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Abstract: In this work, the degradation performance of Fe2+/PAA/H2O2 on three typical pollu-
tants (reactive black 5, ANL, and PVA) in textile wastewater was investigated in comparison with
Fe2+/H2O2. Therein, Fe2+/PAA/H2O2 had a high removal on RB5 (99%) mainly owing to the
contribution of peroxyl radicals and/or Fe(IV). Fe2+/H2O2 showed a relatively high removal on
PVA (28%) mainly resulting from ·OH. Fe2+/PAA/H2O2 and Fe2+/H2O2 showed comparative re-
movals on ANL. Additionally, Fe2+/PAA/H2O2 was more sensitive to pH than Fe2+/H2O2. The
coexisting anions (20–2000 mg/L) showed inhibition on their removals and followed an order of
HCO3

− > SO4
2− > Cl−. Humic acid (5 and 10 mg C/L) posed notable inhibition on their removals

following an order of reactive black 5 (RB5) > ANL > PVA. In practical wastewater effluent, PVA
removal was dramatically inhibited by 88%. Bioluminescent bacteria test results suggested that the
toxicity of Fe2+/PAA/H2O2 treated systems was lower than that of Fe2+/H2O2. RB5 degradation
had three possible pathways with the proposed mechanisms of hydroxylation, dehydrogenation,
and demethylation. The results may favor the performance evaluation of Fe2+/PAA/H2O2 in the
advanced treatment of textile wastewater.

Keywords: peracetic acid; advanced oxidation; reactive dyes; aniline; polyvinyl alcohol

1. Introduction

The textile industry was one of the most water-consuming and key industrial branches,
especially in developing countries. In China, the amount of textile wastewater, around
80% of which is from the printing and dyeing process [1], ranked third among all the
41 industries and accounted for 10.1% [2]. Generally, the discharged textile wastewater
was treated either by on-site treatment plants in the factory or a combination of factories
and urban wastewater treatment plants (WWTPs) to meet the wastewater discharge stan-
dard. However, the increasingly stringent discharge standard forces the advanced tertiary
treatment urgent for the enhanced removal of refractory pollutants.

Reactive dyes, aniline (ANL), and polyvinyl alcohol (PVA) are three types of typical
refractory pollutants in printing and dyeing wastewater and are of increasing environmen-
tal concern [3]. Reactive dye is the most important dyeing class for cellulosic fibers [4],
up to 10–50% of which would flow into wastewater in the dyeing process [5]. ANL is an
important intermediate in syntheses of benzidine azo dyes [2] as well as a product derived
from the biotransformation of azo dyes [6]. ANL has been listed as a priority pollutant
by the Environmental Protection Agency of the United States due to its carcinogenic and
mutagenic effects [7]. In the latest amended Discharge Standard of Water Pollutants for
Dyeing and Finishing of Textile Industry (GB 4287-2012) in China [8], the discharge limit
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of ANLs was regulated as undetected, which was actually difficult for factories to meet
at affordable expenses. PVA, a water-soluble refractory polymer, is widely used in the
sizing process of cotton blended fabrics and was lost to the effluent during the desizing
process [9]. The discharge of PVA may deteriorate the receiving body of water via causing
the lack of dissolved oxygen in the aquatic environment and the release of harmful metals
from the sediment [10]. The removal of PVA via the conventional biological process was
challenging due to its poor biodegradability [11].

The advanced oxidation process (AOP) is widely adopted as the tertiary treatment
for the removal of low-level refractory organic pollutants from the secondary effluent of
industrial textile wastewater [12–19]. Recently, Fe2+/peracetic acid (PAA) has emerged
as a potential alternative to the conventional Fe2+/hydrogen peroxide (H2O2) Fenton
AOP [20,21]. PAA has a high disinfection efficiency and less formation of harmful disin-
fection byproducts (DBPs) compared to those chlorine-based disinfectants [22]. Thus, it is
recommended as an attractive disinfectant for secondary and tertiary wastewater effluents
in many countries, (e.g., Canada and parts of Europe) [23–25]. In fact, the PAA solution is an
equilibrium mixture of PAA, H2O2, and acetic acid [26], and the PAA-based Fenton system
was defined as Fe2+/PAA/H2O2. During the Fe2+/PAA/H2O2 process, PAA played a key
role within the initial 5 s and H2O2 became the dominant oxidant afterward due to the
much higher reaction rate of PAA with Fe2+ (>650 times) compared to that of H2O2 [27].
Activation of PAA by Fe2+ may primarily generate ·OH, CH3C(O)O·, and Fe(IV) according
to reactions (1–5) [27,28]. Moreover, ·OH would also react with PAA and H2O2 to generate
secondary radicals, (e.g., CH3C(O)·, CH3C(O)OO·, and HO2·) via reactions (6–9), and the
reaction rate of ·OH with PAA was much higher compared with H2O2 [27,29]. That said,
the proportion of PAA and H2O2 would affect the distribution of organic radicals and
·OH in the Fe2+/PAA/H2O2 process. In previous research [30–33], PAA-based AOP has
exhibited structural selectivity in the removal performance of target pollutants and shown
comparable or even superior performance compared to H2O2-based AOP.

CH3C(O)OOH + Fe2+ → CH3C(O)O· + Fe3+ + OH− (1)

CH3C(O)OOH + Fe2+ → CH3C(O)O− + Fe3+ + ·OH (2)

CH3C(O)OOH + Fe2+ → CH3C(O)OH + FeIVO2+ (3)

H2O2 + Fe2+ → ·OH + Fe3+ + OH− (4)

H2O2 + Fe2+ → H2O + FeIVO2+ (5)

CH3C(O)OOH + ·OH→ CH3C(O)OO· + H2O (6)

CH3C(O)OOH + ·OH→ CH3C(O)· + H2O + O2 (7)

CH3C(O)OOH + ·OH→ CH3C(O)OH + HO2· (8)

H2O2 + ·OH→ HO2· + H2O (9)

Among the studies about the active dye degradation by PAA-based AOPs, H2O2
and PAA-related organic radicals played dominant roles in the removal of methyl blue
and Brilliant Red X-3B, respectively [21,34]. Co(II)-mediated PAA oxidation in previous
work has shown a minor contribution of CH3C(O)OO· to the degradation of ANL [30]. In
addition, the degradation of PVA has been evaluated mainly in H2O2-based AOPs with
the reaction rate constant of PVA with ·OH in the order of 106−107 M−1s−1 [35], while
scarcely in PAA-based AOP. Considering the different structural characteristics of the three
typical pollutants, there is a need to comparatively evaluate their degradation efficacies by
Fe2+/PAA/H2O2 and assess the contributions of radicals produced, respectively, by PAA
and H2O2.

The objectives of this study are to investigate: (1) the effectiveness of Fe2+/PAA/H2O2
to degrade reactive black 5 (RB5), ANL, and PVA in comparison to Fe2+/H2O2; (2) the
impact of operating conditions, (i.e., Fe2+ and PAA dosages, coexisting ions and natural
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organic matter); (3) contributions of ·OH and PAA-related radicals in their degradation
under different pH conditions; (4) the acute toxicity alteration during the process; and
(5) degradation intermediates and possible pathways. The main novelty of this work is to
investigate the relationship between Fe2+/PAA/H2O2 and pollutant structure, obtaining
the applicability of the process in textile water treatment.

2. Materials and Methods
2.1. Chemicals and Materials

RB5, ANL, sodium thiosulfate, potassium iodide, acetic acid, ferrous sulfate (FeSO4·7H2O),
phosphoric acid, sodium chloride, and sodium sulfate were of analytical grade and ob-
tained from Shanghai Titan Scientific Co., Ltd. (Shanghai, China). Ammonium molybdate
((NH4)2MoO4), sodium hydroxide (NaOH), sulfuric acid, and p-chlorobenzoic acid (pCBA)
were purchased from Sinopharm Chemical Reagent Co. (Shanghai, China). Tert-butanol
(TBA), methanol (MeOH), and 5,5-dimethyl-1-pyrrolinr N-oxide (DMPO) were of chromato-
graphic grade and purchased from Fisher Scientific (Fair Lawn, NJ, USA). H2O2 (30%, w.t.)
solution, PVA (Type 1788) with an average molecular weight of 46,000 g/mol (hydrolysis
degree of 88%), humic acid (HA), N, N-Diethyl-p-phenylenediamine (DPD), and 5,5-dimethyl-
1-pyrrolinr N-oxide (DMPO) were purchased from Sigma-Aldrich (Shanghai, China). All
solutions were prepared with ultrapure water from a Millipore Milli-Q water system (Direct-
Q3 UV). The secondary effluent taken from a municipal wastewater treatment plant (Songjiang
District, Shanghai, China) was used as the real wastewater with dissolved organic carbon
(DOC) of around 4.5 mg C/L after filtered through a 0.45 µm membrane. PAA solution,
containing PAA:H2O2 at a molar ratio of 1.34:1, was freshly prepared according to the reaction
(Equation (10)) and stored at 4 ◦C [36].

CH3COOH + H2O2
H2SO4↔ CH3C(O)OOH + H2O (10)

2.2. Experimental Procedures

All experiments were conducted in a 200 mL glass reactor with constant magnetic
stirring at room temperature (20 ± 1 ◦C). The reaction solution contained designated
concentrations of target pollutants, the initial pH of which was adjusted to 3.0, 4.0, 5.0,
6.0, and 7.0 by sodium hydroxide (1 M) or sulfuric acid (1 M). Reactions were initiated by
adding different dosages of PAA and FeSO4·7H2O simultaneously. Samples (1–2.5 mL)
were withdrawn within 10 min at predetermined intervals and immediately quenched by
excessive sodium thiosulfate ([Na2S2O3]/[PAA]0 molar ratio >10) for the analysis of target
compounds. Meanwhile, PAA decay was also monitored by taking samples periodically
without adding any quenching agent. To explore the contribution of direct PAA oxidation
and the radicals produced from H2O2 contained in PAA solution, additional trials were also
conducted by adding PAA only or Fe2+/H2O2 (H2O2 dosage equal to the concentration
of H2O2 in PAA solution). Quenching tests were performed by spiking 100 mM TBA or
MeOH to the reaction solution before the addition of PAA and Fe2+. The concentrations of
TBA or MeOH were high enough to quench reactive radicals. To quantify the steady-state
concentration of ·OH in Fe2+/PAA/H2O2 system under different pH conditions, the ·OH
probe (pCBA) was spiked to the reaction solution and its time-dependent degradation was
also analyzed.

The effect of water matrices on the degradation of the three target pollutants in
Fe2+/PAA/H2O2 system was assessed by adding Cl− (0–2000 mg/L), SO4

2− (0–2000 mg/L),
HCO3

− (0–2000 mg/L), and HA (0–10 mg C/L), respectively, to the reaction solution. The
degradation tests were also conducted in practical wastewater effluent. Samples were
also taken for oxidized products or DOC analysis at the beginning and end of each test.
All experiments were conducted at least in duplicate, and the error bars represented the
standard deviation.
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2.3. Analytical Methods

The ANL and pCBA concentrations were measured by high-performance liquid chro-
matography (HPLC, Thermo Scientific UltiMate DioNEX 300, Waltham, MA, USA) coupled
with a Symmetry-C18 column (5 µm, 4.6 mm × 250 mm) and a UV detector. The mobile
phase for ANL was a 65:35 (v/v) mixture of methanol and ultrapure water at a flow rate
of 1 mL/min. The mobile phase for pCBA was a mixture of methanol and phosphoric
acid (70:30, v/v %) with a flow rate of 1 mL/min. The injection volumes of ANL and
pCBA samples were 10 and 100 µL, respectively. Both ANL and pCBA were analyzed
at the wavelength of 230 nm. The RB5 concentration was measured with an ultraviolet
spectrophotometer (UV1800) at a wavelength of 598 nm. The PVA concentration was
measured using the modified colorimetric method [37]. Briefly, eight 25 mL volumetric
flasks were prepared with each containing either 0, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mL
of 0.5 g/L standard PVA solution and diluted to 10 mL. Then, 5 mL of 4% boric acid and
2 mL of I2-KI (1.27 g/L I2 and 25 g/L of KI) were added. After equilibration for 5 min, the
solutions were diluted to 25 mL and measured at a wavelength of 690 nm.

Electron paramagnetic resonance (EPR, EMXnano231, Bruker, Rheinstetten, Germany)
was used to determine the reactive species with DMPO as the spin trapping agent, with
further details presented in SI. The oxidized products of RB5 by Fe2+/PAA/H2O2 system
were analyzed by HPLC-MS (Q Exactive Focus, Thermo Fisher Scientific, Waltham, MA,
USA), and ANL was detected by GC-MS (Thermo Fisher Scientific, Waltham, MA, USA), the
details of which were provided in SI. The PAA stock solution was regularly calibrated using
titration method [7]. Concentrations of PAA and H2O2 in PAA solution were determined
according to the Hach DPD method [38]. H2O2 concentration in the absence of PAA was
measured using a triiodide absorbance method [39]. Acute ecotoxicity was assessed by
the change of bioluminescence intensity bioluminescent with Vibrio fischeri bacteria in
toxicity analyzer (HACH, Ames, IA, USA) [40], with the details of the method given in
Supplementary Materials.

3. Results and Discussions
3.1. Process Degradation Efficiency Assessment

The degradation behaviors of Fe2+/PAA/H2O2 towards the three pollutants were
comparatively evaluated at initial pHs of 3.0, 4.0, 5.0, 6.0, and 7.0 compared with PAA
only and Fe2+/H2O2. As shown in Figure 1a, 90% of RB5 was removed through an initial
fast degradation (94%) within 5 s, followed by a slow degradation in the Fe2+/PAA/H2O2
system, while a minor RB5 degradation (<5%) occurred in PAA only system due to the slow
reaction rate. In the Fe2+/H2O2 system, RB5 removal decreased by 6% in the first 5 s and
75% in the whole process compared with Fe2+/PAA/H2O2, attributed to reactive oxidative
species (ROS) generated from PAA in addition to H2O2. By contrast, ANL removal in the
Fe2+/PAA/H2O2 system (47%) was comparable to that (39%) in the Fe2+/H2O2 system,
which suggested that the degradation efficiency of ANL in the former was mainly attributed
to the presence of H2O2 other than PAA. Interestingly, the PVA degradation efficiency was
lower in the Fe2+/PAA/H2O2 system compared with the Fe2+/H2O2 system. This was
likely because PAA reacted much faster with Fe2+ than H2O2 and thus contributed to its
preferential consumption of Fe2+. On the other hand, the presence of PAA may convert
·OH to C− via the reaction of ·OH with PAA according to Equation (10). In comparison
with previously reported results (Table 1), this process showed a relatively rapid removal
of these three pollutants, especially RB5 [41–46].
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Figure 1. Time-dependent degradation of (a,d,g,j,m) RB5, (b,e,h,k,n) PVA and (c,f,i,l,o) ANL by
different processes in a pH range of 3.0–7.0. Conditions: [PAA]0 = 15 mg/L, [H2O2]0 = 5 mg/L,
[RB5]0 = 20 mg/L, [PVA]0 or [ANL]0 = 10 mg/L, initial pH = 3.0, 5.0, and 7.0, T = 21 ± 1 ◦C.

Table 1. Comparison of different AOPs in removing RB5, ANL, and PVA with Fe2+/PAA/H2O2 system.

AOPs Pollutants
Pollutant

Concentration
(mg/L)

Reaction
Time
(min)

Initial
pH

Catalyst
Dose

(mg/L)

Oxidant
Dose

Removal
Efficiency

(%)
References

Ag3PO4/Visible
light RB5 50 120 11.0 500 150 W 91 [41]

O3/Co-Ce-O RB5 100 80 7.0 1000 60 LPH 96 [42]
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Table 1. Cont.

AOPs Pollutants
Pollutant

Concentration
(mg/L)

Reaction
Time
(min)

Initial
pH

Catalyst
Dose

(mg/L)

Oxidant
Dose

Removal
Efficiency

(%)
References

Fe3O4/PMS RB5 50 60 7.0 250 614.76 mg/L 94.86 [43]
AmGO/UV-A RB5 100 120 8.0 5000 40 W 75 [44]

Fe2+/PAA/H2O2

RB5 20 10 3.0 1.1
15/5 mg/L

94
This workANL 10 10 3.0 2.2 47

PVA 10 5 3.0 2.2 20

UV/SPC ANL 93.13 120 6.8 314 17.85
mw/cm2 54.25 [45]

UV/NiFe2O4 PVA 25 140 6.0 300 15 W 94.3 [46]

Note: PS, persulfate; PMS, peroxymonosulfate; AmGO, amino-Fe3O4-functionalized graphene oxide; SPC, sodium
percarbonate; LPH, Litres per hour.

The ·OH was identified in Fe2+/PAA/H2O2 system via EPR. Figure S1 showed that
the characteristic peak of the DMPO-HO· spin adduct signal appeared in the spectrum,
suggesting the existence of ·OH in the system. To differentiate between the contributions
of ·OH and other ROSs, (i.e., peroxyl radicals and Fe(IV)), TBA was used to quench ·OH
(k·OH/TBA = (3.8–7.6) ×108 M−1s−1) [47], and MeOH was used as a quencher for both
·OH (k·OH/MeOH = 9.16×109 M−1s−1) [48] and acetyl(per)oxyl radicals, (i.e., CH3COO·
and CH3C(O)OO·) [30]. As shown in Figure 1a–c, TBA significantly inhibited the removal
of ANL and PVA by 15% and 17%, respectively, but showed negligible influence on RB5
removal. By contrast, MeOH inhibited the removal of RB5, ANL, and PVA by 25%, 37%, and
17%, respectively. These results further indicated that PVA degradation mainly depended
on ·OH, ANL mainly on both ·OH and other ROSs, while RB5 was mainly on other ROSs
compared to ·OH.

The influence of pH on the degradation of these three pollutants was investigated in
a range of 3.0–7.0. Figure 1 showed that their degradation efficiencies declined with the
increase in pH, the extent of which followed an order of RB5 > ANL > PVA. The pH effects
for RB5 and PVA were more significant in Fe2+/PAA/H2O2 compared with Fe2+/H2O2,
while similar for ANL. These results indicated that other ROSs were more susceptible to
pH than ·OH, likely due to the higher reaction rate constants in Equations (1)–(3) (16,000–
110,000 M−1 S−1) compared with Equations (4) and (5) (63–76 M−1 S−1) [27]. Therein, the
former could be inhibited more significantly at the elevated pH mainly because of the
higher OH− concentration. Meanwhile, the higher pH could result in a decline in Fe2+

according to reaction 11.
Fe2+ + OH− → Fe(OH)2 (11)

3.2. Effects of PAA and Fe2+ Dosages on Pollutants’ Removal

The effects of PAA and Fe dosages on the degradation efficiencies of the three pollu-
tants were evaluated. As shown in Figure 2a–c, their removals increased with the PAA
dosage rising from 5 to 15 mg/L likely attributed to the increased number of radicals.
As the PAA dosage further rose to 30 mg/L, their removals either remained stable (RB5)
or decreased, which may be explained by the quenching effect of PAA and/or H2O2 on
radicals [30]. These results indicated that the optimal PAA dosage was 15 mg/L.
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Figure 2. Effects of PAA and Fe2+ dosages on the degradation of (a,d) RB5, (b,e) ANL and (c,f) PVA.
Conditions: [RB5]0 = 20 mg/L, [PVA]0 and [ANL]0 = 10 mg/L, initial pH = 3.0, T = 21 ± 1 ◦C.

Moreover, the influence of Fe2+ dosage on their removals was studied with the PAA
dosage of 15 mg/L. Figure 2d–f showed that RB5 removal was relatively stable against Fe2+

dosage from 0.55 to 2.20 mg/L, likely owing to the sufficient Fe2+ even at a low dosage
(0.55 mg/L) for the activation of PAA/H2O2. ANL removal increased from 11% to 38% with
the elevated Fe2+ dosage, implying the enhanced activation of Fe2+ on PAA/H2O2. While
PVA removal increased initially (Fe dosage < 2.20 mg/L) and then remained unchanged.
These results demonstrated that the dosages of both Fe2+ and PAA/H2O2 had a significant
influence on the removal of these pollutants.
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3.3. Effects of Coexisting Inorganic Anions and Humic Acid on Pollutants’ Removal

3.3.1. Effects of Coexisting SO4
2−, Cl−, and HCO3

−

Considering that textile wastewater generally had high contents of SO4
2−, Cl−, and

HCO3
−, their effects on the removal of the three pollutants were investigated with the

anions’ concentrations of 0–2000 mg/L. Figure 3 demonstrated that all these anions in-
hibited their removals, the extent of which followed an order of HCO3

− > SO4
2− > Cl−.

The inhibition of HCO3
− was probably because of the quenching effect of HCO3

− on
·OH to generate less reactive HCO3

· according to reaction (12) with a high reaction rate
constant (>108 M−1s−1) [49]. In addition, HCO3

− may consume Fe2+ to form nonreactive
Fe2+-HCO3

− complexes [20], and probably cause a pH increase simultaneously. Among
these three pollutants, PVA was the most sensitive against these anions, indicating the
possibly easier quenching of ·OH by these anions than other ROSs. As for RB5, SO4

2− at
2000 mg/L or HCO3

− at 200 and 2000 mg/L significantly decreased the removals from
98 to 82.5% or from 98.6 to approximately 81.2%, respectively. The inhibition of SO4

2−

and Cl− was likely because they could convert ·OH and peroxyl radicals to SO4·− and
chlorine-containing radicals which may show relatively weak oxidative capacity towards
these pollutants [36].

HCO3
− + ·OH→HCO3

· + OH− (12)
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Figure 3. Effect of coexisting SO4
2−, Cl−, and HCO3

− on the degradation of (a) RB5, (b) ANL, and
(c) PVA in Fe2+/PAA/H2O2 system. Conditions: [PAA] = 15 mg/L, [RB5]0 = 20 mg/L, [PVA]0 or
[ANL]0 = 10 mg/L, pH = 3.0, T = 21 ± 1 ◦C, [anion] = 0, 20, 200, and 2000 mg/L.
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3.3.2. Effects of Background HA and Real Water Matrix

The influence of HA on the degradation of these three pollutants was investigated.
Figure 4 showed that HA at a low concentration of 1 mg C/L had a minor effect on their
removals, while notable inhibition at 5 and 10 mg C/L. In addition, the inhibition effect
followed an order of RB5 > ANL > PVA, indicating a probably higher scavenging capacity
of HA on peroxyl radicals compared with ·OH [36]. As for the effect of the water matrix,
the removals of RB5, ANL, and PVA decreased from 99%, 35%, and 18% to 56%, 15%, and
7%, respectively. The more pronounced effect on PVA was probably because ·OH, with
a non-selective oxidation property, tended to be consumed by background organics in
practical wastewater compared to other ROSs.
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Figure 4. Effect of coexisting HA and real water matrix on the degradation of RB5, PVA and
ANL in Fe2+/PAA/H2O2 system. Conditions: [PAA] = 15 mg/L, [RB5]0 = 20 mg/L, [PVA]0 or
[ANL]0 = 10 mg/L, pH = 3.0, T = 21 ± 1 ◦C.

3.4. Acute Toxicity Evaluation

A bioluminescent bacteria test was used to evaluate the acute toxicity alteration
induced by different AOPs. Figure 5 showed that, after Fe2+/PAA/H2O2 treatment, the
toxicity of RB5 and PVA decreased while that of ANL increased. For all these pollutants,
the Fe2+/PAA/H2O2 treated systems possessed lower toxicity compared with Fe2+/H2O2
treated ones, implying the eco-friendly advantage of the former. In order to further reduce
the toxicity of the effluent, the combination of Fe2+/PAA/H2O2 and subsequent adsorption
treatment might be a potential approach.
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Conditions: [PAA] = 15 mg/L, pH = 3.0, T = 21 ± 1 ◦C. RB5: ([RB5]0 = 20 mg/L, Fe2+:
PAA:H2O2 = 1.1 mg/L:15 mg/L:5 mg/L, Fe2+: H2O2 = 1.1 mg/L:5 mg/L); PVA or ANL: ([PVA]0

or [ANL]0 = 10 mg/L, Fe2+: PAA:H2O2 = 2.2 mg/L:15 mg/L:5 mg/L, Fe2+: H2O2 = 2.2 mg/L:5 mg/L).
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3.5. Intermediate Products and Proposed Pathways

Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three
pollutants, RB5 was selected as the typical pollutant to identify the degradation prod-
ucts and possible pathways. Nine intermediates were identified (Figure S2) and their
structures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible
degradation pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3
(m/z 221), C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein,
the main mechanisms probably included hydroxylation, dehydrogenation, and demethyla-
tion, which was consistent with the previously reported oxidation mechanism related to
peroxyl radicals [50,51].

Table 2. Details and proposed molecular structure of detected degradation intermediates during
Fe2+/PAA/H2O2 oxidation of RB5.

No. Retention Time
(min)

Chemical
Formula Molecular Mass Experimental

Mass (m/z) Proposed Structure

(1) 5.72 C18H16N3NaO13S4 633.58 634.15

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(5) 9.94 C26H25N3O8S2 571.62 572.41

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(6) 3.71 C26H25N3O7S2 555.62 556.39

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(7) 4.29 C16H15N3O 265.31 267.00

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 

(8) 4.29 C10H11N3O3 221.21 223.07

Catalysts 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

3.5. Intermediate Products and Proposed Pathways 
Owing to the highest degradation efficiency by Fe2+/PAA/H2O2 among these three 

pollutants, RB5 was selected as the typical pollutant to identify the degradation products 
and possible pathways. Nine intermediates were identified (Figure S2) and their struc-
tures were proposed in Table 2. Accordingly, Figure 6 exhibited three possible degrada-
tion pathways of RB5 (C26H21N5Na4O19S6, m/z 991) to finally form C10H11N3O3 (m/z 221), 
C17H14N3NaO7S2 (m/z 459), and C10H10N2O (m/z 174), respectively. Therein, the main mech-
anisms probably included hydroxylation, dehydrogenation, and demethylation, which 
was consistent with the previously reported oxidation mechanism related to peroxyl rad-
icals [50,51]. 

Table 2. Details and proposed molecular structure of detected degradation intermediates during 
Fe2+/PAA/H2O2 oxidation of RB5. 

No. 
Retention 

Time (min) 
Chemical Formula Molecular Mass 

Experimental Mass 
(m/z) 

Proposed Structure 

(1) 5.72 C18H16N3NaO13S4 633.58 634.15 
OH

NH2NaO3S

HO3S N N S

O

O

O S

O

O

OH

 

(2) 5.72 C22H15N5Na2O10S3 651.56 652.13 

NaO3S

NaO3S N N

OH

NH2

N N S

O

O

OH

 

(3) 5.27 C16H11N2NaO7S2 430.39 431.09 
ONa

HO3S

N N S

O

O

OH

 

(4) 5.27 C17H14N3NaO7S2 459.43 460.28 OH

NHO3S N S

O

O
Na

NH2

CH3

O

 

(5) 9.94 C26H25N3O8S2 571.62 572.41 

HN

OH

NH2

H
N

HO

CH CH2

S
O

O

O S

O

O

OH  

(6) 3.71 C26H25N3O7S2 555.62 556.39 

HN

OH

NH2

H
N CH CH2

S
O

O

O S

O

OH

O  

(7) 4.29 C16H15N3O 265.31 267.00 
HN

OH

NH2

H
N

 

(8) 4.29 C10H11N3O3 221.21 223.07 

HN

OH

NH2

HO

HO NH2

 

(9) 3.71 C10H9NO3S 223.25 224.07 

HO3S

NH2 



Catalysts 2022, 12, 684 11 of 14

Table 2. Cont.

No. Retention Time
(min)

Chemical
Formula Molecular Mass Experimental

Mass (m/z) Proposed Structure
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For ANL, six main intermediates were identified with their proposed structures
(Table S1) and possible degradation pathways (Figure S3) [52,53]. ANL was firstly attacked
by ·OH to form nitrobenzene (m/z 123), N-phenylacetamide (m/z 135), and azoxybenzene
(m/z 198), all of which could be further degraded to CO2 and H2O.

4. Conclusions

In this work, the degradation of RB5, ANL, and PVA by Fe2+/PAA/H2O2 was in-
vestigated compared with Fe2+/H2O2. Therein, Fe2+/PAA/H2O2 and Fe2+/H2O2 were
relatively suitable for the degradation of RB5 (94%) and PVA (25%), respectively, while
exhibiting similar removal efficiency on ANL. In addition, Fe2+/PAA/H2O2 was more
pH-dependent compared with Fe2+/H2O2. Quenching test results indicated that PVA
degradation mainly depended on ·OH, ANL mainly on both ·OH and other ROSs (peroxyl
radicals and Fe(IV)), while RB5 was mainly on other ROSs. Both HCO3

− (20–2000 mg/L)
and HA (5–10 mg C/L) showed great inhibition in their removals. Among these pol-
lutants, practical effluent showed the greatest inhibition on PVA removal. Toxicity test
results demonstrated that, for all these pollutants, Fe2+/PAA/H2O2 treated systems had
lower toxicity compared with Fe2+/H2O2 treated ones. Three pahways of RB5 degradation
were proposed with the possible mechanisms including hydroxylation, dehydrogena-
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tion, and demethylation. This work may provide guidance to assess the suitability of
Fe2+/PAA/H2O2 to efficiently remove typical pollutants in textile wastewater.
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