic acid (OA) was
found to be the most effective in enhancing the photodegradation of BPA, which
strongly depends on the OA concentration. Particularly, the addition of OA could
significantly extend the working pH from acidic to neutral ranges in the photocatalytic
process and thus the acidification pretreatment may not be needed. The high
photocatalytic degradation of BPA occurred at pH 6.0, due to the formation of
ferric-oxalate complexes and *OH radicals in the synergistic interactions of OA and
o-FeOOH. The finding highlights that the oxalate-promoted photo-Fenton-like
process using a-FeOOH catalyst may be used for wastewater treatment without pH
adjustment.

Keywords: o-FeOOH; BPA; pH; Oxalic acid; Photodegradation
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1. Introduction

The environmental release of BPA from urban sewage and factories are
accelerated with rapid economic development in recent years.” BPA has been applied
in the production of epoxy resins, polycarbonate plastics, flame retardants and other
chemical products.®* Over the last decade, BPA has been detected in environmental
waters, humans and wildlife, even in the remote polar areas.”” As an endocrine
disrupting compound, BPA is harmful to the environment and human health even at a
low-dose exposure.>® Thus, BPA presents serious environmental and health concerns
after entering water or wastewater systems.

The advanced oxidation processes (AOPs) have been developed as effective
technologies in the removal of various recalcitrant organic pollutants.9’10 Compared
with biodegradation and adsorption, AOPs are capable of destroying trace level
organic pollutants by free radicals (mainly hydroxyl radicals or «OH).""™* As one of
the popular AOPs, the photo-Fenton process is based on the following photochemical
reactions:' '

Fe*' + H,0, — Fe’" +«OH +OH 1)
FeOH”" + hv — Fe*" + «OH )

The complex FeOH" is the dominant Fe*" species in solution at pH 2-3, which
can produce *OH and regenerate Fe’" to react with more H202.17'19 Furthermore, *OH
in acidic medium can efficiently degrade organic pollutants. Unfortunately,
homogeneous photo-Fenton processes have three critical disadvantages that limit their
practical applications, including: (1) the need to continuously supply ferrous salt into
the reaction system; (2) accumulation of iron sludge,*® which results in the secondary
pollution and costly separation; and (3) the narrow working pH range (2.5-3.5),”
which requires acidification.

To overcome the above drawbacks in the conventional photo-Fenton process,

heterogeneous photo-Fenton-like processes have been developed with innovative
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photocatalysts, such as a-FeOOH,'7* [3—FeOOH,14’23 Fe,05,'** BiFe03,?" and
Fez(MoO4)3.28 These catalysts commonly contain iron elements that can activate H,O,
to degrade a wide spectrum of organic pollutants, and thus enhance the wastewater

1628 Among these catalysts, a-FeOOH shows excellent

treatment efficiency.
photocatalytic performances in the removal of organic pollutants owing to its stable
chemical properties, large specific surface area”"" and unique particulate structures.”'
The photodegradation efficiency of organic pollutants is usually influenced by the
synthesis method of catalysts, initial solution pH, H,O, dosage, light intensity, and
organic acid addition.'"®*****3 The narrow pH range is one of the major hurdles for
practical applications in wastewater treatment. One of the remedial methods is to
spike organic acids into the water to broaden the working pH range of the
a-FeOOH/H,0, photocatalysis. Furthermore, the complexes formed by iron and
organic acids, e.g., ferric-oxalate, could catalyze the production of *OH radicals and
prevent iron precipitation even at neutral pHs.'™'® However, to the best of our
knowledge, there have been few studies that systematically investigated the effects of
addition of different organic acids and the initial solution pHs on a photo-Fenton-like
photodegradation process in wastewater treatment.

In this work, the a-FeOOH catalyst was prepared for the photo-Fenton-like
process to evaluate the degradation efficiency of BPA. The photocatalytic activities of
the a-FeOOH/H,0, photocatalysis were first evaluated with additions of various
organic acids. Moreover, the roles of the initial solution pH in the BPA removal were
analyzed. The photodegradation mechanism in the heterogeneous photo-Fenton-like

reaction in the presence of oxalic acid was proposed.
2. Experimental
2.1. Materials

BPA (C;5H;60,) was purchased from Tianjin Kermel Chemical Reagent Co., Ltd.,

Page 4 of 19



Page 5 of 19

96
97
98
99
100

101

102
103
104
105
106
107
108

109

110
111
112
113
114
115
116
117
118
119
120
121

Photochemical & Photobiological Sciences

China. Hydrogen peroxide (30%, w/w) and Fe(NO3);-9H,O were purchased from
Sinopharm Chemical Reagent Co., Ltd., China. The other chemicals used in the
experiments were purchased from Aladdin Reagent Co., Ltd. They were all of
analytical grade and used without further purification. All solutions were prepared

using deionized (DI) water at room temperature.
2.2. Synthesis of the a-FeOOH catalyst

The a-FeOOH catalysts were synthesized by the precipitation method.>** Briefly,
250 mL of a 0.5 mol'L™" Fe(NO;) solution was slowly titrated with a 2.5 mol-L"’
NaOH solution at a constant rate of 5 mL-min ' with continuously magnetic stirring
at a speed of 300 rpm. NaOH was added dropwise until the reaction solution reached
a pH of 12. Then the suspension was placed in a drying oven at 60 °C for 12 h, and
cooled at room temperature. The precipitate was centrifuged and washed repeatedly

with DI water. Finally, the obtained solid was vacuum dried at 60 °C for 2 h.
2.3. Characterization of the a-FeOOH catalyst

The crystallinity of the catalysts was determined by X-ray diffraction (XRD)
which was equipped with a diffractometer (X’Pert PROThermo, PANalytical, Holland)
using a Cu Ka radiation source under a voltage of 40 kV and current of 200 mA. The
XRD patterns were recorded with a scanning rate of 6°-min ' from 10° to 80°. The
morphology of the goethite was observed by scanning electron microscope-energy
dispersive X-ray spectroscopy (SEM/EDX; FEI QUANTA 200). The sample powders
were spread on a carbon-coated sample mount and coated with gold to prevent surface
charging effects. The particle zeta potential was determined using dynamic light
scattering (DLS) on a Zetasizer Nano ZS instrument (Malvern, ZEN3600). The
temperature was maintained at 25 °C, and the scattering angle was 173° from the
incident laser beam.”® The determination of hydroxyl radicals was conducted using a

FP-6500 fluorescence spectrophotometer (Jasco, Japan). The capture agent was
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terephthalic acid (800 mgL™). The generated hydroxyl product (namely
2-hydroxyterephthalic acid) has a fluorescence emission peak at 425 nm under the

excitation wavelength at 315 nm.*

2.4. Photocatalytic experiments

The photocatalytic experiments were conducted in a cylindrical reactor
(BL-GHX-II, Xian Bilon Biological Technology Co., Ltd., China). Fig. S1 in the
supporting information (SI) shows the major components of the photocatalytic reactor.
The photoreactor was placed 5 cm away from a 100 W high-pressure mercury lamp
with a primary wavelength (365 nm). The irradiation intensity was about 3.4 W-cm 2,
measured by a spectroradiometer. A quartz tube with water recirculation was used for
cooling at room temperature (20 °C). In the experiment, a photocatalyst suspension
was prepared by dispersing 0.15 g of the a-FeOOH catalyst and a certain amount of
an organic acid in a 300 mL BPA aqueous solution (10 mg-L™"). The acids to be
spiked into the suspension included oxalic acid (OA), acetic acid (AA), citric acid
(CA), malic acid (MA), and tartaric acidoxalic (TA). These organic acids were chosen
because of their cheap cost, safety, and wide industrial applications. In the
experiments, the initial solution pH was maintained at 6.0 (without pH control) and
the final concentrations of these acids in the solution were all 30 mg-L'l. The solution
pH was adjusted with 0.1 M HCI or 0.1 M NaOH, and then the suspension was
magnetically stirred in the dark for 30 min to ensure the adsorption equilibrium of
BPA on the catalysts. Before irradiation, H,O, was added to the reaction solution at a
final concentration of 50 mg-L™". Liquid samples were taken out from the solution
after different irradiation time and immediately filtered through 0.22-um hydrophilic
polyethersulfone membranes (Pall Life Sciences, Inc.).

The BPA concentration was analyzed using a high performance liquid
chromatography (HPLC) (LC-20AD; Shimadzu) equipped with an electrolytic

conductivity detector (CDD-10AVP; Shimadzu). Mobile phase A was methanol while

6
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phase B was the DI water containing 20 mmol-L ™" of KH,PO,, and the flow rate was
0.8 mL-min™". The limit of detection for BPA is 0.01 mg-L™". All measurements of the
BPA degradation at different irradiation times were performed three times to confirm
their reproducibility. The presented data points were mean values with standard

deviations as error bars. The removal efficiency of BPA was calculated as follows:

_CO_C

R x 100% (3)

0

where R, Cy and C were the removal efficiency of BPA, the initial concentration and

the concentration of BPA after irradiation at various time interval (t), respectively.
3. Results and discussion
3.1. Characterization

Fig. 1a displays the XRD pattern of the catalyst. Three major peaks are clearly
observed at 26 values of 21.28°, 33.28° and 36.74°, which are similar to the pure
goethite pattern reported in the XRD standard data base library (JCPDS 29-0713),
indicating that the sample is phase-pure a-FeOOH crystal with good crystallinity. The
morphology of the a-FeOOH catalyst was characterized by SEM (Fig. 1b). The
o-FeOOH particles have a uniformly rod-like structure. The length of particle is
approximately 400-500 nm and the width is about 25-50 nm. The BET surface area

was found to be 41.3 m*: g_l, which is consistent with previously reported.30
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Fig. 1 (a) XRD pattern and (b) SEM image of goethite catalyst.

3.2. The influences of additions of various organic acids in the photo-Fenton-like

process
3.2.1. Comparison of different organic acids

Fig. 2 shows that the removal rate of BPA is about 64.5% in the
a-FeOOH/H,0; system without addition of organic acids. However, the removal rates
of BPA became 96.4%, 43.2%, 34.5%, 42.4%, and 49.2% in the presence of OA, AA,
CA, MA and TA, respectively. Interestingly, only the introduction of OA enhanced the
photodegradation in the a-FeOOH/H,0, system, whereas AA, CA, MA, and TA
inhibited the photodegradation. The different effects of organic acids on
photodegradation of BPA may be caused by several plausible reasons, including the
surface reactions between catalysts and organic acids, acid dissociation, and
photochemical interactions of organic acids with radicals and absorbance of organic

acids toward UV, which are discussed later.
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Fig. 2 BPA removal ratios and corresponding amount of *OH generated by the
a-FeOOH/H,0, photocatalysis in the presence of various organic acids. Reaction
conditions: BPA aqueous solution (10 mg-L™") 300 mL; initial solution pH 6.0;
photocatalyst 0.15 g; H,O, concentration 50 mg-L_l; concentration of OA, AA, CA,
MA and TA , 30 mg-L™ respectively; reaction time 120 min.

To determine how the presence of organic acids in the a-FeOOH/H,0; system
varied the *OH production, the relative fluorescence intensities of the generated
2-hydroxyterephthalic acid are monitored and shown in Fig. 2. After adding the
various organic acids, the *OH production followed the order of: OA > TA > AA >
MA > CA. Only OA could enhance the *OH production in the a-FeOOH/H,0, system,
probably because OA can form the ferric-oxalate complexes with a-FeOOH, which
generated active species and transformed Fe?* to Fe®', resulting in a better formation
of Fenton reagent *OH than the H,O, alone. Obviously, the *OH production strongly
depends on the acidity or dissociation potential of organic acids.’™® TA, AA, MA,
and CA are found to inhibit the BPA photodegradation, probably because they can

quench and reduce available *OH for BPA degradation.
3.2.2. Effect of oxalic acid concentration on the photodegradation of BPA

To determine the optimal concentration of oxalic acid for the photodegradation

of BPA in the a-FeOOH/H,O,/oxalate system, a set of experiments with different

concentrations of oxalic acid in the range of 0-50 mg-L™" without pH control (pH =
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6.0) were carried out under UV irradiation. Fig. 3 shows that the BPA removal rate
increases slightly after the addition of 10 mg-L™" oxalic acid. The removal rate
reached the maximum (96.4%) when the concentration of oxalic acid was 30 mg-L™",
which is about 30% increase compared to the result without oxalic acid. The removal
rates of 81% and 78% were observed at an initial concentration of 40 mg-L_1 and 50
mg-L™" respectively. The low concentrations (10-30 mg-L™") of OA increased the
removal of BPA, as OA could be readily transformed into catalytically active
Fe’"-oxalate complex and promoted the photocatalytic oxidation reaction. On the
contrary, at high concentrations OA inhibited the degradation, because excessive OA
may compete the adsorption sites on the surface of the a-FeOOH and quench *OH
radicals and depressed the formation of H,O,. Thus, the BPA photodegradation was

decreased, which is consistent with previous studies.'®

100

80

9
< eof
<
2
=) —a—0
O 40 —o— 10 mg/L
< 20 mg/L
% —e—30mg/L
201 ——40 mg/L
<— 50 mg/L
0k
A . . . . . .
0 20 40 60 80 100 120

Time (min)

Fig. 3 BPA removal rate at different OA concentrations. Reaction conditions: BPA
aqueous solution (10 mg-L™") 300 mL; initial solution pH 6.0; photocatalyst 0.15 g;

H,0O, concentration 50 mg'Lfl.

3.3. Performance of the initial solution pH on the BPA degradation

Fig. 4a compares the degradation of BPA in the presence of OA at different initial
solution pH values. Controlled experiments (without OA) were conducted under other
identical conditions (Fig. 4b). Fig. 4 indicates that the photodegradation of BPA

depends strongly on the initial solution pH. The BPA removal rate reached maximum

10
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(96.4%) at pH 6.0 with a pseudo-second order rate constant of 0.0207 L-mg ' min .
However, in pH from 6.0 to 9.0, the photocatalytic activity decreased appreciably with

or without the presence of OA.

100 100
—=—pH=3.0 (b)

80 o0
S o

= 604 < 604
= =
3 2

£ 401 £40
< 50| <

& 20 = 20+

019 : . . ‘ : . 04

0 20 40 60 80 100 120 B 90 40 60 w0 100 170
Time (min) Time (min)

Fig. 4 BPA photodegradation at the different initial solution pH values by (a)
a-FeOOH/H,0, photocatalysis in the presence of OA (30 mg-L™") and (b)
a-FeOOH/H,0, photocatalysis without OA. Reaction conditions: BPA aqueous
solution (10 mg-L™") 300 mL; photocatalyst 0.15 g; H,0, concentration 50 mg-L™".

The reaction rate constants at different pH values are calculated and shown in
Fig. 5a. The BPA photodegradation under different pH conditions was fitted with
pseudo-second order kinetics. The rate constant increased as the pH increased from
3.0-6.0; whereas, it decreased remarkably from 6.0-9.0. Moreover, the rate constant at
pH 6.0 is 0.0207 L-mg '-min"', which is 130 times higher than that at pH 9.0. Fig. 5b
shows the zeta potential of the a-FeOOH catalysts at the different solution pH values.
The isoelectric point of a-FeOOH is determined to be 6.2, similar to literature

40,41
values.™

Therefore, the photocatalyst particle surface carries a positive charge
(=Fe(II1)OH,") in the reaction solution pH of below 6.2, which electrostatically
attracts negatively charged oxalate. On the contrary, the a-FeOOH surface contains
the negative ions of FeO™ in neutral and alkaline solutions, which could slow down

the interactions between BPA and o-FeOOH catalyst. Furthermore, the influence of

the solution pH on the formation of *OH was assessed by the relative fluorescence

11
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intensities of the generated 2-hydroxyterephthalic acid in the a-FeOOH/H,0O,/oxalate
system (Fig. 6). The peak of *OH generation occurred at pH 6, which coincided with
the result of BPA photodegradation (Fig. 4a). Clearly, the blending of OA with
o-FeOOH enhances the amount of *OH radicals and extends the reaction pH to near

neutral for the practical applications of BPA degradation in wastewater.

30

pH=3, y=0.0075x, R*=0.976 451 5
T ———
pH=5, y=0.0148x, R*=0.989 - %
pH=6, y=0.0207x, R*=0.992
pH=7, y=0.00044x, R?=0.990
pH=9, y=0.00016x, R>=0.907

2.51

A4 p>pon
[
=1
1

w
L

Zeta potential (mV)
f=]

/

[
(=3

ol e e e | ) [ S
Time (min) " Time (min)

Fig. 5 (a) Plot of (1/C-1/Cy) as a function of irradiation time for photocatalysis of

BPA solution (Reaction conditions: BPA aqueous solution (10 mg-L™") 300 mL;

photocatalyst 0.15 g; H,0, concentration 50 mg-L™'; OA concentration 30 mg-L™"),
and (b) the zeta potential of the a-FeOOH catalysts in water at different pH values.

fluorescence intensity (a.u.)

400 450 500 550
Wavelength (nm)

Fig. 6 Comparison of *OH generated in a-FeOOH/H,0O, photocatalysis in the
presence of oxalic acid. Reaction conditions: BPA aqueous solution (10 mg-L™") 300
mL; photocatalyst 0.15 g; H,O, concentration 50 mg-L™'; OA concentration 30
mg-L 7",

3.4. Mechanism of the Goethite/oxalate photodegradation process

12
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These organic acids, once spiked into the solution, should dissociate into
protons and its conjugate base to different extent because of their different
dissociation equilibrium.42 Fig. S2 shows that OA would substantially decrease the
solution pH after equilibrium among the selected organic acids due to its high
dissociation constants (pk,; = 1.27 and pk,, = 4.27). However, the solution pH after
addition of different organic acids was not observed to drop as predicted, probably
because the surface reactions between organic acids and a-FeOOH (See below) could
provide certain buffering capacity for the solution pH. Clearly, the reaction between
OA and a-FeOOH might proceed more completely due to the highest dissociation

constants of OA compared with those of other organic acids (e.g., pK,> 3).

OA: 2a-FeOOH + H,C,04 — [=Fe(II1)(C,04)]” + 2H,0 (4)
AA: 0-FeOOH + H;C,0, — [=Fe(IINO(H3C,0,)]” + H,0 (5)
CA: 30-FeOOH + C¢HgO7 — [=Fe(IIN)O(HsC407)]" + 3H,0 (6)
MA: 20-FeOOH + C4H¢Os — [=Fe(IIN)O(H4C405)]” + 2H,0 (7)
TA: 20-FeOOH + C4H¢Og — [=Fe(IIN)O(H4C406)]" + 2H,0 (8)

It is worth noting that the conjugated complex or Fe’"-oxalate complex
between a-FeOOH and OA may have the minimum level of hydrogen atoms, which
may result in different photochemical properties (e.g., UV absorbance) and formation
of radicals. As Fig. 2 shows, the BPA degradation is highly linked with the radical
formation. Unlike OA, other organic acids (especially CA) are efficient radical
quenchers and thus could reduce the availability of *OH radicals.”® Similar to the

a-FeOOH/H,0,/iso-propyl alcohol system,? the photochemical reactions for OA and

a-FeOOH may create heterogeneous photo-Fenton-like processes as follows:**+*

[=Fe(Il1)(C,04)]" + hv — [ZFe(I1)(C,04)*7] )
[=Fe(I1)(C204)*7] — =Fe(I1)O + CO, + COy*~ (10)
CO,+™ 40, —+CO; + 05+ (11)

O, +H" —++00H (12)

13
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0,27 /*0O0H + H' + Fe" —+Fe*" + H,0, (13)
0,+7/*O0H + Fe’* —+Fe”" + 0, (14)
Fe*" + H,0, — Fe*" + OH™ + «OH (15)
BPA++OH ——:++=+— CO,+ H,0 (16)

Under UV-light irradiation, Fe*" in the Fe**-oxalate complex is reduced into Fe*'.
Then, the Fe*"-oxalate complex reacts with O, and generate reactive oxygen species
(e.g., Op*” and *OOH). The concomitant reaction between Fe’' and H,0, leads to the
regeneration Fe’" and the production of *OH. Therefore, the addition of OA promoted
the photodegradation of BPA and effectively extended the working solution pH to

near neutral, which is important for practical wastewater treatment.
4. Conclusions

The photodegradation of BPA in the heterogeneous photo-Fenton-like system
with o-FeOOH was found to vary with the addition of organic acids and solution pH.
The addition of various organic acids influenced the BPA removal efficiency in the
a-FeOOH/H,0; system owing to the formation of ferric-carboxylate complexes and
the *OH formation. At low concentrations (<30 mg-L™"), oxalic acid enhanced the
photodegradation of BPA and the formation of *OH in a-FeOOH/H;0, system among
organic acids. The highest removal rate (96.4%) in the a-FeOOH/H,O,/oxalate
system was obtained at pH 6.0, which highlights the potential of the

photo-Fenton-like processes in practical wastewater treatment applications.
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Proposed reaction mechanism of BPA photodegradation in a-FeOOH-oxalate synergistic system.



