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a b s t r a c t
Highly reactive oxidizing species such as sulfate and hydroxyl radicals have been widely used in 
oxidative degradation of various organic pollutants. In this paper, attapulgite supported sulfide mod-
ified nanoscale zero-valent iron (APT/S-nZVI) was synthesized and utilized to activate persulfate (Ps) 
and hydrogen peroxide (H2O2) for removal of p-nitrophenol (PNP), respectively. The effects of main 
factors (such as S/Fe molar ratio, oxidant concentration, initial PNP concentration, pH, temperature 
and others) on the removal of PNP in different systems were investigated. The results showed that 
the APT/S-nZVI/H2O2 system had stronger removal efficiency and faster reaction rate for PNP than 
that of the APT/S-nZVI/Ps system under the same fitting conditions, but the APT/S-nZVI/Ps system 
was efficient over a wide pH range of 3–9, while the efficient pH in the APT/S-nZVI/H2O2 system was 
confined to just 3. Among them, dosage of oxidant, pH value and temperature significantly influ-
enced the PNP removal performance by APT/S-nZVI/H2O2, while the influence of the molar ratio of 
S/Fe and the initial concentration of PNP on the PNP removal performance of APT/S-nZVI/Ps system 
is more obvious. The factors that affect the PNP removal performance are different in two systems 
due to the different free radicals generated by Fe2+ activated Ps and H2O2. The underlying mecha-
nism and degradation products of APT/S-nZVI in activating Ps and H2O2 were elucidated through 
UV-Vis spectra and gas chromatography-mass spectrometry. In addition, the effect of different inor-
ganic ions on the degradation of PNP in the two systems was investigated, and the result showed that 
the common anions certain inhibitory effect on PNP removal, but the degradation of PNP remained 
above 97%. The study demonstrated that both APT/S-nZVI/Ps and APT/S-nZVI/H2O2 system can 
efficiently remove PNP, but which system is more suitable for the practical application should be 
according to the requirements of removal and circumstance conditions.
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1. Introduction

With the rapid development of industrialization in 
recent years, a large number of highly toxic pollutants are 
being discharged freely into the ecosystem, which poses a 

serious threat to the health of humans and wildlife [1]. In 
particular p-nitrophenol (PNP, C6H5NO3) and its derivatives 
are extensively used in the manufacture of different kinds 
of pesticides, pharmaceuticals, and synthetic dyes, which 
makes it widely used in the chemical industry. However, its 
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high toxicity, good water solubility and excellent chemical 
and biological stability make it a potentially toxic pollutant 
present in natural water and wastewater systems [2] and 
is also considered one of the most difficultly decomposed 
persistent organic pollutants [1]. Therefore, it is necessary 
to develop an efficient treatment approach in order to min-
imize its bio-refractory and adverse effects on the environ-
ment. So as far, there are many methods have been adopted 
to remove PNP from aquatic environment, such as advanced 
oxidation process (AOPs) [3], electrochemical technology 
[4], photocatalysis [5], membrane method [6], adsorption 
[7], nitration method [8], cross-linked resin [9]. Among 
these techniques, AOPs as clean and efficient technologies 
are widely used in the degradation of organic pollutants by 
free radicals (e.g., hydroxyl radicals, sulfate radicals), which 
can oxidize most of them into small molecules and even 
mineralize the intermediates completely. Both of hydroxyl 
radicals and sulfate radicals possessing strong oxidizing 
capability may attack PNP, destroy the structure of aro-
matic ring and obtain a favorable treatment effect through 
cumulative oxidizability [10,11]. Hydrogen peroxide (H2O2) 
and persulfate (Ps) are the two main precursors for the pro-
duction of hydroxyl and sulfate radicals and are commonly 
used in practice [12]. H2O2 has strong oxidability under 
acidic conditions and the produced hydroxyl radical (OH•) 
with high potential of 2.7 V. It has attracted much attention 
for its high degradation efficiency, easy implementation and 
environmental friendliness to target pollutants. Compared 
with H2O2, Ps as a more advantageous oxidant have been 
applied extensively to treat contaminated groundwater and 
soils due to its solubility and higher chemical stability [13]. 
It can generate highly oxidative species, sulfate radicals 
SO4

•– (E = 2.6 V) through the activation process and has a 
longer half-life of 30–40 µS compared with OH•. The SO4

•– 
has an oxidation capacity close to OH• (E0 = 2.7 V) under 
acidic conditions, while its oxidation capacity is signifi-
cantly superior to OH• under neutral and alkaline condi-
tions [13,14]. Common AOPs usually adopt homogeneous 
catalysis or heterogeneous catalysis to enhance the yield of 
OH• or SO4

•–oxidizing free radicals [15,16]. In general, nZVI 
is considered to be a promising heterogeneous catalyst for 
the reaction. It can gradually release Fe2+, avoiding the rapid 
depletion and excessive Fe2+ induced scavenging reactive 
oxygen species (ROS) [17]. As a heterogeneous catalysis 
and substitute of Fe2+, nZVI has strong reactivity and reduc-
tion ability (E0 = 0.44 V), and is widely used as an activa-
tor for Ps and H2O2 to generate active substances [18,19] as 
expressed by Eqs. (1)–(5).
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Although nZVI has been widely used as a catalyst for 
AOPs, it is easily passivated and agglomerated due to its high 
surface energy and magnetic properties [20]. The oxidation pas-
sivation layer created during the reaction also reduces the reac-
tivity and mobility of the nZVI, resulting in reduced removal 
of pollutants [21]. The nZVI is similarly susceptible to corro-
sion and produces large amounts of Fe2+, which may induce 
the scavenging of SO4

•– and OH•, as in Eqs. (6) and (7) [14].
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To overcome these disadvantages of nZVI and to 
enhance its practical applications, various strategies have 
been adopted, such as surface modification, metal doping 
and loading on the support material [22,23]. In these strat-
egies, sulfation of nZVI has been shown to be very effec-
tive in reducing particle aggregation and enhancing the 
stability of nZVI. Recently studies had demonstrated that 
sulfide-modified nZVI (S-nZVI) has higher reactivity than 
that of nZVI and accelerated reductive removal of contam-
inants, even at high pH [24]. Due to the formation of iron 
sulphide rather than iron oxide layers on the nZVI surface, 
S-nZVI has a stronger hydrophobicity and a lower band 
gap to maintain its reducing power and improve the trans-
fer of electrons [25,26]. In addition, the formation of an iron 
sulphide layer can effectively slow down the release of Fe2+ 
scavenging radicals by excessive nZVI corrosion. Ps activated 
with S-nZVI appear to degrade chemical contaminants bet-
ter than those activated with bare nZVI, suggesting a prom-
ising application of S-nZVI/Ps in AOPs processes [27]. The 
reported researches have shown that S-nZVI can activate Ps 
and H2O2 to generate SO4

•– and OH• in a similar way to nZVI 
[Eqs. (1)–(5)] [28–30]. Accordingly, S-nZVI has the potential 
to be a promising alternative for activating Ps or H2O2 for the 
effective oxidation of organic pollutants.

The select of a suitable substrate for loading nZVI is also 
an especially significant method, to further improve its dis-
persion and stabilization. Moreover, supported-nZVI has 
shown higher stability compared to bare nZVI [31]. The ste-
ric stability of nZVI can be enhanced to a certain extent, and 
the agglomeration can be effectively reduced [32]. As a kind 
of natural mineral material, attapulgite (APT) has proven to 
be effective support to improve the stability of nZVI, due to 
its abundant porous structure, large specific surface area and 
environmental stability [33]. Moreover, as a green economic 
adsorbent, it is widely used in the removal of heavy metal 
ions, dyes and organics [34–36]. In our previous studies, 
APT-supported sulfidation of nZVI (APT/S-nZVI) was pre-
pared to removal heavy metals. More importantly, due to the 
porous nature of APT, it can initially disperse and stabilize 
nanoparticles [37], which could enhance the performance 
of APT-supported nZVI in environmental applications.

As known, there are many studies about nZVI in acti-
vating Ps and H2O2 for removal of contaminants [26,38–40]. 
However, there are very few studies addressing the applica-
tion of APT/S-nZVI to activate Ps and H2O2 for PNP treatment. 
Besides, the feasibility of S-nZVI in activating other oxidants 
such as H2O2 is yet to be examined. In this study, we have 
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successfully synthesized APT/S-nZVI and used it to activate 
Ps and H2O2 to oxidative degrade PNP. The feasibility of acti-
vating Ps and H2O2 for the degradation of PNP in two systems 
under different conditions was compared and analyzed. The 
influencing factors (concentration of oxidant, S/Fe mole ratio, 
initial concentration of PNP, pH, and initial concentrations) 
are developed, respectively. Moreover, the possible degrada-
tion pathways of PNP in different oxidant systems were pro-
posed. We aim to illuminate that the system of APT/S-nZVI 
coupled with H2O2 or Ps as an advanced water treatment 
method can be a cost-effective and promising strategy for 
the treatment of the toxic and refractory PNP wastewater.

2. Materials and methods

2.1. Chemical reagents

Attapulgite (APT, 99%) (JC-J503) was purchased from 
Jiangsu Xuyi Nano-materials Science and Technology 
Co., Ltd., sodium borohydride (NaBH4, 98% purity) and 
potassium persulfate (Ps) were purchased from Shanghai 
Zhongqin Chemical reagent Co., Ltd. Tert-butanol (TBA) 
and hydrogen peroxide (H2O2, 30%) were purchased from 
Sinopharm Chemical Reagent Co, Ltd., ferrous sulfate 
(FeSO4·7H2O) was obtained from Yantai Shuangshuang 
Chemical Co., Ltd., p-nitrophenol (PNP) was supplied by 
Tianjin Kaixin Chemical Co., Ltd., methanol and dithionite 
(Na2S2O4)were obtained from Tianjin Fuyu Fine Chemicals 
Co., Ltd. The solution pH was adjusted using 1.0 M hydro-
chloric acid (HCl) or sodium hydroxide (NaOH). Sodium 
bicarbonate (NaHCO3, 99%), purchased from Tianjin Bodi 
Chemical Co. Sodium nitrate (NaNO3, 99%), purchased from 
Yantai Shuangshuang Chemical Co., Ltd., sodium dihydro-
gen phosphate (NaH2PO4, 99%), purchased from Laiyang 
Chemical Experimental Factory. All the chemicals were ana-
lytical grade and used as received without further purifi-
cation. Deionized water was used for the preparation of all 
working solutions within the required concentration.

2.2. Preparation of nZVI and APT/S-nZVI composite

The nZVI and APT/S-nZVI composites were prepared in 
complete agreement with the preparation steps and methods 
of our previously published literature [37]. Briefly, 0.045 M 
NaBH4 was first mixed with certain amount of Na2S2O4 
(0.0015 M, 0.003 M, 0.0045 M and 0.006 M) in 100 mL deion-
ized water, and then added dropwise (about 60 drops·min–1) 
into 100 mL solution containing 0.018 M FeSO4·7H2O 
and 0.0011 M APT with stirring at 300 rpm to achieve S/
Fe molar ratios of 0.1, 0.3, 0.5 and 0.7 in the reaction solu-
tion. Afterward, collected blackish particles were washed 
and cleaned with deionized water and anhydrous ethanol 
for three times to remove undesirable traces, and dried in 
a vacuum at 60°C for 7 h. The whole preparation process 
was executed under nitrogen environment. The preparation 
method of nZVI is the same as that of S-nZVI, except that 
Na2S2O4 and APT are not added.

2.3. Batch experiments

0.1 g of APT/S-nZVI was added to 100 mL of PNP 
solution with a concentration of 50 mg·L–1. The pH of the 

solution was adjusted with 1.0 M HCl and NaOH. Before 
carrying out the adsorption experiment, different amounts 
of Ps or H2O2 were added to the solution and the prepared 
solution were shaken in a constant-temperature shaker 
(298 K) at 230 rpm, and the solution was oscillated at a 
certain temperature. At certain time intervals, 1 mL of the 
suspension was accurately measured and filtered, and the 
residual concentration of PNP was measured at λ = 317 nm 
(pH = 3) using a UV spectrophotometer. In order to study 
the removal effect of PNP in Ps system and H2O2 system, 
we studied and compared the difference of PNP removal 
in the two systems under different S/Fe molar ratios (0.1–
0.7), oxidant content (0–20 mM), activator different dos-
age (0.5–2 g·L–1) and pH (3–11). In addition, the effects of 
temperature (298–318 K) on the removal of PNP in the two 
systems, as well as the effects of different concentrations 
(25–100 mg·L–1) on the removal kinetics and thermodynamic 
parameters of PNP was studied, and the removal rate R and 
adsorption capacity Q [Eqs. (8) and (9)] were calculated. 
The chemical properties of PNP are shown in Table S1.
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where R (%) represents the removal efficiency of the pol-
lutants; C0 is the initial PNP concentration and C denotes 
the PNP concentration at t min; q is the adsorption capac-
ity of the dye at t min; V (L) and m (g) are the volume of 
the adsorbent solution and the mass of the adsorbent, 
respectively.

2.4. Analysis methods

The concentration of PNP was determined by UV spec-
trophotometer (UV2355 Lonico Shanghai Instruments Co., 
Ltd.) and the pH of the solution was detected by (PHS-3D 
Shanghai Magnetics Instruments Co., Ltd.). The final deg-
radation products of PNP were analyzed by gas chroma-
tography-mass spectrometry (GC 2030 MS QP2020 Japan 
- Shimadzu), and the chemical properties and crystal struc-
tures of S-nZVI before and after the reaction were analyzed 
by X-ray diffraction (D/MAX-2400X Nihon Rigaku Co.,) 
and X-ray photoelectron spectroscopy (Zetasizero Nano 
Malvern Instruments), respectively.

Dissolved ferrous ions (Fe2+) were quantified by the 
1,10-phenanthroline method [41]. The samples were then 
analyzed at 510 nm using an ultraviolet-visible spectropho-
tometer (UV2355 Lonico Shanghai Instruments Co., Ltd.).

3. Results and discussion

3.1. Method optimization

3.1.1. Effects of different materials on the removal of PNP

To demonstrate the superiority of composite material 
activation Ps and H2O2 in the removal of PNP, the removal 
effects of PNP were studied in different systems at pH = 3. 
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The results are shown in Fig. 1a and b. From the graph, it 
can be clearly seen that in the absence of oxidants, the PNP 
removal rates of APT and nZVI alone were only 9.48% and 
45.08%, respectively. Compared with APT and nZVI, the 
PNP removal efficiency of APT/S-nZVI composite can reach 
62.03%. The removal of PNP by nZVI and APT/S-nZVI is 
mainly due to the reduction of Fe, and the sulfide generated 
by S-nZVI on the surface of nZVI inhibits its agglomeration 
to a certain extent [26,42]. Secondly, the introduction of APT 
makes the dispersion of S-nZVI uniform and increases the 
active sites, so that APT/S-nZVI has a higher reactivity to 
PNP and improves the removal efficiency of PNP. When 
different oxidants are added, APT has no effect on the acti-
vation of Ps and H2O2. By contrast, the PNP removal effi-
ciency of nZVI and APT/S-nZVI composites is significantly 
improved, and the removal efficiency is close to 100% in a 
short period, indicating that free radicals are generated in 
both Ps and H2O2 systems after the addition of oxidants. 
It can be seen from Fig. 1c and d that the removal rate of 
PNP by APT/S-nZVI and nZVI are both accelerated after the 
addition of oxidizer. Compared with Ps system, the removal 
effect (removal efficiency and reaction rate) is more obvious 
in H2O2 system. The different removal effects in the two sys-
tems can be explained by the generation of different types 
of free radicals. On the one hand, sulfate radical is mainly 
generated in Ps system, while hydroxyl radical is mainly 
generated in H2O2 system. At pH = 3, the redox potential of 
SO4

•– (E = 2.6 V) is lower than that of OH• (E = 2.7 V), making 
the removal effect weak. On the other hand, the SO4

•– gen-
erated in the Ps system can form iron complexes with iron 
species, which cover the surface of the material and have 
a certain impact on the removal of PNP [14,38]. Therefore, 

the follow-up experiments compare the PNP removal effects 
of the two systems under different conditions to find the 
best removal conditions under the respective systems. To 
further highlight the superiority of the S-nZVI material, 
we investigated the degradation efficiency of the homoge-
neous Ps/Fe2+ and H2O2/Fe2+ processes parallel to the non-ho-
mogeneous activation (S-nZVI activation), as shown in 
Fig. S1, the removal rates of the H2O2 and Ps systems during 
homogeneous oxidation were 33.10% and 29.03%, respec-
tively, which were much lower than the non-homogeneous 
S-nZVI system (close to 100%). This is mainly attributed 
to the fact that Fe2+ is rapidly released in large quantities 
in the homogeneous system and the excess Fe2+ can con-
sume some of the free radicals Eqs. (6) and (7) [14], leading 
to a significant reduction in the removal rate.

3.1.2. Effects of different S/Fe molar ratios on removal of PNP

S/Fe mole ratio plays a key role in the process of APT/S-
nZVI activation of Ps and H2O2 oxidation removal of PNP. 
In order to observe the effect of S/Fe mole ratio on PNP 
removal, APT/S-nZVI composites with S/Fe mole ratio of 0.1, 
0.3, 0.5 and 0.7 were studied to activate Ps and H2O2 to remove 
PNP. As shown in Fig. 2a and b, it can be seen that S/Fe molar 
ratios have slightly different effect on PNP removal in the 
APT/S-nZVI/Ps and APT/S-nZVI/H2O2 systems. Compared 
with the APT/S-nZVI/H2O2 system, APT/S-nZVI/Ps system 
is more susceptible to S/Fe mole ratio. In the APT/S-nZVI/
Ps system, when the S/Fe molar ratio was changed from 0.1 
to 0.5, the removal efficiency of PNP did not change much. 
When the S/Fe molar ratio was 0.3, the removal efficiency was 
the highest, reaching 99.91%, and time to reach equilibrium 

 

 
Fig. 1. Effect of different materials on the removal efficiency of PNP and removal rate constant of PNP, respectively. 
(PNP = 50 mg·L–1, S-nZVI = nZVI = APT = 1 g·L–1, S/Fe = 0.3, initial pH = 3.0, Ps = 6 mM, H2O2 = 6 mM).
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was the least. While the S/Fe molar ratio was 0.7, the removal 
efficiency dropped to 98.03%, and the time to reach equi-
librium increased. The result indicates that there is an opti-
mal S/Fe molar ratio for the activation of Ps in APT/S-nZVI 
composites, and the removal efficiency of PNP decreases 
with the increase of sulfur content. In the APT/S-nZVI/H2O2 
system, the S/Fe molar ratio in the range of 0.1–0.7 has little 
effect on the removal efficiency of PNP. When the S/Fe molar 
ratio is 0.3, the time to reach equilibrium is the shortest.

In order to study the underlying removal mechanism 
under different S/Fe molar ratios, the changes of Fe and S 
valence states on the surface of APT/S-nZVI at different S/
Fe molar ratios (S/Fe = 0.1, 0.3 and 0.5) were analyzed by 
X-ray photoelectron spectroscopy (Fig. 2c). Moreover, the 
X-ray diffraction analysis of as-prepared nZVI and APT/S-
nZVI composites can further provide an information of 
the elements including their oxidation states (Fig. S2). In 
the spectrum of nZVI, there is a strong and sharp peak at 
2θ = 44.6° and no other impurity peaks, which is the char-
acteristic peak of Fe0, indicating that the prepared Fe0 has 
high purity and good crystal structure [37]. For APT/S-
nZVI, the peaks at 2θ = 8.6°, 19.8° and 26.4° correspond to 
the (110), (040) and (400) planes of APT, respectively [43]. 
The diffraction peak at 2θ = 44.6° is significantly stronger 
and sharper than that of nZVI. In addition, a new peak 
detected at 2θ = 64.7° can be attributed to FeS, which was 
formed by the modification of sulphur during the synthesis 
process [44]. As shown in Fig. 2c, the peaks at 710.7 and 
724.3 eV should be attributed to Fe(II)-O/Fe(II)-S, which 
may be present as iron oxides and sulphides. The peaks 
appearing at 712.6 and 725.8 eV are assigned to Fe(III)-O 

[37]. From Fig. 2c, it can be observed that when the S/Fe 
molar ratio is 0.1, a strong Fe0 peak is detected at 706.7 eV, 
and as the S/Fe molar ratio increases from 0.1 to 0.5, the 
surface Fe0 content gradually decreases. It indicates that 
with the increase of sulfur content, a large amount of iron 
sulfide is generated on the surface, which covers the sur-
face of Fe0 and makes the peak intensity of Fe0 very low. 
Moreover, the content of surface FeS gradually decreased, 
which may be due to the change of surface iron sulfide with 
the increase of sulfur content [38]. It can be observed from 
spectrum of S2p of Fig. 2d that when the S/Fe molar ratio is 
0.1, the FeS content is 43.25%, and when the S/Fe molar ratio 
increases from 0.1 to 0.5, the surface FeS content decreases 
to 26.99%, and the FeSx content from 11.42% increased to 
37.67%. While the removal efficiency decreased with the 
increase of S/Fe molar ratio, possibly related to the abun-
dant FeSx on the surface. According to previous studies 
[26], the activity of FeSx is significantly lower than that of 
FeS, and with the increase of sulfur content, excess FeSx 
covers the surface of Fe0, which will block the active sites 
and reduce the reaction activity. This is also the reason why 
the removal efficiency decreases with the increase of S/Fe 
molar ratio. The SO4

•– generated in the APT/S-nZVI/Ps sys-
tem will form iron complexes and deposit on the surface 
of the material, resulting in a decrease in the reactivity of 
APT/S-nZVI [14]. In the APT/S-nZVI/H2O2 system, although 
Fe–O and Fe–S compounds are deposited on the surface of 
the particles, these iron compounds are still able to activate 
H2O2 to form OH• [26]. Therefore, the removal of PNP in 
the APT/S-nZVI/H2O2 system is less affected by the S/Fe  
molar ratio.

 
Fig. 2. Effect of different S/Fe molar ratios activated Ps (a) and H2O2 (b) on the removal of PNP; X-ray photoelectron spectroscopy 
survey spectra of different S/Fe molar ratios, (c) Fe2p, (d) S2p; (PNP = 50 mg·L–1, S-nZVI = 1 g·L–1, initial pH = 3.0, Ps = 6 mM, 
H2O2 = 6 mM).
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3.1.3. Effects of different pH on removal of PNP

In practical applications, solution pH is an important 
factor affecting PNP removal. Fig. 3 shows the PNP removal 
experiments in the pH 3–11 range of the APT/S-nZVI/Ps 
and APT/S-nZVI/H2O2 systems. For the APT/S-nZVI/Ps sys-
tems, as can be seen in Fig. 3a, the highest removal efficiency 
(99.97%) was achieved at pH = 3, with the shortest time to 
equilibrium. When the pH increased from 3 to 9, the removal 
efficiency decreased slightly and the time to reach equilib-
rium became longer, but the final PNP removal efficiency 
all reached more than 99%. When pH = 11, the removal effi-
ciency dropped to 94.70%. The main reason is that under 
acidic conditions, due to the rapid corrosion of Fe0, a large 
amount of Fe2+ is released to activate Ps and H2O2, gener-
ating enough SO4

•– and OH• radicals, which accelerates the 
oxidation reaction and is more effective for the removal of 
PNP. Under alkaline conditions, the activity of Fe0 is weak-
ened by surface passivation [38,39]. The removal of PNP in 
the APT/S-nZVI/H2O2 system was greatly affected by pH 
(Fig. 3b), indicating that the APT/S-nZVI/H2O2 system was 
more susceptible to pH, mainly because the redox potential 
of OH• was affected by pH greater impact. With the increase 
of pH, the redox potential of OH• decreased and the attack 
ability to PNP molecules is weakened. In addition, when 
pH > 5, H2O2 will rapidly self-decompose, resulting in less 
OH• being generated and thus affecting the removal of 
PNP [Eqs. (10) and (11)] [40,45].

OH H O H O O2 2
� � � �2 2  (10)

OH OH Fe H O Fe2
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2
2  (11)

The effect of solution pH on the removal of PNP from 
the APT/S-nZVI/Ps system can also be illustrated by the 
change in solution pH during the experiment. Fig. 3c is 
the change of pH value of the solution in the APT/S-nZVI/
Ps system. Before the reaction, the pH of the solution was 
in the range of 3–9, and dropped rapidly to about 3–4 after 
the reaction 10 min. However, in APT/S-nZVI/H2O2 system 
(Fig. 3d), the pH of the solution did not change signifi-
cantly after the reaction, which may be the reason why the 
two systems have different PNP removal performance at 
different pH. In the APT/S-nZVI/Ps system, the pH of the 
initial solution was 3–9, and the pH dropped significantly 
after the reaction, indicating that a large amount of H+ was 
generated during the reaction, which may be related to 
the rapid reaction of Fe0 and Ps [Eqs. (4) and (12)]. The no 
passivation occurs on the Fe0 surface, thus not affecting the 
removal efficiency of PNP [38]. When the pH of the initial 
solution was 11 and the reaction is neutral or weak alka-
line medium, the passivation of the Fe0 surface will have a 
certain influence on PNP. In the APT/S-nZVI/H2O2 system, 
the pH did not change much during the experiment, indi-
cating that with the change of pH, the surface passivation 
of Fe0 reduces the removal efficiency of PNP, which is also 
the reason why APT/S-nZVI/H2O2 is more susceptible to  
pH affect.

SO H O SO OH H24 4
2�� � � �� � � �  (12)

3.1.4. Variation of Fe2+ concentration at different pH values

Since Fe2+ is a key species for the activation of oxidants 
to generate free radicals for the degradation of PNP, the 

 
Fig. 3. Effect of initial pH on PNP removal in (a) APT/S-nZVI/Ps system and (b) APT/S-nZVI/H2O2 system; the variation of 
solution pH during the reaction process in (c) APT/S-nZVI/Ps system and (d) APT/S-nZVI/H2O2 system (PNP = 50 mg·L–1, 
S-nZVI =1 g·L–1, S/Fe = 0.3, Ps = 6 mM, H2O2 = 6 mM).
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difference in the degradation rate of PNP at different pH 
may be due to the difference in Fe2+ concentration, so we 
investigated the leaching concentration of Fe2+ at different 
pH values (pH = 3, 7 and 9) using the 1,10-phenanthroline 
method [41], as shown in Fig. 4a and b. It can be seen from 
the figures that the leaching rates of Fe2+ in the Ps and H2O2 
systems were essentially the same at pH = 3, but at pH = 7 
and 9, the concentration of Fe2+ in the Ps system was signifi-
cantly higher than that in the H2O2 system. This is mainly 
because, at pH = 3, the pH of the Ps and H2O2 systems 
remained essentially unchanged at around 3 during the reac-
tion (shown in Fig. 3c and d), and therefore the concentra-
tions of Fe2+ produced by corroding S-nZVI under acidic con-
ditions were almost similar. However, at pH values of 7 and 
9, the solution in the Ps system gradually became more acidic 
during the reaction (shown in Fig. 3c), while the pH in the 
H2O2 system remained almost constant (shown in Fig. 3d), 
which resulted in the S-nZVI surface being passivated and 
therefore producing a lower concentration of Fe2+.

3.1.5. Effect of oxidant addition on the removal of PNP

Different oxidants activated by APT/S-nZVI composites 
have different degrees of PNP removal efficiency, and the 
concentration of oxidant also plays a key role in the removal 
of PNP. The effect of Ps concentration is shown in Fig. 5a. 
When the concentration of Ps was increased from 0 to 20 mM, 

the removal efficiency increased from 62.03% to 99.98%. It 
shows that the increase of Ps concentration is beneficial to 
the removal of PNP. Although excess Ps also produces a 
certain scavenging of free radicals [46,47], the scavenging 
effect is not obvious in this concentration range (0–20 mM). 
Compared with the APT/S-nZVI/Ps system, the APT/S-
nZVI/H2O2 system showed different removal trends of PNP 
with the change of H2O2 concentration. As shown in Fig. 5b, 
with the increase of H2O2 concentration from 0 to 6 mM, the 
removal efficiency of PNP increased from 62.03% to 99.99%. 
It indicated that within the appropriate range of H2O2 con-
centration, with the increase of H2O2 concentration, more 
OH• is generated, which improves the removal efficiency of 
PNP. However, with the increase of H2O2 concentration from 
6 to 20 mM, the removal efficiency decreases from 99.99% 
to 92.79%. This is because excessive H2O2 will cause useless 
consumption of OH•, resulting in the removal of OH• [39]. 
Therefore, the dosage of H2O2 should be carefully optimized 
in practical applications to ensure the removal efficiency.

3.1.6. Effects of different initial concentrations on the removal 
of PNP

The effect of different initial concentrations (25–100 mg·L–

1) of PNP on the removal of PNP (pH = 3) under the APT/S-
nZVI/Ps and APT/S-nZVI/H2O2 systems was investigated as 
shown in Fig. 6. With the increase of initial concentration of 

 
Fig. 4. Variation of Fe2+ concentration in Ps (a) and H2O2 (b) systems at different pH values (PNP = 50 mg·L–1, S-nZVI = 1 g·L–1, 
S/Fe = 0.3, Ps = 6 mM, H2O2 = 6 mM, (initial concentration of Fe2+ is 1 mM)).

 
Fig. 5. Effect of different oxidants dosage on the removal of PNP in (a) APT/S-nZVI/Ps system and (b) APT/S-nZVI/H2O2 system 
(PNP = 50 mg·L–1, S-nZVI =1 g·L–1, S/Fe = 0.3, initial pH = 3.0).
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PNP, the removal efficiency of PNP in APT/S-nZVI/Ps and 
APT/S-nZVI/H2O2 systems displayed same trends. As shown 
in Fig. 6a, in APT/S-nZVI/Ps system, when the initial con-
centration of PNP increases from 25 to 100 mg·L–1, the max-
imum removal efficiency of PNP decreases from 99.99% to 
94.53%, the equilibration time increases and the removal 
efficiency decreases. In contrast, the initial concentration 
of PNP had little effect on the removal efficiency of PNP in 
the APT/S-nZVI/H2O2 system (Fig. 6b). Even if the initial 
concentration of PNP was increased from 25 to 100 mg·L–1, 
the removal efficiency be maintained above 99%. From the 
instantaneous rate (Fig. 6c), it can be found that the instan-
taneous rate of PNP degradation in the APT/S-nZVI/H2O2 
system is significantly higher than that in the APT/S-nZVI/
Ps system under different initial concentrations. The rea-
son for the difference may be due to the different radicals 
produced in different systems, which have different oxida-
tive abilities for PNP removal. As previously discussed, the 
redox potential of OH• is higher than that of SO4

•– at pH = 3. 
Therefore, the APT/S-nZVI/H2O2 system has a superior 
oxidation capacity than the APT/S-nZVI/Ps system [48].

3.1.7. Effect of temperature on the removal of PNP

As depicted in Fig. 7, the influence of temperature on 
PNP degradation of APT/S-nZVI/Ps and APT/S-nZVI/H2O2 
systems. The PNP removal experiments were carried out 
at different temperatures (298–308 K). In the APT/S-nZVI/
Ps system (Fig. 7a), when the temperature increased from 
298 to 308 K, the removal efficiency of PNP did not change 

significantly, but the equilibrium time was significantly 
shortened and the removal efficiency of PNP was improved. 
The reason for the improved removal efficiency of PNP is 
related to the generation of additional SO4

•– by Ps through 
heating [49,50]. Higher temperature has a positive effect on 
the activation of Ps and the degradation of pollutants. At 
lower temperature, the Ps releases SO4

•– radical slowly, but 
it can be maintained for a long time. However, at higher 
temperatures, more SO4

•– can be formed in a shorter time, 
which is conducive to the degradation of PNP and improve 
the degradation efficiency, and this process will consume the 
catalyst faster [50]. The opposite results were observed in 
the APT/S-nZVI/H2O2 system (Fig. 7b). As the temperature 
increased from 298 to 308 K, the removal efficiency of PNP 
decreased from 99.99% to 72.93%. The removal efficiency of 
PNP was significantly higher at 298 and 308 K than at other 
temperatures, mainly because higher temperature would 
promote the decomposition of H2O2 into O2 and H2O instead 
of generating OH• radicals [45,51]. This is also the reason 
why the effect of temperature on the removal efficiency of 
PNP in the two systems is significantly different.

3.1.8. Effect of radical terminator on the removal of PNP

Considering that the removal of PNP is including APT/S-
nZVI activation of Ps and H2O2 to generate OH• and SO4

•– 
radicals for oxidation, it is necessary to determine the main 
active substances for PNP oxidation degradation in APT/S-
nZVI/Ps and APT/S-nZVI/H2O2 systems. Free radical scav-
enger methanol and tert-butanol were used to analyze the 

 

 
Fig. 6. Effect of different initial concentrations on PNP removal in (a) APT/S-nZVI/Ps system and (b) APT/S-nZVI/H2O2 system; 
(c) instantaneous rates of PNP degradation in different systems (S-nZVI = 1 g·L–1, S/Fe = 0.3, initial pH = 3.0, Ps = 6 mM, H2O2 = 6 mM).
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main roles of oxides responsible for degradation of PNP in 
different systems. The reaction rates of methanol with OH• 
and SO4

•– are 9.7 × 108 and 2.5 × 107 mol–1·s–1, respectively, 
while the reaction rates of tert-butanol with hydroxyl rad-
icals ((3.8–7.6) × 108 mol–1·s–1) is much higher than the reac-
tion rate with sulfate radicals ((4.0–9.1) × 105 mol–1·s–1) [13,52]. 
Therefore, methanol acts as a scavenger for OH• and SO4

•–, 
while tert-butanol mainly acts as a scavenger for OH•. The 
effects of free radical scavengers on the degradation of PNP 
under different systems are shown in Fig. 8. The comparison 
between Fig. 8a and b shows that in APT/S-nZVI/Ps systems, 
the dosage of methanol and tert-butanol increases from 0 
to 100 mM, respectively, and the removal efficiency of PNP 
decreases from 99.99% to 68.93% and 95.91%, respectively. It 

can be seen that both free radicals are involved in the deg-
radation of PNP, and SO4

•– is the main active species. Tert-
butanol has little effect on PNP because the reaction of 
SO4

•– and PNP is sufficient to compete with that of tert-bu-
tanol and SO4

•–. Therefore, the capture of free radicals by 
tert-butanol can inhibit the reaction rate to a certain extent, 
but it has little effect on the degradation of PNP. However, 
previous studies showed that in the APT/S-nZVI/H2O2 sys-
tem, OH• was the main active species. It can be seen from 
Fig. 8c and d that the addition of methanol and tert-buta-
nol significantly decreased the removal efficiency of PNP. 
Therefore, SO4

•– plays a major role in the removal of PNP in 
APT/S-nZVI/Ps system, while OH• is mainly responsible for 
the removal of PNP in APT/S-nZVI/H2O2 system.

 
Fig. 7. Effect of temperature on the removal of PNP in (a) APT/S-nZVI/Ps system and (b) APT/S-nZVI/H2O2 system 
(PNP = 50 mg·L–1, S-nZVI = 1 g·L–1, S/Fe = 0.3, initial pH = 3.0, Ps = 6 mM, H2O2 = 6 mM).

 

 
Fig. 8. Effect of radical terminator on removal of PNP (Ps: (a) methanol, (b) tert-butanol and H2O2: (c) methanol, (d) tert-butanol) 
(PNP = 50 mg·L–1, S-nZVI = 1 g·L–1, S/Fe = 0.3, initial pH = 3.0, Ps = 6 mM, H2O2 = 6 mM).
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3.1.9. Effect of water matrices

The presence of inorganic anions in the actual wastewa-
ter usually has an impact on the removal of the target pol-
lutant. The HCO3

–, NO3
– and H2PO4

– anions, which considered 
as most common water matrices were selected as probe ions 
[53,54]. As shown in Fig. 9, the presence of all these inor-
ganic anions has a certain inhibitory effect on the removal 
of PNP, but the degradation of PNP remained above 97%. 
Among these anions, HCO3

– having the greatest effect on 
both systems and a greater effect on H2O2 systems than on 
Ps systems. This is attributed to that HCO3

– can quench reac-
tive radicals, resulting in weaker reactive free radicals [55]. 
Moreover, the presence of HCO3

– could increases the pH of 
the solution to prevent the corrosion of Fe0 and the genera-
tion of SO4

•– [54]. The presence of NO3
– also has an inhibitory 

effect on the removal of PNP, mainly because of the passiva-
tion of NO3

– on the surface of S-nZVI, resulting in S-nZVI core 
Fe0 is difficult to release [56]. Besides, the weak inhibitory 
effect of NO3

– might be attributed to that NO3
– competed with 

Ps and H2O2 for electrons on the Fe0 surface and converted 
to ammonium [55], reducing the reaction with Ps and H2O2. 
The H2PO4

– has a similar mechanism of action to HCO3
– as 

a free radical quencher, and also has a certain inhibitory 
effect on PNP removal [54].

3.2. Stability of APT/S-nZVI and nZVI in two systems

Generally, pristine nZVI features a lack of stability, lim-
iting its applications in groundwater decontamination [57]. 
In previous studies [37,58], it has been confirmed that the 
oxidation resistance of nZVI can be improved by vulcani-
zation modification. In addition, S-nZVI on the support can 
improve colloidal stability in suspension and provide better 
control of aggregate size [59]. In order to investigate the sta-
bility of the APT/S-nZVI on the removal of PNP, under the 
same external conditions, the nZVI and APT/S-nZVI compos-
ites were placed in air for different times, and the removal of 
PNP by the activated Ps (Fig. 10a) and H2O2 (Fig. 10b) were 
compared. As can be seen from Fig. 9, the oxidation resis-
tance and stability of APT/S-nZVI is significantly improved 
compared to pure nZVI. The removal efficiencies of PNP by 
the APT/S-nZVI activated Ps and H2O2 systems were 76.39% 
and 83.06%, respectively, which were much higher than the 
removal efficiencies of nZVI under the same storage time. 
It shows that vulcanization and introduction of APT has a 
good protective effect on nZVI and greatly improves the 
long-term stability of nZVI.

3.3. Degradation mechanism of PNP in Ps and H2O2 system

To investigate the degradation mechanism of PNP under 
the two systems, the degradation products of PNP were 
analyzed by UV-Vis spectroscopy at different times. Fig. 11a 
shows the UV-Vis spectra of PNP degraded in the APT/S-
nZVI/Ps system. The absorbance at 317 nm is caused by the 
conjugation of the benzene ring and the chromophore –NO2. 
Both the benzene ring and –NO2 contain π-bonded electrons, 
which are prone to π–π* transitions, thereby shifting the 
absorption peak to long wavelengths [60]. With the degrada-
tion reaction proceeded, the absorbance intensity at 317 nm 
decreased significantly and disappeared in about 10 min, 
which proved that PNP could be effectively degraded under 
the APT/S-nZVI/Ps system. The gradual appearance of a new 
peak at 296 nm is due to the combined action of the benzene 
ring and –NH2, which corresponds to p-aminophenol. It 
indicated that PNP is mainly reduced to p-aminophenol at 
first step by H• and Fe2+ that may be produced in the system 

 
Fig. 9. Effect of different anions (HCO3

–, NO3
– and H2PO4

–) on 
the degradation of PNP (PNP = 50 mg·L–1, S-nZVI = 1 g·L–

1, S/Fe = 0.3, initial pH = 3.0, Ps = 6 mM, H2O2 = 6 mM, 
HCO3

– = NO3
– = H2PO4

– = 0.5 mM).

 

Fig. 10. Effect of placement time on degradation of PNP by APT/S-nZVI in Ps and H2O2 systems (PNP = 50 mg·L–1, S-nZVI = 1 g·L–1, 
S/Fe = 0.3, initial pH = 3.0, Ps = 6 mM, H2O2 = 6 mM).
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under acidic conditions, which can significantly reduce the 
toxicity of PNP wastewater. Reduction of –NO2 to –NH2 is 
also the main reaction of zero-valent iron reduction and 
degradation of nitro compounds [Eq. (22)] [48,61]. With the 
increasing the reaction time, SO4

•– begins to play a role in the 
oxidative degradation during PNP removal. The p-amino-
phenol or PNP is degraded by SO4

•– oxidation. However, it is 
not obvious in the UV-Vis spectroscopy, mainly because the 
products form organic compounds with higher molecular 
weight through complexation, which can be verified by gas 
chromatography-mass spectrometry (GC-MS).

 

The UV-Vis spectra of removal PNP solution in the APT/
S-nZVI/H2O2 system is shown in Fig. 11b. The absorption 
peak at 317 nm disappeared within 3 min, proving that the 
degradation efficiency of PNP in APT/S-nZVI/H2O2 system 
is more efficient than that in APT/S-nZVI/Ps system. The 
peak at around 208 nm is considered to be the E2 absorp-
tion band of a single benzene ring, and the absorption peak 
shifts to the long-wave direction, possibly substituted by 
groups such as –OH. The new peak at 213 nm is thought to 
be p-nitrosophenol. The absorption peak at 227 nm is caused 
by the p–p* transition in the benzene ring of the mono-ar-
omatic hydrocarbon, and part of the PNP is degraded by 
opening the benzene ring [48]. In the APT/S-nZVI/Ps sys-
tem, PNP is difficult to be degraded by the ring-opening 
reaction, which also indicates that OH• has higher energy 
and activity than SO4

•– at pH = 3.
To further investigate the degradation products, we used 

GC-MS to analyze the intermediate products of PNP degra-
dation. In APT/S-nZVI/Ps system, the intermediates obtained 
by degradation are shown in Table S2, mainly including 
p-aminophenol (26.692 min), ammonia (9.594–11.919 min) 
and other degradation products (complexation between 
intermediate) or impurities (4.972 and 15.095 min). The PNP 
is degraded small molecules (Mainly including PAP and 
HQ) by SO4

•– oxidation, and the products form organic com-
pounds with larger molecular weight through complexation. 

The results indicated that SO4
•– played a role in the oxi-

dative degradation during PNP removal.
The main degradation products obtained in APT/S-nZVI/

H2O2 system are shown in Table S3, including p-amino-
phenol (26.699 min), p-benzoquinone (14.745 min), ammo-
nia (8.999 min), small molecules (12.598 min glycolic acid, 
ketene, etc.) and others unknown compounds (complex-
ation between intermediate). The above results indicated 
that the main degradation products of PNP in the APT/S-
nZVI/Ps system were p-aminophenol, while the main prod-
ucts in the APT/S-nZVI/H2O2 system were the mixtures of 
p-aminophenol, p-benzoquinone and small molecules. In 
summary, the main possible degradation pathways of PNP 
in the two systems under acidic conditions are proposed as 
shown in Fig. S4. The results indicated that the PNP degra-
dation process mainly consist of reduction and oxidation 
reactions, but the degree of the two types is different for 
two systems. In the APT/S-nZVI/H2O2 system, while PNP 
is reduced to p-aminophenol, or oxidized to p-benzoqui-
none, the degradation products are feasibility to undergo 
ring-opening reactions to form small molecule compounds 
due to the OH• with high redox potential at pH = 3. In the 
APT/S-nZVI/Ps system, it is difficult to further degrade PNP 
and some other reaction products through the ring-open-
ing reaction. By comparison, APT/S-nZVI activated H2O2 
degradation of PNP is considered to be more effective 
pretreatment methods due to the less toxic than its parent  
compound.

4. Conclusions

In this study, the APT/S-nZVI/Ps and APT/S-nZVI/H2O2 
systems showed good removal of PNP, with the APT/S-
nZVI/H2O2 system having a stronger removal capacity at 
pH = 3. The APT/S-nZVI/Ps system was more susceptible to 
the influence of the S/Fe molar ratio. However, the effects 
of oxidant dosage, temperature and pH on the removal of 
PNP were more pronounced for the APT/S-nZVI/H2O2 sys-
tem. The pH range for the APT/S-nZVI/Ps system was wider, 
whereas in the APT/S-nZVI/H2O2 system it was only suitable 
for acidic environments. It was found that the inorganic ions 
HCO3

–, NO3
– and H2PO4

– of common water bodies inhibited 
the removal of PNP in both systems, but the removal rate 
was still above 97%, indicating the suitability of the material. 

 
Fig. 11. UV-Vis spectra of degradation of PNP by APT/S-nZVI in Ps and H2O2 systems.



H. Xu et al. / Desalination and Water Treatment 303 (2023) 97–112108

In addition, it was found that the main degradation prod-
uct of PNP in the APT/S-nZVI/Ps system was p-aminophe-
nol, while the products in the APT/S-nZVI/H2O2 system 
included many small molecules. These findings suggest that 
the system of S-nZVI/APT coupled with H2O2 and Ps could 
be a promising strategy for the pretreatment of toxic and 
difficult wastewater.
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Supplementary information

Table S1
Basic chemical properties of PNP

Name Molecular 
weight (g·mol–1)

λmax Structure

p-nitrophenol 139.11 317nm

Fig. S1. Removal efficiency of PNP in homogeneous oxidation 
systems (PNP = 50 mg·L–1, Fe2+ = 5mM, S/Fe = 0.3, initial pH = 3.0, 
Ps = 6 mM, H2O2 = 6 mM).

Fig. S2. X-ray diffraction characterization of nZVI and APT/S-
nZVI.

(a) 

(b) 

Fig. S3. Possible degradation pathway of PNP by APT/S-nZVI activation of Ps (a) and H2O2 (b).
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Table S2
Degradation products of p-nitrophenol in APT/S-nZVI/Ps system

No. Name Formula Chemical constitution

1 p-Aminophenol C6H7ON

2 o-Xylene C8H10

3 1,3-Dimethyl-benzene C8H10

4 4-[2-(5-nitro-2-benzoxazolyl)ethenyl]-phenol C15H10O4N2

5 1-phenyl-4-(2-cyano-2-phenylethenyl)-benzene C21H15N

6 2-[4-(2-hydroxyethylamino)-2-quinazolinyl]-phenol C20H14N2O

7 N,N’-Ethylenebis(2-[2-hydroxyphenyl]glycine) C16H18O6N2

8 Pyrido[3,4-d]pyrimidine-2,4(1H,3H)-dione C7H5O2N2

9 1H-Pyrrolo[3,4-c]pyridine-1,3,(2H)-dione C9H11O2N3

10 Nonanamide C9H19ON

11 4-Ethyl-5-methyl-heptanamide C10H21ON

12 Tetradecanamide C14H29ON  
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Table S3
Degradation products of p-nitrophenol in APT/S-nZVI/H2O2 system

No. Name Formula Chemical constitution

1 p-Aminophenol C6H7ON

2 p-benzoquinone C6H4O2

3 Butanamide C4H9ON

4 2,5-dimethyl-2-Hexanol C8H18O

 

5 Ketene C2H2O

6 Ethanedioic acid C2H2O4

7 N-[3-methoxyphenyl]-piperidine C11H17ON

8 2-Nitro-1,3-indanedione C9H5O4N

9 Carbamic acid C3H6O3

10 Ethylbenzene C8H10

11 2,4-Octadiyne C8H14

12 p-Xylene C8H10

13 1,6-Heptadiyne C7H8

14 7-Propylidene-bicyclo[4.1.0]heptane C10H16

 

15 (Z)-4-Hexadecen-6-yne C16H28

16 1-Methyl-2-methylene-cycloheptanol C9H15O
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