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a b s t r a c t
In this study, the degradation of bisphenol A (BPA) was enhanced by adding the reducing agent 
hydroxylamine hydrochloride (HAHC) into the layered double hydroxides (LDH)/peroxymono-
sulfate (PMS) system to promote the conversion of ferric iron (Fe(III)) to Fe(II). The results showed 
that the degradation efficiency exceeded 90% within 120  min after the addition of HAHC. The 
effects of initial BPA, PMS concentration, and LDH dosage on BPA degradation efficiency were also 
evaluated in the HAHC/LDH/PMS system. In addition, the catalyst showed high catalytic activity 
over a wide pH range (2~10) within the experiment. Radical scavenging tests confirmed that the 
main reactive oxygen species were sulfate radical (SO4

•–), hydroxyl radical (•OH) and superoxide 
radical (O2

•–) in the HAHC/LDH/PMS process. The reaction mechanism was also inferred by using 
various analytical techniques, including X-ray photoelectron spectroscopy, X-ray diffraction, elec-
tron paramagnetic resonance, scanning electron microscopy, transmission electron microscopy, liq-
uid chromatography–mass spectrometry. This work provides a new strategy for the degradation 
of organic pollutants by the addition of HAHC to promote the activation of PMS by catalysts.
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1. Introduction

Due to the inability of traditional treatment technologies 
to completely remove toxic contaminants from water, cou-
pled with the growing demand for high-quality clean water, 
people are focusing on developing more efficient water treat-
ment technologies [1]. Recently, advanced oxidation technol-
ogy, which can efficiently degrade organic pollutants, has 
received more and more attention, and advanced oxidation 
technology based on sulfate radicals (SO4

•–) has been increas-
ingly applied to various water remediation (e.g., ground-
water, drinking water and wastewater) [2,3]. It replaces 

conventional hydrogen peroxide (H2O2) with peroxymono-
sulfate (PMS), which decomposes HSO5

– in the presence of 
a catalyst to generate sulfate radicals (SO4

•–) [4]. Compared 
with the •OH-based degradation process, this SO4

•–-driven 
degradation process has many advantages. These include the 
fact that SO4

•– has standard redox potential (2.5–3.1 V) close 
to or even higher than that of •OH (2.8 V), and has a longer 
half-life (4 s) than that of the hydroxyl radical (below 1 µs) 
[5–8]. Moreover, SO4

•– can degrade some difficult organic 
pollutants more effectively because of its higher selectivity 
than •OH [9,10]. Therefore, the activation of PMS to generate 
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SO4
•– to degrade organic pollutants has been extensively 

studied [11–15].
With the presence of light, heat and transition metal 

ions, persulfate ion is activated to sulfate radicals owing 
to the breakage of the peroxy group (O–O) [16–19]. The 
common activation methods are thermal activation, alkali 
activation, UV activation, transition metal ion and metal 
oxide activation, carbonaceous material activation. Among 
the various activation methods, transition metals are of 
great interest for their convenience, efficiency and low cost, 
among which Ag+, Co2+ and Fe2+ have shown better perfor-
mance in PMS activation [20,21]. However, the following 
problems are inevitable in the homogeneous system: Firstly, 
the presence of a large number of metal ions in the waste-
water, which generates secondary pollution [22]. Then, the 
pH of the solution has a strong influence on the composi-
tion and content of metal ions [23]. Moreover, some organic 
substances may complex with metal ions leading to a lower 
activation efficiency [24]. In practical application, Fe(II) is 
usually chosen as activator of PMS to generate SO4

•– for the 
advantages of environment-friendly, cost-effective and high 
activity, while the heterogeneous system overcomes the 
above problems to a certain extent [25,26].

In heterogeneous systems, the activation performance 
of catalysts usually changes with the surface properties of 
materials. Recently, many studies have been carried out to 
synthesize heterogeneous materials for PMS activation, and 
high efficient degradation effect has been achieved [27,28]. 
In addition to synthetic materials, natural minerals can also 
be used for heterogeneous activation, such as magnetite and 
siderite [29,30]. 85% of dichlorophenol was degraded by 
Fe2O3-montmorillonite synthesized by coprecipitation and 
calcination, exhibiting that the composite materials had high 
catalytic activity for PMS [31]. Hou synthesized high crys-
tallinity MnFe-LDH to active PMS to degrade Acid Orange 
7 (AO7), the system indicated 97.56% contaminant had been 
mineralized with a lower dosage (0.20 g/L). X-ray photoelec-
tron spectroscopy (XPS) of the catalyst which before and 
after reacted illustrated synergistic effect was between Mn 
and Fe [32]. Liu et al. [33] reported heterogeneous Fe-based 
layered double hydroxide as PMS activators to completely 
degrade 500  mg/kg isoproturon in soil within 10  h. The 
catalyst can not only be used in a wide pH range (3~11), 
but also can accommodate a variety of inorganic ions and 
humic acids.

Using heterogeneous catalysts effectively avoids the 
accumulation of iron oxide sludge and extends the range 
of pH. However, the issue of the slow transformation from 
Fe(III) to Fe(II) still remains in heterogeneous systems [34]. 
Therefore, previous studies have shown that the addition 
of some reducing agents promotes the conversion of Fe(III) 
to Fe(II) to improve the removal efficiency of organic pol-
lutants. Wu et al. [35] added different reducing agents 
(hydroxylamine (HA), sodium thiosulfate, ascorbic acid, 
sodium ascorbate and sodium sulfite) into PS/HA system 
to improve the degradation efficiency of trichloroethylene 
(TCE) by accelerating the transformation from Fe(III) to 
Fe(II). Using benzoic acid (BA) as the target pollutant, Zou 
et al. investigated that HA could promote the Fe(II) regen-
eration in Fe(II)/PMS process to accelerate the degradation 
of BA [36]. And these results indicated hydroxylamine (HA) 

was a strong reducing agent for reducing Fe(III) to Fe(II). 
Moreover, hydroxylamine hydrochloride (HAHC) was used 
for the determination of Fe(II) concentration by the spectro-
photometric method using 1,10-phenanthroline [37]. Miao et 
al. [38] have inferred that the addition of HAHC enhanced 
the degradation of TCE in the Fe(II)/Fe(III) catalyzed sodium 
percarbonate (SPC) system. Interestingly, layered dou-
ble hydroxides (LDHs) are widely used as catalysts due to 
their excellent selectivity, high activity, high dispersion and 
high reusability, thus enabling multiphase reactions [39,40]. 
Fe(II)-Al-LDH can be used as an environmentally friendly 
heterogeneous catalyst [41], while not avoiding its easy 
oxidation property.

Herein, in this paper, using synthesized Fe-doped MgAl 
hydrotalcite to investigate the effect of hydroxylamine 
hydrochloride on bisphenol A (BPA) degradation efficiency 
in the LDH/PMS process with the addition of HAHC. The 
specific objectives were to (1) successfully synthesize hydro-
talcite with various contents of Fe, and compare the char-
acterization of the materials before and after the reaction; 
(2) study the effect of different conditions on the degradation 
of BPA; (3) identify major reactive oxygen species; (4) test 
the reusability and stability of MgAlFe-LDH catalyst.

2. Experiment set-up

2.1. Chemical

Ferric nitrate (Fe(NO3)3·9H2O), magnesium nitrate 
(Mg(NO3)2·6H2O), aluminum nitrate (Al(NO3)3·9H2O), urea 
(CON2H4), formamide sodium hydroxide (NaOH), hydro-
chloric acid (HCl), bisphenol A (BPA), ethyl alcohol (C2H6O), 
T-butanol (C4H10O), and p-benzoquinone (C6H4O2) used in 
this experiment were analytical grade reagents and pur-
chased from Sinopharm Chemical Reagent Co., Ltd., (China). 
Potassium peroxymonosulfate (KHSO5·0.5KHSO4·0.5K2SO4, 
PMS) were of analytical grade and supplied by Aladdin 
Chemistry Co., Ltd., (Shanghai, China). All the chemical 
solutions were prepared with ultrapure water (18.25 MΩ·cm) 
by a water purified system (UPT-II-10T, ULUPURE, China).

2.2. Synthesis of LDH

MgAlFe-CO3LDHs were synthesized by the urea 
method. All the samples kept the molar ratio of divalent to 
trivalent metal at 2:1 to obtain higher stability crystalline 
LDH construction. And the corresponding x%Fe-LDHs sam-
ples, where x  =  0.07, 0.12, 0.16, 0.23 and 0.7, were denoted 
as 0.7%Fe-LDH. For instance, to prepare 0.3%Fe-LDH, 4.29 g 
of Mg(NO3)2·6H2O, 3.09  g of Al(NO3)3·9H2O, 0.1014  g of 
Fe(NO3)3·9H2O and 4.90 g of urea were dissolved in 50 mL 
water. Then, the mixed solution was transferred into 100 mL 
Teflon vessel and crystallized in a 100°C oven for 36 h. The 
precipitate was collected by centrifugation at 9,000 rpm for 
5  min and washed three times with deionized water. The 
sample was desiccated at 50°C in an oven. Other LDHs were 
prepared in the similar way by varying x according to the 
designed value.

2.3. LDH-activated PMS oxidation of BPA

The experiment was carried out in a glass beaker with 
a capacity of 250  mL and placed on a magnetic stirrer 
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under 25°C. A certain amount of LDH that had reduced by 
hydroxylamine hydrochloride (HAHC) and potassium per-
oxymonosulfate (PMS) were added into 100  mL BPA solu-
tion with the concentration of 20  mg/L and pH 7 adjusted 
in advance, in which the initial concentrations of hydroxyl-
amine hydrochloride, LDH and peroxymonosulfate were 
1 g/L and 10 mmol/L, respectively.

Initial experiments were conducted to observe the feasi-
bility of activating PMS by LDH with different iron content. 
To determine the effect of Fe-LDH dosages on BPA degra-
dation, Fe dose varied from 0.25 to 2.0 g/L. To identify the 
effect of PMS concentration on BPA degradation, the con-
centration of PMS varied from 0.1 to 1.5 g/L. Subsequently, 
the effect of initial concentration and pH (2, 5, 7, 10, and 12) 
on BPA degradation efficiency was also discussed.

1  mL solution was taken out each time at 5, 15, 30, 60, 
90, and 120 min and filtered through 0.45 µm organic mem-
brane, used to determine the residual concentration of 
bisphenol A by high-performance liquid chromatography 
(HPLC) (P3100, Elite, Dalian). The detection wavelength was 
set at 278 nm. The separation of BPA in the mixture was car-
ried out by using a SinoChrom C18-ODS-BP column (5 µm, 
4.6 mm × 250 mm) at room temperature. The mobile phase 
consisted of a mixture of methanol and water (70:30  v/v) 
with a total operating time of 15 min at a flow rate of 1.0 mL/
min. The solid was collected by a sand core filter with 
0.45 µm organic membrane, used for recycling reaction and 
characterization. Each experiment of BPA degradation was 
repeated two to three times to ensure its repeatability.

2.4. Characterization

The crystalline phase of MgAlFe-CO3LDHs was deter-
mined using a D8 Advance X-ray diffractometer (XRD) 
(Bruker, Germany) with Cu/Kα radiation (30 kV, 20 mA) at 
0.02° step size. The surface morphologies of different sam-
ples were obtained by using a JSM-5510LV scanning electron 
microscopy (SEM) (JEOL, Japan) at an accelerating voltage of 
10 kV. The size and morphology of the LDHs were observed 
using a JEM-2100 transmission electron microscopy (TEM) 
(JEM-2100, JEOL, Tokyo, Japan). In addition, the variations 
of the electronic binding energy of iron and oxygen elements 
were analyzed using an X-ray photoelectron spectrometer 
(XPS) (Escalab 250XI, ThermoFisher, USA). An electron para-
magnetic resonance (EPR) spectrometer (Bruker EMXPLUS, 
Germany) with a spin-trapping agent DMPO was used 
to identify the free radicals in solution. BPA degradation 
products were identified by ultrahigh performance liquid 
chromatograph (Agilent 1290 UPLC) coupled to a Agilent 
QTOF 6550 mass spectrometry with C-18 column (1.7  um, 
2.1 mm × 50 mm). The mass spectrometer was operated in 
the positive (+) electrospray ionization mode (ESI) with m/z 
scans ranging from 50 to 1,000.

3. Results and discussion

3.1. Characterization

Fig. 1a shows that all primary samples with various Fe 
contents formed a typical layer structure of LDHs. XRD 
pattern of pristine sample formed a typical layer structure 

with well-defined diffraction peaks (003, 006, 009, 015, 110, 
113) occurring at 2θ  =  11.9°, 24.0°, 35.7°, 40.5°, 62.4° and 
63.7°, respectively. The patterns indicated that a series of 
sharp and intense symmetrical diffraction peaks at low 2θ 
values and clear reflections at high 2θ values, suggesting the 
raw materials have regular structure and high crystallinity. 
Interestingly, because of the low content of Fe(III) in LDH 
(rang from 0.07% to 0.7%), its structure was closer to binary 
MgAl-LDH [42].

The Fourier-transform infrared (FTIR) spectra of primary 
MgAlFe-LDH are shown in Fig. 1b. Bands in the range of 
3,300 to 3,500 cm–1 were assigned to the stretching vibration 
of interlayer –OH group. The band at near 1,629  cm–1 was 
identified to the bending vibration of interlayer adsorbed 
water molecules. The strong characteristic absorption band 
at 1,354 cm–1 was ascribed to the stretching vibration of C–O 
in CO3

2–. The absorption band at 500 ~ 800 cm–1 was deemed 
to the stretching vibration of the metal-oxygen-metal bond, 
corresponding to the vibration of Al–O, Mg–O and Fe–O [43].

 

 

Fig. 1. (a) XRD spectra of primary MgAlFe-LDH and (b) FTIR 
spectra of primary MgAlFe-LDH.
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The SEM images of primary MgAlFe-LDH are presented 
in Fig. 2. It can be found that materials exhibited a hexagonal 
sheet-like morphology. Compared with Mg3-Fe1-CO3LDH, 
bigger size and more “collapses” don’t show up as the ratio 
of Fe/Al increased. Because of the low content of Fe(III) in 
LDH (rang from 0.07% to 0.7%), its structure and morphol-
ogy were closer to binary MgAl-LDH [44].

From the TEM image (Fig. 2), the primary material dis-
played a clear hexagonal lamellar overlay with the black 
spots on the surface representing the metals of Mg, Al, 
and Fe.

Fig. 3 shows XPS spectra of primary MgAlFe-LDH. The 
synthesized material contained Mg, Al, O, C and a small 
amount of Fe corresponding to the characteristic peaks of Mg 
1s, Al 2p, O 1s, C 1s and Fe 2p in the XPS full spectrum. Due to 
the low proportion of Fe doping in the material, the 2p elec-
tronic signal of Fe in XPS data was relatively weak and the 
peak intensity was low. As shown in Fig. 3b, the two peaks of 
electron binding energy at 712 and 728 eV corresponded to 
the two main peaks of Fe 2p3/2 and Fe 2p1/2, respectively. The 
peaks with binding energies appearing at 712.4 and 709.7 eV 
were attributed to the presence of Fe3+ ions and Fe2+, respec-
tively. The presence of partially divalent iron was caused 
by a vacuum-induced reduction [45].

3.2. BPA degradation performance in HAHC/MgAl-Fe(III)/
PMS system

3.2.1. Degradation efficiency of BPA in HAHC/MgAl-Fe(III)/
PMS system

Fig. 4 shows the degradation of BPA in the HAHC/
MgAl-Fe(III)/PMS Process. It had demonstrated that MgAl-
LDH and Fe-doped MgAl-LDH had no adsorption effect on 
BPA, which the removal efficiency of BPA were 3.5% and 

5.0%, respectively. As can be seen, a few degradation of BPA 
was observed in presence of PMS alone, while BPA removal 
rate increased obviously as PMS activated by Fe2+ or MgAl/
MgAl-0.12%Fe(III). Such result could be interpreted with the 
low adsorption capacity of MgAl, the low Fe(II) concentra-
tion, a rapid accumulation of Fe(III), the slow transformation 
from Fe(III) to Fe(II) and the formation of Fe(III) precipitates 
as iron oxide or hydroxide at pH > 4 [46]. Furthermore, the 
degradation efficiency of BPA in the MgAl-x%Fe(III)/PMS 
system without hydroxylamine hydrochloride was only 
50.6%. Surprisingly, more than 80% of BPA was degraded 
in 30  min in the MgAl-Fe(III)/PMS process with the addi-
tion of HAHC, indicating the enhancement effect of HAHC. 
Compared to that of undoped-Fe(III) (MgAl/PMS system), 
the concentration of BPA decreased significantly in 30 min 
with the increase of Fe(III) doping from 0.07% to 0.7%, 
which could be explained by the regeneration of Fe(III) to 
Fe(II) by reducing agents. It had been proved that transi-
tion metal Fe(II) could activate PMS to generate the reac-
tive oxygen species (sulfate radicals (SO4

•–), hydroxyl radi-
cals (•OH) and superoxide radical anions (O2

•–)) to degrade 
organic pollutants.

It should be noted that the degradation efficiency of BPA 
in the HAHC/MgAl-Fe(III)/PMS system was much higher 
than that in the Fe2+/PMS system at such a low doping, and 
the latter was considered to be one of the most effective meth-
ods to activate PMS. The results showed that the addition of 
HAHC could effectively improve the degradation of BPA 
and the utilization of Fe atoms, thus avoiding the accumula-
tion of Fe(III) in the HAHC/MgAl-Fe(III)/PMS system.

3.2.2. Effect of initial BPA concentration

The degradation efficiency of BPA decreased as the ini-
tial concentrations increased, which is shown in Fig. 5a. 

Fig. 2. SEM images of primary MgAlFe-LDH (a) 0.07%Fe-LDH, (b) 0.23%Fe-LDH, (c) 0.7%Fe-LDH and TEM images of primary 
0.7%Fe-LDH (d–f).
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Considering that the degradation efficiency of BPA reached 
nearly 100% in 60 min when the concentration of BPA was 
10  mg/L, the higher concentrations (20, 40 and 50  mg/L) 
were selected to evaluate the degradation effect of BPA in 
the HAHC/MgAl-Fe(III)/PMS system. When the initial BPA 
concentration increased from 10 to 50 mg/L, the degradation 
of BPA gradually decreased. Due to the limited generation 
of the reactive oxygen species, it was insufficient to com-
pletely degrade BPA at high concentration.

3.2.3. Effect of PMS concentration

The effect of PMS concentration on the degradation effi-
ciency of BPA was also investigated. The PMS concentration 
was a key factor of the source of reactive oxygen species 
in the HAHC/MgAl-Fe(III)/PMS system, so the amount of 
PMS would influence the degradation of BPA by affecting 
the amount of reactive oxygen species. It can be seen from 
Fig. 5b that increasing the dosage of PMS from 0.1 to 1.5 g/L 
led to a considerable promotion of BPA degradation. When 
the initial concentration of PMS was 0.1 g/L, the removal rate 

of BPA was low and only 43.13% of BPA was removed over 
120  min. Meanwhile, when PMS concentration increases 
from 0.5, 0.8, 1.0 to 1.5 g/L, the removal rate increases from 
64.72%, 91.02%, 96.99% to 100%, respectively. It was worth 
noting that the removal rate increases more slowly with the 
increase of PMS concentration. This phenomenon may be 
attributed to the following aspects: (1) Because the dose of 
HAHC and MgAlFe-LDH was fixed, excessive PMS cannot 
generate more reactive oxygen species. (2) Adding excessive 
PMS may result in the potential quenching of sulfate radicals 
by residual PMS and sulfate radicals. (3) The competition 
by degradation intermediates of BPA may affect the degra-
dation rate of BPA.

3.2.4. Effect of the dosage of MgAlFe-LDH

In order to explore the role of MgAlFe-LDH, the effect 
of 0.12%Fe-LDH concentration on BPA degradation in the 
HAHC/MgAl-Fe(III)/PMS process was studied. As shown 
in Fig. 5c, increased degradation of BPA was observed with 
the increase of MgAlFe-LDH concentration in the range of 
0.5 to 1.0 g/L, then the increase in MgAlFe-LDH concentra-
tion resulted in a decrease in BPA removal. For example, 
the removal rate of BPA was 93.86% with MgAlFe-LDH 
dosage of 1.0  g/L in 120  min. In contrast, the removal rate 
of BPA decreased significantly with MgAlFe-LDH dosage of 
3.0 g/L in the same period. As the dosage of MgAlFe-LDH 
increased, the sulfate radicals generated by PMS were suf-
ficient to degrade more BPA in solution, while the amount 
of sulfate radicals was also determined by the concentration 
of PMS, which limited the degradation efficiency of BPA 
partly. Therefore, the dosage of MgAlFe-LDH controlled at 
1.0 g/L was suitable in this experiment.

Fig. 3. XPS of primary 0.7%Fe-LDH (a) and Fe 2p in 
0.7%Fe-LDH (b).

 

Fig. 4. Degradation of BPA in different PMS, LDH, MgAl-
0.12%Fe(III), Fe2+/PMS, MgAl/PMS, MgAl-0.12%Fe(III)/
PMS, HAHC/MgAl-x%Fe(III)/PMS (x  =  0.07, 0.12, 0.16, 0.23 
and 0.7) processes. Conditions: [MgAl]0  =  1.0  g/L, [MgAl-
x%Fe(III)]0  =  1.0  g/L, [PMS]0  =  1.0  g/L, [Fe(II)]0  =  0.02  mM, 
[HAHC]0 = 0.01 M, [BPA]0 = 20 mg/L, pH0 = 7.0, T = 25°C. Error 
bars represent the standard deviation from at least duplicate 
experiments.
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Fig. 5. Effect of (a) BPA concentration, (b) PMS concentration on, (c) MgAlFe-LDH concentration, (d) initial pH BPA degradation. 
(e) pH value change during reaction process. And (f) effect of inorganic anions on BPA degradation. Conditions: [BPA]0 = 20 mg/L, 
[PMS]0 = 1.0 g/L, [0.12%Fe-LDH]0 = 1.0 g/L, [HAHC]0 = 0.01 M, [inorganic anion]0 = 0.01 M, pH0 = 7.0, T = 25°C.
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3.2.5. Effect of initial pH

Effect of initial pH on BPA degradation was further eval-
uated in the HAHC/MgAl-Fe(III)/PMS system. As shown 
in Fig. 5d, the degradation of BPA insignificantly changed 
when the pH increased from 2.0 to 10.0, but was declined 
obviously when the pH further increased from 10.0 to 12.0. 
Hence, the neutral and acidic pH was most favorable for the 
degradation of BPA in the HAHC/MgAl-Fe(III)/PMS sys-
tem, and the decomposition of one molar persulfate would 
yield two molar equiv. of protons. These results could be 
attributed to the fact that hydrogen ions could promote the 
conversion of peroxymonosulfate into sulfate radical under 
acidic conditions, which increases the concentration of sul-
fate radicals. Therefore, the degradation efficiency of BPA 
was higher under acidic conditions. Meanwhile, as reported 
in some literature, sulfate radical had a wider range of pH 
(3  ~  10), which was different from the traditional Fenton 
oxidation technology that needed to keep the pH of the 
system at 2.8 ~ 3.5 [47]. Higher pH values led to the precip-
itation of Fe(III) into Fe(OH)3, which consequently inhibited 
the regeneration of Fe(II) by HAHC [48,49] Apart from these, 
the change of solution pH values with reaction time during 
the BPA degradation process is recorded in Fig. 5e. While the 
initial pH was 2, 5 and 7, the pH was changed to 4.09, 4.50 
and 5.81, respectively after 120 min reaction process. The buf-
fer capacity of the HAHC/MgAl-Fe(III)/PMS system main-
tains the solution in acidic, and thus its efficiency for BPA 
removal remained high, which is consistent with the results 
of Qi et al. [50]. However, a further increase of pH exceeded 
the buffering capacity of the system and led to the forma-
tion of Fe(OH)3, causing a significant decrease in degrada-
tion efficiency of BPA. Therefore, the HAHC/MgAl-Fe(III)/
PMS system was highly efficient degradation efficiency in 
the degradation of organic matter, which was of great sig-
nificance in real water treatment under acidic and neutral  
conditions.

3.2.6 Effect of inorganic ions

Natural aquatic bodies are usually a complex environ-
ment with the presence of a large number of anions, such as 
nitrate ions (NO3

–), carbonate ions (CO3
2–), chloride ions (Cl–), 

sulfate ions (SO4
2–) and phosphate ions (PO4

3–). It is necessary 
to discuss the influence of these ions in BPA degradation sys-
tem (Fig. 5f). As can be seen, the addition of Cl−, NO3

−, CO3
2–, 

and SO4
2– had negligible influence on the removal perfor-

mance of HAHC/MgAl-Fe(III)/PMS system. Zhou et al. [51] 
had reported slight inhibition of Cl– in AOPs process. It was 
attributed to the generation of less reactive species (•Cl, Cl2 
and HOCl) [Eqs. (1)–(3)], which had reported in Mn-doped 
BiFeO3 nanoparticles/PMS system for BPA removal [52]. 
Similarly, carbonates can scavenges both •OH and SO4

•– radi-
cals [Eqs. (4) and (5)] which was consistent with the research 
of Li et al. [53]. Furthermore, we can find that the genera-
tion of OH may increase the pH of solution, leading to PMS 
decomposition and iron ion precipitation. For nitrate ions, 
the BPA removal was completely consistent with that of no 
onions, indicating that the new radicals of •NO3

– can degrade 
the BPA [54]. In contrast, phosphate ions had a strong inhib-
itory effect on the degradation of BPA. This result may be 
due to the scavenging effect of phosphate on free radicals 

(•OH and SO4
•–) [Eqs. (7)–(9)] [55]. Secondly, phosphate ions 

can chelate with surface Fe(III) to form inner-sphere complex, 
which occupy the active radical sites of LDH [56].
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2� � �� � � 	 (1)
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2
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3
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4
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3.2.7. Recycle of MgAlFe-LDH catalyst

As shown in Fig. 6, almost complete degradation of BPA 
was observed within 120  min of each run. This strongly 
indicates that MgAlFe-LDH can be recycled multiple times 
during the process and is a more environmentally-friendly 

 

Fig. 6. Circulation experiment of MgAlFe-LDH degrada-
tion of BPA. Conditions: [BPA]0  =  20  mg/L, [PMS]0  =  1.0  g/L, 
[0.12%Fe-LDH]0 = 1.0 g/L, [HAHC]0 = 0.01 M, T = 25°C.
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material compared to other alternatives. As shown in char-
acterization, the structure and morphology of catalyst 
did not collapse.

3.3. Scavenging tests for the reactive oxygen species identification 
in HAHC/MgAl-Fe(III)/PMS system

It has been reported that reactive oxygen species (ROS), 
such as hydroxyl radical, sulfate radical and superoxide rad-
ical, generated by activated persulfate, play an important 
role in BPA degradation. Owing to the high rate constants 
with SO4

•– (k  =  2.5  ×  107  M/s and k  =  8.2  ×  107  M/s, respec-
tively) and •OH (k  =  9.7  ×  108  M/s and k  =  1.9  ×  109  M/s, 
respectively) [12], methanol (MeOH) and isopropanol (IPA) 
were effective quencher for both SO4

•– and •OH to investi-
gate the effect on BPA degradation in Fig. 7a [57–60]. It was 
observed that the addition of whether MeOH (0.023  M) or 
IPA (0.016 M) affected on the degradation efficiency of BPA. 
As the concentration of BQ was 0.016  M, the degradation 
efficiency of BPA decreased to 32.28% in 120 min. The addi-
tion of BQ, which was used to quench O2

•–, demonstrated 
that O2

•– was produced during the reaction and played an 
important role in the degradation of BPA. However, none 
of the reactions were completely inhibited, indicating the 
presence of other active species in the reaction.

To further determine the reactive radicals involved in 
the reaction, electron paramagnetic resonance (EPR) exper-
iments were performed using DMPO as the radical trap-
ping agent. As shown in Fig. 7b, the signal intensity ratios of 
DMPO-SO4 and DMPO-OH were 1:1:1:1:1:1:1:1 and 1:2:2:1, 
respectively, suggesting that Fe(III) reduced by the addition 
of HAHC can activate PMS to generate sulfate radicals and 
hydroxyl radicals. Fig. 7c shows that the peaks characteristic 
of the DMPO-O2

•– adduct appeared in the EPR spectrum of 
the MgAl-Fe(III), indicating that the O2

•– radicals presented 
in the HAHC/MgAl-Fe(III)/PMS system [61]. This result 
was consistent that the BPA concentration did not decrease 
consistently the addition of p-benzoquinone in Fig. 7a. 
Meanwhile, the concentration of BPA continued to decrease 
from 15 to 30 min, which corresponded to the lack of weak-
ening of sulfate radicals and hydroxyl radicals generated 
from 15 to 30 min shown in the EPR spectrum. These results 
suggest that SO4

•–, •OH and O2
•– played an essential role in 

the degradation of BPA.

3.4. Mechanism and pathways of BPA degradation in HAHC/
MgAl-Fe(III)/PMS system

3.4.1. Characterization of post-reaction catalyst

However, in the obtained XRD spectra (Fig. 8a), there 
was no obvious structural change in the LDHs after the 
involvement of Fe(III) in the reaction. The reacted LDHs 
still showed clear diffraction peaks, as in the original LDH 
(Fig. 1a), indicating that the LDH reduced by HAHC still 
have high structural stability after reaction with PMS. As 
shown in Fig. 8b, the new absorption peak at 1,113 cm–1 of 
post-reaction MgAlFe-LDH could be attributed to the bend-
ing vibration of C–O–H, which may be the absorption of 
alcohols and phenols, indicating partial BPA was adsorbed 
on the material. The SEM of post-reaction MgAlFe-LDH still 

exhibited a hexagonal sheet-like morphology, exhibiting cat-
alyst excellent stability and reusability (Fig. 9). Compared to 
the material before the reaction, the TEM image of post-re-
action MgAlFe-LDH had become thinner, indicating Fe 
involvement the reaction (Fig. 9). As shown in Fig. 10, two 

 

 

Fig. 7. (a) Effect of the inhibitors of BPA degradation, (b and 
c) EPR spectrum using DMPO. Conditions: [BPA]0 =  20  mg/L, 
[PMS]0 = 1.0 g/L, [0.12%Fe-LDH]0 = 1.0 g/L, [HAHC]0 = 0.01 M, 
T = 25°C. Grey square: DMPO-OH, grey circle: DMPO-SO4, grey 
triangle: DMPO-O2

–.
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different peaks centered at 712.1 and 710.2 eV were obtained 
by deconvolution of Fe 2p3/2, corresponding to Fe3+ and Fe2+ 
in the catalyst after the reaction. However, based on the Fe 
2p envelop, the Fe2+/Fe3+ value changed from 0.26 before the 
reaction to 0.54 after the reaction. This result implied the 
electron transfer between Fe2 + and Fe3+, and thus the catalyst 
role of Fe in PMS activation.

In conclusion, the above results suggested that ≡Fe2+ 
and ≡Fe3+ were involved in the PMS oxidation reaction, 
with the SO4

•–, •OH and O2
•– radicals being the main react-

ing species, which further demonstrated the importance of 
HAHC in the cycling of Fe2+ and Fe3+.

3.4.2. PMS activation mechanism and degradation 
pathway of BPA

It has been reported various reducing agents (RA) 
(including hydroxylamine (HA), sodium thiosulfate (STS), 
ascorbic acid (AA), sodium ascorbate (SA) and sodium sul-
fite (SS)) to accelerate the regeneration of Fe(II) in homoge-
neous system [35]. In this study, this experiment attempts to 
promote the degradation of BPA and improve the utilization 
of Fe atoms by adding HAHC to reduce Fe(III) [Eq. (10)]. 
Then, Fe(II)-activated PMS system could produce SO4

•–, while 
the reaction reactivity of Fe(III) with PMS was low [Eqs. 
(11) and (12)]. Furthermore, SO4

•–/SO5
•− can react with H2O/

OH− and produce hydroxyl radicals (•OH) and superoxide 
radical anions (O2

•–), which also facilitate the degradation 
of pollutants [Eqs. (12)  ~  (17)] [62]. Therefore, both •OH, 
SO4

•– and O2
•– with high oxidation properties would attack 

BPA and cause its decomposition [63].

� � � � �� � �Fe NH OH Fe nitrogenous products3
3

22 	 (10)

� � � � � �� � � �� �Fe HSO Fe SO H3
5

2
5 	 (11)

 

Fig. 8. (a) XRD spectra of post-reaction MgAlFe-LDH and 
(b) FTIR spectra of post-reaction MgAlFe-LDH.

 

 

(a) (b) (c)

Fig. 9. SEM images of post-reaction MgAlFe-LDH (a) 0.07%Fe-LDH, (b) 0.23%Fe-LDH, (c) 0.7%Fe-LDH and TEM images of primary 
0.7%Fe-LDH (d–f).
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� � � � � �� � � �� �Fe HSO Fe SO OH2
5

3
4 	 (12)
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In order to obtain the degradation pathway of BPA in the 
HAHC system, the HPLC-MS was used to analysis the gen-
eration of intermediates after 120 min. Combined with the 
previous literature, possible severa intermediates was iden-
tified as benzophenone, benzaldehyde, p-hydroxybenzoic 
acid, 4-(prop-1-en-2yl)benzene-1,2-diol,4-hydroxyacetophe-
none, 2,5-cyclohexadienol, etc. In the present study, firstly, 
•OH, SO4

•– and O2
•– generated from [Eqs. (12)~(17)] directly 

attacked the isopropyl group in BPA to be oxidized as alco-
hol and carboxyl groups and formed 1-hydroxy-2,2-bis(4-hy-
droxyphenyl) propionic acid (MW = 274) [64]. The result was 
consistent with the intermediates produced by the degrada-
tion of BPA using vanadium-titanium magnetite activated 
PMS by Lai et al. [30]. Subsequently, biphenyl-type com-
pound compounds were generated due to the continued 
attack of hydroxyl radicals and finally cleavage to produce 
benzoquinone and 2,5-cyclopentadienol. The para-carbon 
atom of BPA was susceptible to attack by free radicals, 
causing the β-bond of BPA to break, forming p-isoprope-
nyl (IPP) phenol and phenol, which were further oxidized 

 

 

Fig. 10. XPS of post-reaction 0.7%Fe-LDH (a) and Fe 2p in 
0.7%Fe-LDH (b).

Fig. 11. Possible pathways for the degradation of BPA.
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to benzaldehyde. Isopropyl phenol (IPP) could be gener-
ated by deprotonation of the isopropyl phenol cation, while 
IPP may generate 4-(prop-1-en-2yl)benzene-1,2-diol, p-hy-
droxybenzoic acid. Besides the addition reaction on the aro-
matic ring, HO• generated from SO3

2– [Eq. (13)] also could 
attack the C atom on the sp3 heteromethyl group of the BPA 
molecule and a C–C break occurs to produce para-phenoxy 
and p-isopropenyl phenol (IPP) [65]. Oxidation of para-phe-
noxy produces benzophenone which is further oxidized to 
produce benzaldehyde. Finally, due to the strong oxidiz-
ing power of free radicals, the above intermediates further 
react to form ring-opening products, which are then min-
eralized to CO2 and H2O (Fig. 11).

4. Conclusion

In this study, the degradation of BPA was observed to 
be over 90% within 120  min by adding a reducing agent 
(HAHC) into LDH/PMS system. With the low Fe doping, 
the addition of HAHC effectively promoted the utilization 
of iron atoms and the transformation of Fe(III), avoiding 
the accumulation of Fe(III) to improve the degradation effi-
ciency of BPA. Meanwhile, the catalyst could be applied in a 
wide pH range (2~10) and recycled several times to degrade 
BPA. In addition, the radical scavenging experiment certi-
fied the main reactive oxygen species were sulfate radical 
(SO4

•–), hydroxyl radical (•OH) and superoxide radical (O2
•–) 

in the HAHC /LDH/PMS process. In conclusion, activation 
of PMS by adding reducing agents to promote Fe(III)-LDH 
is a promising water treatment technology, but its wide-
spread practical application requires careful consideration of 
the complex groundwater composition.
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