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H I G H L I G H T S

• Atrazine was efficiently degraded by nZVI/GR-PS system.

• The effects of various operational parameters on atrazine degradation were evaluated.

• Both sulfate radical and hydroxyl one were produced on the surface of nZVI/GR, while sulfate radical was predominant.

• The degradation performance in actual water was studied.

• Mechanisms and pathways for atrazine degradation were examined and proposed.
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A B S T R A C T

Atrazine, a herbicide used widely, could not be effectively removed from waters by chemical or biological
processes. In this work, the performances and mechanisms for atrazine degradation were examined by persulfate
(PS) activation with nanoscale zero-valent iron (nZVI) and graphene (GR) composites at various conditions
including dosages of nZVI/GR and PS, pH value, temperature and natural organic matters (NOM). Results
showed that mass ratio of 5:1 for nZVI to GR exhibited the highest efficiency for catalytic degradation of atrazine
when 92.1% of atrazine was removed within 21min. The degradation efficiencies of atrazine increased when PS
concentration increased from 0.2 to 1.0 mM, and were favored in acidic pH and high temperature, while was not
affected by NOM with a concentration less than 4mg/L. Electron spin resonance and radical quenching studies
showed that both %OH and SO4

%− were mainly produced on the surface of nZVI/GR, while SO4
%− was the

predominant radicals responsible for the degradation of atrazine. Mechanisms for atrazine degradation were also
proposed on the basis of XRD and XPS analysis. And its degradation pathways involved in dealkylation, alkylic
hydroxylation, dechlorination-hydroxylation, and alkylic oxidation using LC/MS/MS techniques. These results
could provide a better understanding of the application of nZVI/GR-PS system for atrazine removal from waters.

1. Introduction

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-s-triazine) was a
widely used herbicide for the control of broad leaf and grassy weeds. It
could cause carcinogenic and endocrine-disrupting effects even at

relatively low concentrations [1,2]. Atrazine and its metabolites have
been frequently detected in surface and ground waters due to its high
mobility and moderate aqueous solubility [3–6]. Consequently, atra-
zine pollution and its control have been paid close attention [7,8].
Unfortunately, various treatment methods including adsorption,
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biodegradation, and chemical oxidation could not effectively remove
atrazine from water [9–12]. For example, Pseudomonas sp. Strain ADP
was difficult to survive in atrazine alone, because it was just capable of
using atrazine as a nitrogen source, rather than as the energy source
[9]. Therefore, it is urgently required to develop an effective method to
remove atrazine from water.

In recent years, many reports on sulfate radicals (SO4
%−)-based

advanced oxidation processes are available for the degradation of or-
ganic contaminants [13–16]. Compared with hydroxyl radicals (%OH),
SO4

%− was more effective to oxidize organic pollutants due to its high
redox potential (2.5–3.1 V) and selectivity [17–19]. Usually, SO4

%−

could be generated from the activation of persulfate (PS) by heat [13],
ultrasound [20], UV light [21,22], bases [23], transition metals
[24–26], or metal-free carboncatalysts [27,28]. Nonetheless, these
methods have their own limitations. Some of them either need to be
further improved to increase removal efficiency, or may cause serious
secondary pollution to the environment.

Recently, nanoscale zero-valent iron (nZVI) has been employed to
activate PS for the degradation of contaminants such as DDTs, bi-
sphenol A and trichloroethene, because it is high efficient, cost-effec-
tive, and environmentally friendly material [29–32]. For example, 97%
of trichloroethene was removed at nZVI/PS molar ratio of 1:2 within
360min [29]. However, nZVI was easily oxidized and thus generated a
large amount of Fe2+ in a short time. Subsequently, the rapid con-
sumption of SO4

%− by excess Fe2+ and a rapid conversion of Fe2+ to
Fe3+ in the nZVI/PS system decreased the removal efficiency of con-
taminants [29,32]. nZVI was also prone to aggregation, reducing its
catalytic activity. To address this problem, graphene (GR), as a two-
dimensional monolayer of sp2-bonded carbon atoms, was used for the
immobilization of nZVI due to its large specific surface area, charge
transportation and mechanical strength [33,34]. The presence of re-
duced graphene oxide (rGO) retarded the corrosion of nZVI and bene-
fited the electron transfer between nZVI and contaminants [35,36].
Furthermore, ZVI/GR composites were prepared and showed excellent
ability to activate PS for the degradation of trichloroethylene [37].
Although they investigated the effects of various parameters on nZVI/
rGO-PS system, its activation mechanisms still remained unknown,
especially the role of rGO in the formation of free radicals. As reported
by Duan et al. [27], rGO was demonstrated to effectively activate PS for
the catalytic oxidation of phenol, and was even comparable to the most
efficient electron donor of nZVI. In addition, limited information on the
removal of atrazine by nZVI/GR-PS system is available, and degrada-
tion mechanism has not been elucidated.

In this work, nZVI/GR composites were synthesized and applied in
the activation of PS for atrazine degradation. The objectives of this
work were: 1) to prepare and characterize nZVI/GR composites; 2) to
evaluate the performances of the composites for atrazine degradation at
various conditions including PS and nZVI/GR doses, pH value, natural
organic matters (NOM), and temperature; 3) to identify the dominant
reactive species by the quenching tests and electron spin resonance
(ESR); and 4) to propose the activation mechanisms and degradation
pathways for atrazine oxidation.

2. Materials and methods

2.1. Chemical reagents

Graphite powder, sodium persulfate (Na2S2O8), sodium borohydride
(NaBH4,> 98%), ferrous sulfate (FeSO4·7H2O, 99.7%), sodium thio-
sulfate (Na2S2O3·5H2O,> 99.0%), humic acid (used as NOM), me-
thanol (MeOH), and Tert-butanol (TBA, ≥99.8%) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Atrazine (C8H14N5Cl, 99.0%)
and 5, 5-Dimethyl-1-pyrroline N-oxide (DMPO,>97.0%) was obtained
from Aladdin Chemistry Co., Ltd. All other reagents were of analytical
grade and prepared in Milli-Q water (18.2MΩ⋅cm). Real water samples
were collected from Xiangjiang River and Taozi Lake (Changsha, China)

and stored at 4 °C. Atrazine solutions (20mg/L) were prepared by
magnetically stirring 48 h in Milli-Q water prior to the experiment.

2.2. Preparation and characterization of nZVI/GR

GO was synthesized by oxidizing graphite powder according to the
Hummers method [38]. The nZVI/GR composites were prepared as
follows: a certain amount of GO and 200mL methanol/water (3/7, v/v)
were added to 500mL three-necked flask and ultrasonically stirred for
20min. Then, 2.0 g FeSO4·7H2O was added into the above solution for
another 40min. Subsequently, 100mL of NaBH4 solution (1.2 g) was
dropwise added with vigorous stirring under nitrogen atmosphere.
After the NaBH4 solution was drained, the mixture was stirred con-
tinuously for 30min. Finally, the prepared composites were collected
by vacuum filtration and rinsed with Milli-Q water for several times.
The obtained products were vacuum-dried at 50 °C overnight. The
nZVI/GR composites with different mass ratios of GO to nZVI (1:40,
1:20, 1:10, 1:5) were obtained by changing the amount of GO.

The crystallinity of the samples was characterized by X-ray powder
diffraction (XRD, Rigaku) with Cu Kα radiation. The morphologies were
observed by scanning electron microscopy with energy-dispersive X-ray
spectroscopy (SEM-EDS, Quanta-200, FEI) and transmission electron
microscopy (TEM, TecnaiG2 F20, FEI). Fourier transform infrared
spectroscopy (FTIR) was recorded on a Nicolet 6700 spectrometer. The
surface elemental compositions were analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher-VG Scientific) with Al Kα X-ray
source.

2.3. Experimental procedures

All experiments were conducted in 250mL sealed conical flask with
a rotary shaker (150 rpm, 25 °C). The reactions were initiated by adding
specified amount of nZVI or nZVI/GR to 100mL of mixture solutions
containing atrazine (10mg/L) and PS (0.5 mM). 1mL samples were
collected at predefined time intervals and filtered through 0.45 µm
membrane filters. Then, 10 µL of 1M Na2S2O3 was added to quench the
reaction. The filtered solution was analyzed for atrazine concentration.

Several sets of the experiments were conducted to determine the
effects of various parameters (PS and nZVI/GR doses, pH, NOM, tem-
perature) on atrazine degradation. The solution pH was adjusted to
6.0 ± 0.1 using 0.1M NaOH or HCl unless specially mentioned. To
identify the contribution of the reactive species in nZVI/GR-PS system,
MeOH, TBA, and phenol were used as radical scavengers. To test the
reusability of nZVI/GR, it was collected by centrifugation and washed
with Milli-Q water after each cycle, and then reused by adding fresh PS
and atrazine. All experiments were run in triplicate, and the standard
deviations were shown.

2.4. Analytical methods

Atrazine concentrations were determined by high performance li-
quid chromatography (HPLC, Agilent) equipped with UV detector at the
wavelength of 230 nm and SB-C18 reverse phase column
(4.6× 250mm, 5 μm). The mobile phase consisted of methanol, water
and acetonitrile (60/30/10, v/v/v) at a flow rate of 1mL/min. Column
temperature was set at 40 °C. Total organic carbon (TOC) was de-
termined by TOC-5050A analyzer (Shimadzu, Japan). The concentra-
tions of Fe(II) and Fe(III) were detected at 510 nm by a 1,10-phenan-
throline method with Hach DR 2800 portable spectrophotometer. The
degradation products were identified by liquid chromatography-mass
spectrometry- mass spectrometry (LC-MS-MS, Agilent 1290 series LC,
6460 Triple Quad LC/MS) according to the method [39] with some
modification. Detailed methods were described in the Supplementary
Information (Text S1). The free radicals in the nZVI/GR-PS system were
detected by electron spin resonance (ESR, JES FA200, JEOL), and its
setting was shown in Text S2.
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3. Results and discussion

3.1. Characterization of nZVI/GR

SEM images showed that nZVI alone was spherical and formed a
chain-like structure (Fig. 1a). As for nZVI/GR (5:1), nZVI was dispersed
on the surface of GR with a relatively uniform distribution (Fig. 1b),
which could be further confirmed by TEM. It could be also seen that the
size of nZVI on nZVI/GR (5:1) was about 120 nm (Fig. 1c). In addition,
the element compositions of nZVI/GR (5:1) by EDS analysis were Fe, C,
and O, and their contents were respectively 83.47%, 13.60%, and
2.93%, which was well consistent with the theoretical mass ratio of 5:1
(Fig. 1d).

The XRD patterns of the samples were shown in Fig. 2a. For nZVI
and nZVI/GR, the only peak at 44.5° should be assigned to nZVI (JCPDS
06-0696). This could be further verified by XPS (Fig. 2b). XPS spectra
illustrated that shoulder peak at 707.1 eV was corresponded to nZVI
(2p3/2), and its signal was relatively weak due to the high surface
sensitivity of XPS (less than 10 nm in depth). The FTIR spectra of GO
and nZVI/GR (5:1) were shown in Fig. 2d. For GO, the peaks observed
at 1720 cm−1, 1624 cm−1 and 1400 cm−1 were corresponded to the
stretching vibration of C]O, C]C and C]OeO, respectively. The
characteristic peaks around 1225 cm−1 and 1044 cm−1 were related to
the stretching vibration of epoxy (CeOeO and CeO) and alkoxy groups
(CeO), respectively. However, the above peaks were not observed in
the nZVI/GR. Moreover, the typical characteristic peak of GO reported
by Li et al. [40] at 10.9° was also not detected in the nZVI/GR (Fig. 2a).

These results showed that GO was reduced to GR and nZVI/GR com-
posites were successfully prepared.

3.2. Atrazine removal

The removal of atrazine by nZVI, GR, and nZVI/GR with different
mass ratios in the absence and presence of PS was shown in Fig. 3. PS
alone could hardly remove atrazine. nZVI and nZVI/GR particles ex-
erted little influence on atrazine removal, suggesting that the adsorp-
tion was negligible. Degradation efficiency of 66.1% was observed in
nZVI/PS system, while 49.7% was obtained in Fe2+/PS system, in-
dicating that nZVI was more effective in activating PS than Fe2+ ion.
Similar result was found for the degradation of DDTs using nZVI/PS
system [30]. Degradation efficiency of 36.7% was obtained in the GR-
PS system, which was higher than the sum of GR and PS alone (23.8%).
Furthermore, the degradation of atrazine was significantly increased in
the nZVI/GR-PS system compared to nZVI/PS system. These results
indicated that GR might stimulate PS decomposition. In the presence of
PS, the degradation of atrazine was enhanced as the increase of mass
ratio of nZVI/GR, especially degradation efficiency of 92.1% occurred
within 21min at nZVI/GR with mass ratio of 5:1, which was similar to
that reported by Yan et al. [41]. This might be due to the greater spe-
cific surface area and the more active sites by the oxygen-containing
functional groups of GR, which facilitated the generation of SO4

%−.
Bekris et al. [42] reported that GR could be effectively used as an ac-
tivator of PS for the effective oxidation of micro-pollutants. In addition,
rGO was demonstrated superior efficiency toward PS activation for

Fig. 1. SEM spectra of nZVI (a), SEM spectra of nZVI/GR(5:1), TEM spectra of nZVI/GR(5:1) (c), EDS spectra of (5:1) (d).
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phenol oxidation, and was even comparable to the most efficient elec-
tron donor of nZVI [27]. They further proposed that rGO served as an
excellent electron bridge to facilitate the fast electron-transfer pro-
cesses. Yan et al. [41] also showed that both the redox effect coupled in

Fe3O4 and the electron transfer by oxygen-containing functional groups
on rGO surface enhanced the generation of SO4

%−. These results clearly
showed that nZVI/GR was better than nZVI as an efficient PS activator
for atrazine degradation.

3.3. Influences of several parameters on atrazine degradation

3.3.1. Effects of PS and nZVI/GR doses
To comprehensively evaluate the degradation performance of nZVI/

GR, the effects of PS concentration, nZVI/GR dosage, pH value, NOM
and temperature were investigated. The degradation of atrazine was
significantly affected by the concentrations of PS (Fig. 4a). As PS con-
centration increased from 0.2 to 0.4 mM, the degradation efficiency of
atrazine was rapidly increased from 34.2% to 79.5%. Although the
degradation efficiency of atrazine at 1.0mM was lower than that at
0.8 mM within 21min, atrazine was completely degraded at 1.0 mM
after 41min. When PS concentration further increased to 2.5mM, its
degradation efficiency dropped to 86.8% after 61min, and its de-
gradation change was similar to that at 0.4mM PS. This was attributed
to more SO4

%− produced with the increase of PS concentration (Eq.
(1)), but high levels of SO4

%− could be consumed by itself and excess
PS (Eqs. (2) and (3)), leading to the decreased degradation.

S 2O8
2 − + Fe 2 + →SO 4

2 − + SO 4
%−+ Fe 3 + k= 3.0 ×101 M −1

s −1 (1)

SO4
%− + SO4

%− →S2O8
2− k = 4.0 ×108 M−1 s−1 (2)

S2 O 8
2− + SO 4

%−→S 2 O 8
%−+ SO 4

2 − k = 6.1 ×10 5 M −1 s −1

Fig. 2. XRD patterns of nZVI and nZVI/GR (a), XPS spectra of nZVI/GR before and after reaction: Fe 2p spectra (b), C 1 s spectra (c), FTIR spectra of GO and nZVI/GR (d).

Fig. 3. Removal kinetic of atrazine in the systems of (1) PS, (2) nZVI, (3) nZVI/GR (5:1),
(4) GR, (5) GR-PS, (6) Fe2+-PS, (7) nZVI-PS, (8) nZVI/GR(40:1)-PS, (9) nZVI/GR(20:1)-
PS, (10) nZVI/GR(10:1)-PS, and (11) nZVI/GR(5:1)-PS. Conditions: [PS]= 0.50mM,
[catalysts] = 0.10 g/L, [atrazine]=10mg/L, T= 25 °C, pH=6.0.
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(3)

+ → +
− + −Fe S O Fe 2SO0

2 8
2 2

4
2 (4)

+ →
+ +Fe 2Fe 3Fe0 3 2 (5)

Fe2+ + SO4
%− →Fe3+ + SO4

2− k = 4.6 ×109 M −1 s −1 (6)

nZVI/GR dose had a positive effect on the degradation of atrazine

before it increased to 150mg/L (Fig. 4b). The increase of nZVI/GR dose
would generate more SO4

%−, which enhanced the degradation effi-
ciency of atrazine (Eqs. (1) and (4)). Nevertheless, as its dose further
increased to 200mg/L, the degradation efficiency decreased. De-
gradation efficiency of 83.0% was obtained within 21min and then
remained unchanged. On one hand, excessive Fe2+ released from nZVI/
GR at a relatively high dosage would consume large amount of SO4

%−

(Eqs. (5) and (6)). In addition, more nZVI/GR doses in solution resulted
in an increased aggregation itself, thus reducing the total active sites

Fig. 4. The influencing factors on the degradation performance of nZVI/GR-PS: (a) PS concentration, (b) nZVI/GR dosage, (c) initial pH, (d) temperature, (e) NOM. Conditions:
[PS]= 0.50mM, [nZVI/GR]= 0.10 g/L, [atrazine]= 10mg/L, T= 25 °C, pH=6.0; humic acid was expressed as TOC (mg/L).
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[43].

3.3.2. Effect of pH
The effect of initial pH on atrazine degradation by ZVI/GR-PS was

investigated. As shown in Fig. 4c, acidic pH was favorable for atrazine
degradation. Especially, within 3min, degradation efficiencies of
87.2%, 75.9%, 56.1% and 51.1% were achieved at pH 3, 5, 7, and 9,
respectively. Previous work reported that the pKa of atrazine was 1.7
[44,45], thereby the charge of atrazine was negative within the pH
range of this study. At acidic condition, more dissolved Fe2+ was
generated from nZVI/GR, which could promote PS decomposition to
generate SO4

%−. Conversely, the release of iron ions would slow down
and precipitate under neutral and alkaline conditions, which resulted in
the formation of iron hydroxides and further hindered the release of
Fe2+. Wei et al. [46] concluded two reasons responsible for the low
activation efficiency of PS by nZVI at high pH. In addition, SO4

%−

would transform into %OH at alkaline condition [23]. Lutze et al. [47]
showed that the reaction of atrazine with SO4

%− would be faster than
that with %OH (kSO4

%−=4.2×109M−1 s−1, k%OH=2.4–3.0×
109M−1 s−1). Thereby, the degradation of atrazine was favored in
acidic pH. After 41min, the degradation efficiency of atrazine were
almost the same at different pH values. It might attribute to the

decreased pH (pH < 5) (Table S1), which alleviated the inhibiting
effect of high pH on SO4

%− generation. The iron leaching also further
confirmed the above explanation (Table S1). Even at initial pH 9.0, the
iron leaching reached 10.21mg/L. The decreased pH value as reaction
processed was due to the accumulation of H+, which was explained by
Wei et al. [46].

+ → +
+ +Fe 2H Fe H0 2

2 (7)

SO4
%− + OH− →SO4

2 − + %OH k = 6.5 ×107M−1 s −1 (8)

3.3.3. Effect of temperature
The effect of temperature on atrazine degradation by nZVI/GR-PS

was shown in Fig. 4d. As the temperature rose, the degradation of
atrazine was significantly enhanced. Especially, complete degradation
of atrazine was obtained at 40 °C within 41min. Meanwhile, the control
experiment using 0.5mM of PS alone was carried out at same tem-
peratures (Fig. S1). The degradation efficiency of atrazine with PS alone
was 2.4%, 8.8% and 11.5% at 15 °C, 25 °C and 40 °C, respectively. The
result indicated that heat energy could activate PS to generate SO4

%−

(Eq. (9)), which was responsible for the degradation of atrazine. This
was consistent with the study reported by Ji et al. [13], who found that
50 µM atrazine could be completely degraded at 60 °C, in the presence
of 1mM PS. Moreover, the degradation efficiency of atrazine by ZVI/
GR-PS was much higher than by PS alone at any temperatures. Sy-
nergistic activation of PS by heat and nZVI was found to effectively
enhance the oxidation of polyvinyl alcohol [32]. Furthermore, high
temperature could promote the corrosion of nZVI and thus released
more Fe2+ into aqueous solution, producing more SO4

%−.

S 2 O 8
2 − + heat →2 SO 4

%− (9)

3.3.4. Effect of NOM
NOM was ubiquitous in waters, which could act as radical scavenger

via competing for %OH and SO4
%− [48]. Humic acid, a major con-

stituents of NOM, contained carbonyl, carboxylate, phenol, and hy-
droxyl groups, which could be adsorbed onto catalyst and blocked re-
active sites, thus inhibiting the oxidation process [49]. In this study,
humic acid was used to evaluate the effect of NOM on atrazine de-
gradation (Fig. 4e). As shown in Fig. 2e, the presence of NOM was fa-
vorable for atrazine degradation at low concentrations (< 4.0mg/L as
TOC). This might be contributed to the oxygen- containing functional
groups of humic acid, which would activate PS to generate free radicals.
Previous studies reported that semiquinone radicals, formed from
phenol or quinones, could efficiently stimulate PS to generate SO4

%−

[50]. Moreover, atrazine was degraded more efficiently by SO4
%− than

by %OH, in the presence of NOM [47]. This has been verified in 3.4
sections, finding that SO4

%− was main active species. In addition,
previous study reported that GR nanomaterials showed comparable or
better ability for the adsorption of organic pollutants than other car-
bonmaterials under NOM preloading [51]. It might suggest that the
introduction of GR increased the adsorption of NOM by nZVI/GR,
which decreased its inhibition on the generation of SO4

%−. However, as
the concentration of NOM increased to 10mg/L, atrazine degradation
was inhibited. The degradation efficiency within 3min decreased from
68.9% to 42.9% compared to the control, which was ascribed to the
strong competitive scavenging of NOM.

3.4. Identification of dominant reactive species

To investigate the reactive species in the nZVI/GR-PS system, the
spin-trapping ESR technique was used. As shown in Fig. 5a, the signals
of DMPO-SO4 (aN=13.7 G, aH=10.0 G, aH=1.41 G, and
aH=0.78 G) and DMPO-OH (aH=15.0 G, aN=14.9 G) were both
observed from the typical hyperfine splitting constant in the nZVI-PS or

Fig. 5. (a) ESR spectrums of DMPO-SO4 and DMPO-OH in the nZVI-PS or nZVI/GR- PS
systems at 5 min; 1mT=10 G. (b) Effects of (1) Control, (2) 50mM TBA, (3) 50mM
MeOH, (4) 500mM TBA, (5) 500mM MeOH, (6) 5.0 mM Phenol, and (7) 50mM Phenol
on atrazine degradation. Conditions: [PS]= 0.50mM, [nZVI/GR]= 0.10 g/L, [atra-
zine]= 10mg/L, [DMPO]=100mM, T=25 °C, pH=6.0.
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nZVI/GR-PS system. The intensity of the DMPO-SO4 signal in the nZVI-
PS system was lower than that in the nZVI/GR-PS system, which was in
good accordance with the result that the degradation efficiency of
atrazine was better in nZVI/GR-PS system. This might be due to the fact
that the electron transfer via CeOH and COOH groups on the surface of
rGO accelerated the generation of SO4

%− [41]. In addition, the in-
tensity of the DMPO-SO4 signal was stronger than that of DMPO-OH
signal in the nZVI/GR-PS system. To deepen insight into the contribu-
tions of SO4

%− and %OH on atrazine degradation in the nZVI/GR-PS
system, the quenching experiments were employed (Fig. 5b). It was
reported that MeOH was used to scavenge both SO4

%− and %OH
(kSO4%−=0.9–1.3×107M−1 s−1, k%OH=8.0–10×108M−1 s−1)
[52], while TBA mainly reacted with %OH (kSO4%−=4.0–9.1×
105M−1 s−1, k%OH=3.8–7.6× 108M−1 s−1) [24]. In the presence of
50mM TBA and MeOH, the degradation efficiencies of atrazine after
61min declined from 95.5% to 81.3% and 51.7% compared to the
control, respectively. The inhibition was enhanced with increasing their
dosages. Moreover, MeOH showed significant inhibitory effect on
atrazine degradation than TBA. Besides, phenol was a more effective
quenching agent for %OH and SO4

%− due to its high reactivity
(kSO4%−=6.6×109M−1 s−1, k%OH=8.8×109M−1 s−1) [53].
Compared to 50mM MeOH or TBA, atrazine degradation was com-
pletely inhibited by 50mM phenol. Even at 5.0mM phenol, the de-
gradation efficiency of atrazine was only 6.8%. It was attributed to the
hydrophobic property of phenol, so it is easier to approach the surface
of catalyst [54]. Hence, it could be concluded that both %OH and SO4

%−

mainly occurred on the nZVI/GR surface, while SO4
%− was the pre-

dominant radicals responsible for atrazine degradation.

3.5. Degradation mechanisms and transformation pathways

3.5.1. Degradation mechanisms
To elucidate the activation mechanism, nZVI/GR before and after

reaction was analyzed by XRD and XPS techniques. After reaction, the
peak corresponding to nZVI at 44.5° disappeared (Fig. 2a). Instead, the
characteristic peaks “L” and “M” assigned to lepidocrocite and mag-
netite/maghemite were observed, respectively, indicating the oxidation
of nZVI. This was further confirmed by XPS technique. As shown in
Fig. 2b, the peaks of Fe2p3/2 spectra located at 710.8 and 712.4 eV were
assigned to Fe(II) and Fe(III), respectively. After reaction, the peak at
707.1 eV assigned to nZVI vanished, and the percentage of Fe(III) was
increased from 54.4% to 60.3%, suggesting the oxidation of Fe(II) to Fe
(III) via reacting with PS and O2 on the surface of nZVI/GR. Zhu et al.
[30] proposed that nZVI could react with H+, O2 and S2O8

2− to gen-
erate Fe(II), which activated PS to yield SO4

%− and conduced to the
oxidation of DDT. Meanwhile, the concentration changes of dissolved
Fe(II) and Fe(III) in the nZVI/GR-PS system were monitored. As shown
in Fig. 6, the concentrations of Fe(II) and Fe(III) increased gradually
and reached 7.05mg/L and 9.88mg/L after 61min, respectively. These
results indicated that nZVI would transform into the dissolved Fe(II),
and further activated PS to degrade atrazine. In addition, the corrosion
products of nZVI (lepidocrocite and magnetite/maghemite) might also
stimulate PS decomposition. Both %OH and SO4

%− were identified as
dominant reactive species in the core-shell Fe-Fe2O3/PS process [55]. In
addition, the role of GR in the nZVI/GR-PS system was also investigated
by XPS (Fig. 2c). C 1 s spectra of nZVI/GR could be deconvoluted into
five components assigning to CeC (284.7 eV), CeOH (285.6 eV), C]O
(288.5 eV), CeOeC (286.6 eV), and OeC]O (289.0 eV), respectively.
The percentages of CeC, CeOH, CeOeC, C]O, and OeC]O groups in
nZVI/GR were 44.5%, 22.5%, 12.2%, 9.5%, and 11.3%, respectively.
After reaction, their contents were 53.4%, 9.4%, 19.1%, 9.8%, and
8.3%, respectively. As expected, the decrease of CeOH and COOH
groups on the surface of GR indicating GR might directly activate PS
and acted as an electron shuttle to mediate electron transfer reactions.
During PS activation, CeOH and COOH groups would transform into
organic radicals (CO% and COO%) to produce SO4

%−. Similar result was

found by Hussain et al. [56], who reported that nZVI/biochar compo-
sites increased the generation of SO4

%− and the degradation of non-
ylphenol due to the presence of oxygen functional groups and large
surface area of biochar. Yan et al. [41] also showed that the CeOH and
COOH groups on rGO surface played an important role on the release of
organic radicals to generate SO4

%−.
Based on the above results, the activation mechanisms of PS by

nZVI/GR w proposed (Scheme 1). The reactive sites of nZVI dispersed
onto the surface of GR activated PS to generate SO4

%− through the
electron transfer from Fe(II) to PS, along with the corrosion product of
nZVI produced. In addition, the oxygen-containing functional groups
such as COOH and CeOH on the GR surface could act as electron
shuttles and facilitate the transfer of electrons from GR to PS (Eqs. (10)
and (11)), which would release organic radicals to yield SO4

%−. At last,
SO4

%− would further react with H2O to generate %OH. The synergistic
effect between nZVI and GR for PS activation caused an efficient and
rapid degradation of atrazine.

GR −OOH + S2O8
2 −→GR −OO% + SO4

%− + HSO4
− (10)

GR −OH + S2 O8
2 − →GR −O% + SO4

%− + HSO4
− (11)

3.5.2. Transformation pathways
Besides, the mineralization of atrazine was determined by TOC

analysis. Although the degradation efficiency of atrazine reached
92.1%, the removal of TOC was only 39.1% after 61min (Fig. 6), which
indicated that atrazine would transform into smaller molecules and
underwent incomplete mineralization in the nZVI/GR-PS system.
Thereby, the degradation intermediates of atrazine were detected by
LC-MS/MS. As shown in Table S2, we identified 9 intermediate pro-
ducts based on their MS and MS2 fragmentation. The main degradation
pathways of atrazine in the nZVI/GR-PS system were illustrated in
Scheme 2. First, SO4

%− attacked the carbon adjacent to nitrogen by H-
abstraction, leading to the formation of carbon-centered radical. Then,
it was attacked by oxygen-producing peroxy radical and converted to
atrazine-imine, and further the dealkylation products (CAIT, CEAT,
OEAT, CAAT) were generated by path 1. In addition, the reaction of
SO4

%− with atrazine also occurred via electron transfer, thus resulting
in the formation of the radical cation, along with dealkylation gener-
ated [47,57,58]. Most of atrazine (63%) was degraded based on SO4

%−

via dealkylation, and deethylation was more dominant than deisopro-
pylation (10:1) [47]. Second, the carbon-centered radical was also at-
tacked by %OH to form alkylic hydroxylation products (CNTT, ODHT)
by path 2. These two intermediates were also observed by Xu et al.
[59], who conducted the degradation of atrazine using sono-photolysis

Fig. 6. The changes of Fe species and TOC in solution as a function of time. Conditions:
[PS]= 0.50mM, [nZVI/GR]=0.10 g/L, [atrazine]= 10mg/L, T=25 °C, pH=6.0.
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Scheme 1. Proposed mechanism of PS activation by nZVI/GR for atrazine degradation.

Scheme 2. The proposed degradation pathways of atrazine in the nZVI/GR-PS system. Dealkylation (1), alkylic hydroxylation (2), alkylic oxidation (3), and dechlorination- hydro-
xylation (4).
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process. Especially, the transformation of ODIT to ODHT was verified
by Kan et al. [60]. However, it was unstable and could be further oxi-
dized by SO4

%−/%OH from H-abstraction, as described in Eq. (12) (path
3). Interestingly, ODHT underwent alkylic oxidition and dealkylation to
form OEAT. Conversely, this confirmed the structure of m/z=170
corresponded to OEAT, rather than 2-hydroxy-4-amino-6-iso-
propylamino-1,3,5-triazine obtained by Ji et al. [39]. The same
pathway has been deduced by Xu et al. [59]. This reaction might be
from a minor process because of the low concentration of ODHT. Fur-
thermore, the degradation of atrazine proceeded through dechlorina-
tion- hydroxylation (path 4). It was reported that the CeCl bond in
atrazine was easy to be cleavaged due to the longest bond length
(1.734 Å) and relatively low bond polarity (0.293) [61]. Ji et al. [39]
proposed that the dechlorination-hydroxylation of atrazine was trig-
gered by an intermediate HO-adduct radical. In summary, the de-
gradation mechansims of atrazine included dechlorinatio-hydroxyla-
tion, dealkylation, alkylic hydroxylation, and alkylic oxidation.

RNHCHOHCH3 + SO4
%− /%OH →RNHCOCH3 (acetamide) (12)

3.6. Application in actual water

Considering the further practical application, four different water
simples spiked with atrazine were treated by nZVI/GR-PS system
(Fig. 7). The degradation efficiency of atrazine in tap water was sig-
nificantly decreased from 92.2% to 45.0% compared to that in milli-Q
water. This was likely ascribed to the presence of inorganic anions, such
as Cl−, which reacted with SO4

%− to generate other less active radicals
(Eqs. (13–15)). Bennedsen et al. [62] reported that the removal of or-
ganic pollutants by nZVI/PS system could be strongly affected by Cl−

and HCO3
−, acting as SO4

%− scavengers and iron complexing agents.
In lake water, the degradation of atrazine became worse, along with
40.1% of degradation produced, which was possibly induced by higher
pH value, TOC, and high concentration of HCO3

− and SO4
2− (Table

S3). Similar study was reported by Guan et al. [48], who found that the
degradation of atrazine based on SO4

%− and %OH in real water was
mainly affected by TOC, pH, and alkalinity. Interesting, although the
content of TOC in lake water was almost twice as much as river water,
their degradation efficiency was almost the same. More research should
be conducted to gain insight into the inhibition effects by inorganic
anions in the nZVI/GR-PS system.

Cl− + SO4
%− →Cl%− + SO4

2 − (13)

Cl− + Cl%− →Cl2%− (14)

HCO3
− + SO4

%− →CO3
%− + SO4

2− + H+ (15)

3.7. Stability and reusability of nZVI/GR

The stability of nZVI/GR in the presence of PS was evaluated
(Fig. 8). The degradation rate of the used nZVI/GR dropped con-
siderably after each run, which might be attributed to the oxidation of
nZVI. However, the degradation efficiency of atrazine still remained
84.7% in 3rd run. The above results showed that nZVI/GR-PS system
could be a cost-effective, efficient and potential method for the de-
gradation of atrazine with easy recycling and good stability.

4. Conclusions

The present work comprehensively explored the degradation of
atrazine in the ZVI/GR-PS system. Several conclusions were drawn as
below:

1) nZVI/GR with mass ratio of 5:1 achieved the highest degradation
efficiency of 92.1% for atrazine removal within 21min in the pre-
sence of PS.

2) The degradation of atrazine significantly increased with an increase
of PS dose (< 1mM), and was favored at acidic pH and high tem-
perature, while was not affected by NOM with a concentration less
than 4mg/L. nZVI/GR would inhibit atrazine degradation when its
dose increased to 200mg/L.

3) Both %OH and SO4
%− were mainly produced on the surface of nZVI/

GR, while SO4
%− was the dominant reactive species responsible for

atrazine degradation.
4) On the basis of XPS and LC-MS/MS results, the mechanisms and

pathways were proposed for atrazine degradation.
5) nZVI/GR-PS system showed excellent stability for atrazine de-

gradation.
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