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of relevant variables for practical application
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Abstract
Alarming amounts of organic pollutants are being detected in waterbodies due to their ineffective removal by conventional
treatment techniques, which warn of the urgent need of developing new technologies for their remediation. In this context,
advanced oxidation processes (AOPs), especially those based on Fenton reactions, have proved to be suitable alternatives, due to
their efficacy of removing persistent organic compounds. However, the use of ferrous iron in these processes has several
operational constraints; to avoid this, an alternative iron source was here investigated: zero-valent-iron (ZVI). A Fenton-like
process based on the activation of a recently explored oxidant-persulfate (PS)—with ZVI was applied to degrade an emerging
contaminant: Amicarbazone (AMZ). The influence of ZVI size and source, PS/ZVI ratio, pH, UVA radiation, dissolved O2, and
inorganic ions was evaluated in terms of AMZ removal efficiency. So far, this is the first time these parameters are simultaneously
investigated, in the same study, to evaluate a ZVI-activated PS process. The radical mechanismwas also explored and two radical
scavengers were used to determine the identity of major active species taking part in the degradation of AMZ. The degradation
efficiency was found to be strongly affected by the ZVI dosage, while positively affected by the PS concentration. The PS/ZVI
system enabled AMZ degradation in a wide range of pH, although with a lower efficiency under slightly alkaline conditions.
Dissolved O2 revealed to play an important role in reaction kinetics as well as the presence of inorganic ions. UVA radiation
seems to improve the degradation kinetics only in the presence of extra O2 content. Radicals quenching experiments indicated
that both sulfate (SO4

•−) and hydroxyl (•OH) radicals contributed to the overall oxidation performance, but SO4
•− was the

dominant oxidative species.
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Introduction

Advanced oxidation processes (AOPs) have received great
attention as viable alternatives to degrade persistent organic
contaminants not easily removed in conventional water and
wastewater treatment processes (Oppenländer 2003; Stefan
2017). Fenton and Fenton-like processes, based on the reac-
tion between a source of iron and a strong oxidant (e.g.,

H2O2), are among the most studied AOPs (Babuponnusami
and Muthukumar 2014), and have proved to successfully de-
grade a large range of organic pollutants, such as pharmaceu-
ticals (Trovó et al. 2009; Trovó et al. 2011), hormones (Xu
et al. 2009), pesticides (Ma and Sung 2010; MacKul’Ak et al.
2011), and dyes (Sohrabi et al. 2014), among others. The so-
called conventional AOPs are based on the production of hy-
droxyl radicals (•OH), which are powerful oxidizing species
(E0 = 2.7 V SHE) (Liang et al. 2007) that indiscriminately
attack all the organic matter. However, lately, SO4

•−-driven
AOPs have received growing attention due to their advantages
as compared with •OH -driven AOPs: the reactants used to
generate SO4

•− are cheaper and disperse in water for longer
distances (considering the remediation of contaminated sites)
(Zhang et al. 2014); SO4

•− is less likely to be scavenged by
non-target molecules (Ji et al. 2015) and will transform into
sulfate ion subsequent to oxidation, which is considered
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environmentally friendly (Gao et al. 2012; Zhang et al. 2014).
One of the most used reactants to generate SO4

•− is persulfate
ion (S2O8

2−), which can be activated by heat (Ji et al. 2015),
base (Furman et al. 2010), UV radiation (Rasoulifard et al.
2012; Graça et al. 2017a), and transition metals (Liu et al.
2012). Similar to the Fenton process, iron as ferrous ion
(Fe2+) has been the metal most employed in PS activation
(Eq. 1) because of its high abundance, low-cost, and non-
toxic properties. Therefore, this technique can be considered
a Fenton-like process.

Fe2þ þ S2O
2−
8 →2SO•−

4 þ SO2−
4 þ Fe3þ ð1Þ

However, when Fe2+ is oxidized to Fe3+, the PS activation
is halted; large amounts of Fe2+ are thus required to compen-
sate this effect, which is a disadvantage of this process. This
could also represent another drawback, since too much Fe2+

can scavenge sulfate radicals (Eq. 2), leading to a decline in
the process efficiency (Han et al. 2015).

Fe2þ þ SO•−
4 →Fe3þ þ SO2−

4 ð2Þ

For these reasons, alternative sources of Fe2+ such as UVA
irradiated magnetite (Avetta et al. 2015) and Fe(III)-com-
plexes (Graça et al. 2017a) have been explored for a more
efficient PS activation by means of Fe2+ recycling. In the
absence of light, zero valent iron (ZVI) can also be used as
an alternative way to induce PS activation by gradually releas-
ing Fe2+ in water (Eqs. 3 and 4). This enables PS activation for
extended periods (Deng et al. 2014) or by reacting directly on
the surface of ZVI particles (Eq. 5) (Weng and Tao 2015).

2Fe0 þ O2 þ 2H2O→2Fe2þ þ 4OH− ð3Þ

Fe0 þ 2H2O→Fe2þ þ 2OH− þ H2 ð4Þ

S2O
2−
8 þ Fe0 sð Þ→Fe2þ þ 2SO•−

4 þ 2e− ð5Þ

ZVI has already shown to be more effective than Fe2+ or
Fe3+ in PS activation for a wider range of pH (Deng et al.
2014), being, therefore, more suitable for environmental ap-
plications. Modifications on ZVI particles with the aim of
increasing their reaction effectiveness have been the target of
many researches in recent years. For example, particles reac-
tivity can be increased by increasing their surface area, thus
nano-sized ZVI (nZVI) is expected to provide faster reactions
when compared to granular ZVI (Fu et al. 2014). In fact, Li
et al. (2014) demonstrated that nZVI revealed a faster activa-
tion of persulfate than micro or milli-ZVI on acid orange 7
degradation. We also evaluated the effectiveness of a ZVI-
activated persulfate system in the degradation of an emerging
pollutant: the herbicide amicarbazone (AMZ), widely applied
in sugarcane and other cultivations. Over the last years, our
group has been investigating AMZ fate and treatability:
Peixoto and Teixeira (2014) studied AMZ UVC photolysis

along with biodegradability essays, concluding that neither
this herbicide nor its photolysis products are likely to be re-
moved by conventional biological treatment processes. Silva
et al. (2015) studied the sunlight-driven AMZ environmental
fate, finding herbicide half-life times up to 75 days depending
on surface water characteristics. Moreover, due to its exten-
sive use and high water solubility (4.6 g L−1), AMZ can easily
contaminate either groundwater or surface waterbodies by
leaching and runoff processes (Possamai et al. 2013). Based
on this information, there is a high chance of this herbicide to
become a regular contaminant of waterbodies near crop fields
where it is frequently applied. Actually, there is already a
study reporting AMZ contamination in Brazilian groundwater
(Santos and Correia 2015), although under quantifiable levels.

Besides, this is a particularly interesting contaminant to
study due to the existence of few records in the literature
regarding its degradation by different AOP technologies
(Peixoto and Teixeira 2014; Silva et al. 2015; Conceição
et al. 2017; Graça et al. 2017a). Given that, our present re-
search intents to contribute to the development of alternative
techniques capable of degrading such contaminant. For that,
in this study we investigated the effects of relevant variables
for practical applications of the PS/ZVI process, namely, ZVI
size and source, PS and ZVI initial concentration, pH, UVA
radiation, and the presence of inorganic ions. To the best of
our knowledge, literature discussing all these variables in the
same study is inexistent; hence, our work brings an original
contribution to the AOP state-of-the-art.

Materials and methods

Chemicals

Technical (> 95.4% m/m) and analytical grade (99.9% m/m)
samples of amicarbazone were obtained from Arysta
LifeScience Corp. and were used with no further purification.
All the aqueous solutions were prepared in deionized water
(18.2 MΩ cm), directly obtained from a Milli-Q Direct-Q
system (Millipore). To test the influence of inorganic ions,
samples of bottled mineral water (Baviera São Lourenço)
were used as acquired and presented the following composi-
tion as reported by the bottle label: HCO3

−, 42.82 mg L−1;
Sr2+, 0.088 mg L−1; Ca2+, 1.960 mg L−1; Mg2+, 2.909 mg L−1,
K+, 2.909 mg L−1; Na+, 11.500 mg L−1, PO4

3−, 0.11 mg L−1;
NO3

−, 0.80 mg L−1; Cl−, 1.95 mg L−1; SO4
2−, 6.06 mg L−1;

F−, 0.22 mg L−1; Br−, 0.03 mg L−1; pH 7.03.
Commercial nano-scale ZVI particles (nZVI, NANOFER

25) were obtained from NANO IRON (Czech Republic) and
used as received. According to the information provided by
the manufacturer, these particles have a surface area of 20–
25 m2 g−1 and an average size of 50 nm. Other nZVI nano-
particles were prepared by the reducing ferrous iron using
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sodium borohydride (98% purity), according to the procedure
of Ponder et al. (2000). After synthesis, the nanoparticles were
stored refrigerated in nitrogen-saturated water slurry (5% w/v)
for at most 1 week. The sizes of individual particles were
determined by Field Emission Gun-Scanning Electron
Microscopy analysis (FEG-SEM) using a FEI Quanta 400
model.

Micro-scale ZVI particles were from J.T. Baker (USA).
The surface area of these particles was 3.092 m2 g−1 (deter-
mined by N2 adsorption by a BET technique using a
Micromeritics ASAP 2020 surface analyzer). All the other
chemicals were of analytical grade.

Experimental procedures

All the experiments were carried out in duplicate in a 250-mL
capacity beaker inside a closed container to avoid the influ-
ence of external light. The solution was kept under magnetic
stirring to provide a constant mixing state. The reaction tem-
perature was kept under 20 °C using a cool water bath to
ensure that persulfate was not activated by heat. Firstly, the
desired amount of ZVI was added to a 100-mL solution con-
taining 41.4μmol L−1 of AMZ. Although this concentration is
possibly higher than that detected in the environment, it was
chosen to allow its detection by our analytical apparatus dur-
ing the degradation process. Then, PS was introduced to start
the oxidation reaction. Sample aliquots (0.45 mL) were taken
at specified times, were immediately filtered through 0.22-μm
PVDF membranes to separate the ZVI particles from the re-
action solution, and were mixed with 500μL ofMeOH to stop
the reaction. In pH-controlled experiments, the pHwas adjust-
ed with NaOH or HClO4 solutions. In UVA-irradiated exper-
iments, the beaker containing the reaction solution was placed
under four 15-W blacklight lamps (Sylvania F15 W/350 BL
T8), positioned inside the closed container at 27 cm from the
beaker and emitting 23.3 W m−2 in the wavelength range of
315–400 nm, as determined using a spectroradiometer (SPR
4002, Luzchem). To study the influence of dissolved oxygen,
a stream of O2 or N2 was bubbled into the solution.

Analytical methods

Dissolved Fe(II) concentration was determined according to
the o-phenantroline standardized procedure (Mortatti et al.
1982), and the red complex formed was determined spectro-
photometrically at 510 nm using a Varian Cary 50 UV-Vis
spectrophotometer.

AMZ concentration during the degradation experiments
was followed by HPLC-UV (Shimadzu, Series 20A) using a
C18 column (ACE, 250 mm × 4.6 mm, 5 μm). The isocratic
elution procedure used 50% methanol and 50% of an aqueous
solution containing 1% acetic acid, at a flow rate of
1.0 mL min−1. The injection volume was 50 μL, and the

detection wavelength was 230 nm. The limits of detection
(LOD) and quantification (LOQ) were 1.03 and 3.09 μmol
L−1, respectively.

Results and discussion

nZVI characterization

The FEG-SEM analysis reveals that synthesized nZVI parti-
cles are spherical with diameters ranging from 103 to 582 nm
(average 180 nm), and some aggregates larger than 1 μm (see
Supplementary Information, Figure S1), which is in accor-
dance with previous studies in which nZVI were synthesized
by similar methods (Correia de Velosa and Pupo Nogueira
2013).

Influence of ZVI source and size

The inf luence of ZVI source and size on AMZ
(41.4 μmol L−1) degradation by PS/ZVI (1:1 mmol L−1) is
illustrated in Fig. 1a. Control experiments in the presence of
either ZVI or PS alone were carried out varying the concen-
tration of each reactant. No significant AMZ degradation was
observed for 24 h, confirming that none of these reactants
alone is responsible for the degradation observed over the
reaction time (180 min maximum). As observed in Fig. 1,
when PS and ZVI are mixed, they promote AMZ degradation,
despite promoting distinct degradation profiles: nano-sized
particles promoted a two-stage degradation, characterized by
a faster one when PS and nZVI are mixed, followed by a
stagnation phase, while micro-sized ZVI promoted gradual
degradation over time.

As observed in Fig. 1b, a high amount of Fe(II) is released
from nano-sized ZVI when it is mixed with PS, which could
lead to the total PS consumption, not leaving enough for sub-
sequent reaction. This explains the AMZ degradation profile
promoted by these particles. Although synthesized nZVI con-
tinues to release Fe(II) up to 30 min, no further degradation is
observed along this period, probably due to the scavenging
effect of excessive Fe(II) (Eq. 2). On the other hand, Fig. 1b
reveals a gradual Fe(II) release from micro-sized ZVI, which
leads to a constant PS activation over time (Eq. 1), explaining
the continuous AMZ degradation promoted by these particles.

One of the major advantages of using ZVI instead of dis-
solved Fe(II) to activate persulfate is the ability of the former
to continuously activate PS over time, along with a gradual
Fe(II) release, which was only observed with micro-sized
ZVI. This result differs from what is normally reported, since
smaller particles, due to their higher surface areas, generally
lead to a higher PS activation due to higher Fe(II) release.
However, this can be justified by the low PS concentration
used in our experiments. Similarly, Li et al. (2014) verified no
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further mineralization of acid orange 7 after PS exhaustion
due to an excessive Fe2+ release from nZVI at the beginning
of reaction.

An interesting fact that also turns micro ZVI more attrac-
tive than nZVI for practical application is that nZVI of ex-
tremely small sizes can pose a threat to living organisms,
given their capacity of entering cell membrane and cause dam-
ages (Phenrat et al. 2009). Despite the lack of literature
concerning nZVI toxicity, this is something to keep aware
whenever handling nanoparticles (Stefaniuk et al. 2016).

Nonetheless, in our experiments, micro ZVI was preferred
to nZVI for PS activation to perform further ZVI/PS investi-
gations, given its better performance.

Effect of initial ZVI and PS concentration

The effect of initial ZVI concentration was investigated by
adding different amounts of micro ZVI into a 41.4 μmol L−1

(10 mg L−1) AMZ solution, while the initial PS concentration
was fixed at 1 mmol L−1.

With no pH adjustment, a gradual pH increase was ob-
served over time which is dependent on the initial ZVI con-
centration. The pH began to increase earlier (initial pH around
3 for all the experiments) for higher initial ZVI concentrations
as expected, since the amount of OH− anions released from
iron corrosion is proportional to the initial Fe0 concentration
(Eqs. 3 and 4) (Deng et al. 2014). However, by the time pH
increases (Fig. 2a), Fe2+ is no longer available to react with PS
(Eq. 1) (Fig. 2b), since it is removed by precipitation, and
AMZ degradation slows down as a consequence. This is more
evident for a ZVI concentration of 20 mmol L−1, for which
Fe(II) measurements reveal a significant decrease after 30 min
of reaction. Figure 2c allows observing that this slower AMZ
degradation stage was reached earlier for higher ZVI initial
concentrations, which consequently led to less AMZ removals
for equal degradation periods. In the same way, AMZ degra-
dation followed a pseudo first-order behavior for shorter times
as the ZVI concentration increased. To facilitate comparison
between kinetics, the observed degradation rate constants (k-
obs) were all calculated up to 30 min of reaction, giving the

following values: of 3.13 × 10−2 min−1 for PS/ZVI ratio 1:1,
4.0 × 10−2 min−1 for PS/ZVI ratio 1:5 and 1:10 and
3.02 × 10−3 min−1 for PS/ZVI ratio 1:20. Another factor that
may have contributed to less AMZ removals as the ZVI con-
centration increased above 10 mmol L−1 was SO4

•− scaveng-
ing by excessive amounts of Fe2+ (Eq. 2), thereby reducing the
degradation efficiency. This feature is supported by Fe(II)
measurements shown in Fig. 2b, since the initial Fe(II) release
increases when the ZVI concentration is increased. Similar
results were observed by Wei et al. (2016), who reported that
high amounts of ZVI decreased the PS/ZVI efficiency in
bentazon degradation due to sulfate radicals scavenging by
excessive Fe(II).

Conversely, the effect of initial PS concentration was in-
vestigated by spiking different amounts of PS into a
41.4 μmol L−1 AMZ solution, while the initial ZVI concen-
tration was fixed at 5 mmol L−1. As expected, AMZ degrada-
tion increased by increasing the PS initial concentration
(Fig. 3a), since more radicals were expected to be generated.
Also, higher initial PS concentration kept a lower pH over the
reaction time, since increasing persulfate ions in aqueous so-
lution increased H+ release (Eqs. 7 and 8) (Ghauch et al.
2013). As a consequence, more SO4

•− radicals would be pro-
duced, since the formation and maintenance of ferrous ions
(Fe2+) in solution (Eq. 6) is favored under acidic conditions
(Fig. 3b) (Wei et al. 2016), therefore more Fe2+ is available to
react with PS. Also, it is clear in Fig. 3b that Fe(II) measure-
ments up to 30min decrease with increasing PS concentration,
suggesting that, during this period, Fe(II) consumption is
higher than its production, which explains the increasing
AMZ degradation. After that, a stagnation phase appears,
probably due to excessive Fe(II) or to a high PS consumption.
In this case, kobs values of 1.5 × 10−2 min−1 and
7.7 × 10−2 min−1 were obtained for PS/ZVI ratios of 0.5:5
and 2.5:5, respectively (both calculated based on data up to
30 min of reaction).

Fe0 þ 2Hþ→Fe2þ þ H2 ð6Þ
2S2O

2−
8 þ 2H2O→4HSO−

4 þ O2 ð7Þ

HSO−
4→SO2−

4 þ Hþ ð8Þ

Fig. 1 a Influence of ZVI source
and size on AMZ degradation by
the PS/ZVI system (1:1). b Fe(II)
released from PS/ZVI (1:1) ex-
periments with micro ZVI,
Nanofer 25, and nano ZVI, re-
spectively. [AMZ]0 = (41.4 ±
8) μmol L−1; [ZVI]0 =
1 mmol L−1; [PS]0 = 1 mmol L−1;
free pH; pH0 ≈ 3
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The two PS/ZVI ratios that promoted the highest AMZ
removal, i.e., 1:1 and 2.5:5, where chosen to perform the ex-
periments described in the subsequent sections. Previous stud-
ies in which the PS/ZVI systemwas applied to oxidize organic
pollutants, namely, acetaminophen and polyvinyl alcohol, al-
so reported a PS/ZVI molar ratio of 1:1 as the optimum (Oh
et al. 2009; Deng et al. 2014).

Effect of solution pH

To evaluate the effect of pH on AMZ degradation, experi-
ments were carried out at three different pH: 3.5, 5, and 8.
The effect of pH on AMZ degradation promoted by the PS/
ZVI process for PS/ZVI ratios of 1:1 and 2.5:5 is shown in
Fig. 4a, b, respectively. The PS/ZVI system promoted AMZ
degradation over a broad pH range, although with a slower

rate at pH 8. This happened because iron ions are insoluble at
such pH, forming precipitates. Even so, for the higher PS/ZVI
ratio, almost 70% AMZ removal was achieved under alkaline
conditions, indicating that higher loads of ZVI and PS togeth-
er can overcome this drawback. One of the reasons behind this
behavior can rely on the generation of sulfate radicals via the
surface reaction (Eq. 5) even under slightly alkaline conditions
(Weng and Tao 2015). Another reason is the possibility of
generating stronger oxidizing radicals, such as hydroxyl rad-
ical under alkaline media (Eq. 9):

SO•−
4 þ SO−→SO2−

4 þ•OH ð9Þ

However, it is possible to observe that, for both ratios, at
pH 8, the degradation rate starts declining after a certain time.
This feature can be attributed to the absence of corrosion

Fig. 2 Effect of [ZVI]0 on a pH
profile over reaction b Fe2+

release during reaction. c AMZ
degradation by the PS/ZVI sys-
tem. [AMZ]0 = (41.4 ±
8.0) μmol L−1; [PS]0 =
1 mmol L−1; 1 < [ZVI]0 <
20 mmol L−1; free pH, pH0 ~ 3

Fig. 3 Effect of [PS]0 on a AMZ
degradation and b Fe2+
concentrations at the end of
120 min of reaction.
[AMZ]0 = (41.4 ± 8.0) μmol L−1;
[ZVI]0 = 5 mmol L−1; 0.5
< [PS]0 < 2.5 mmol L−1; free pH.
pH 0 ~ 3
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under these circumstances, therefore not providing new active
sites that could be available in deeper layers of the ZVI parti-
cle. Decreasing the number of active sites on the ZVI surface,
decreases the chance of PS to react via the surface reaction
(Eq. 5).

Under acidic conditions, both ratios enabled AMZ re-
movals below LOQ after 120 min of reaction, indicating that
lower pH values are better for such processes, as expected,
given the highest Fe2+ release.

Studies in which dissolved Fe2+–activated PS was applied
to degrade organic pollutants reported that this process is only
effective under acidic conditions (Cao et al. 2008; Rao et al.
2014). Given that, our results confirm that ZVI is a muchmore
suitable PS activator than Fe2+, since it allows working in a
wider pH range.

Influence of UVA radiation

The presence of iron species in surface waters exposed to
sunlight is known to contribute to the auto-depuration of water
bodies (Cieśla et al. 2004; Graça et al. 2017b). Therefore, it is
worth assessing the behavior of the PS/ZVI system on AMZ
degradation in the presence of UVA radiation, which is the
UV radiation most incident on the Earth’s surface (300–
400 nm). The influence of UVA radiation on AMZ degrada-
tion by the PS/ZVI system for both PS/ZVI ratios tested is

presented in Fig. 5. As observed, the presence of UVA slightly
enhanced AMZ degradation only in the PS/ZVI ratio of 2.5:5,
although no significant differences were observed between
degradation rates, for both ratios (kobs (1:1)UVA = 2.1 × 10−2,
kobs (1:1)dark = 3.1 × 10−2, kobs (2.5:5)UVA = 14 × 10−2, kobs
(2.5:5)dark = 9.2 × 10−2). As explored in our previous investi-
gation, the advantages of using UVA radiation on Fe2+/PS
systems rely on the generation of extra radicals from UVA-
activated PS (Eq. 10) as well as from the photolysis of Fe3+-
aquacomplexes (Eq. 11). These promote Fe(II) recycling, thus
extending the reaction described in Eq. 1 (Graça et al. 2017a).
However, there are evidences in the literature revealing that
excess SO4

•− in the PS/ZVI system can actually scavenge
SO4

•− itself (Eq. 12) (Deng et al. 2014). Also, excess Fe2+

ions generated by the reactions given by Eqs. 11, 3, and 5
can scavenge sulfate radicals (Eq. 2). These scavenging side
reactions would nullify the increment that extra radicals pro-
mote in AMZ degradation, possibly explaining the almost
insignificant influence of UVAwe observed. In fact, PS mea-
surements (data not shown) confirm a higher consumption of
this reactant in the presence of UVA, thus suggesting that
more sulfate radicals should have been generated. However,
our results indicate that the PS/ZVI process would still be
effective in AMZ degradation in surface waters exposed to
sunlight, since high percentages of AMZ removal were
achieved under UVA radiation.

Fig. 4 Effect of solution pH on
AMZ degradation by the PS/ZVI
system, for PS/ZVI ratios of a 1:1
and b 2.5:5. [AMZ]0 = (41.4 ±
8) μmol L−1

Fig. 5 Influence of UVA
radiation on AMZ degradation by
the PS/ZVI system for PS/ZVI
ratios of a 1:1 and b 2.5:5.
[AMZ]0 = (41.4 ± 8) μmol L−1,
free pH. pH0 ≈ 3
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S2O
2−
8 þ UV→2SO•−

4 ð10Þ
FeIIIOH H2Oð Þ5
� �2þ

þ H2O →
hυ LMCTð Þ

FeII H2Oð Þ6
� �2þþ•OH ð11Þ

SO•−
4 þ SO•−

4 →S2O
2−
8 ð12Þ

Influence of dissolved oxygen

The influence of dissolved oxygen was studied here by bub-
bling high purity O2 or N2 gas in the reaction medium, for the
PS/ZVI ratio of 1:1, in the absence or presence of UVA radi-
ation (Fig. 6). As shown in Figure 6a1, increasing the content
of dissolved oxygen in solution in the dark leads to a slight
decrease on AMZ removal after 30 min of reaction, while
decreasing the O2 content by bubbling N2 clearly inhibited
AMZ removal. By bubbling O2, the ZVI corrosion increases,
resulting not only in a higher Fe(II) release (see Figure 6A2)
but also in a faster pH increase (from 3 to 5 in 30 min) (Eq. 3)
and oxidation of Fe(II) to Fe(III), which can explain the slower
AMZ degradation rate after 30 min of reaction. On the other
hand, when N2 is purged into solution the same quantity of
Fe(II) is generated but a lower AMZ degradation is verified.

Oxygen is known to play an important role in free radicals
chemistry and in the degradation of organic compounds. Once
hydroxyl or sulfate radicals initiate the free radical reaction by
abstracting a hydrogen atom, molecular oxygen reacts with

the carbon radical (R•) (scheme 1) to generate peroxyl radicals
that can propagate the free radical chain reaction either by
hydrogen abstraction or by generating excited species, such
as triplet carbonyls or singlet oxygen, which are highly oxi-
dant species (Eberhardt 2001).

However, in the presence of UVA radiation, the increase of
dissolved O2 content greatly enhanced AMZ degradation,
while decreasing the O2 concentration did not show any sig-
nificant impact (Fig. 6B). In this case, the low effect of the
absence of nitrogen in AMZ degradation is probably compen-
sated by the production of extra sulfate radicals by the UVA-
activated PS. On the other hand, increasing O2 concentration
in the irradiated system has a greater impact than in the dark,
since irradiation provides extra radicals, not only via UVA-
activated persulfate but also via Fe(III)-Fe(II) recycling
(Eq. 11), extending the reaction described by Eq. 2.

Fig. 6 a1 Influence of dissolved
oxygen on AMZ degradation by
the PS/ZVI system
(1:1 mmol L−1) in the dark or b in
the presence of UVA radiation. a2
Influence of dissolved oxygen on
released Fe(II) during AMZ deg-
radation in the
dark;[AMZ]0 = (41.4 ±
8) μmol L−1, free pH, pH0 ≈ 3

Scheme 1 Oxygen role on free radicals initiated reactions

5480 Environ Sci Pollut Res (2018) 25:5474–5483



Influence of inorganic constituents of natural waters

To study the effect of several inorganic ions usually present in
natural waters on the performance of the PS/ZVI system used
to degrade AMZ, experiments were performed using bottled
mineral water instead of deionized water. Both PS/ZVI ratios
(1:1 and 2.5:5 M ratios) were tested. Figure 7 shows that, for
both PS/ZVI ratios, the degradation of AMZ in mineral water
was slightly faster than that observed in deionized water. The
mineral water used in our experiments is rich in HCO3

− and
SO4

2− anions, well-known radical scavengers (Ghauch et al.
2013; Li et al. 2015); therefore, our results are in opposition to
what is usually reported. Nonetheless, differing results like
ours have already been reported in the literature. For instance,
Velosa and Nascimento (2017) also reported similar results for
sulfathiazole degradation present in a Sewage Treatment Plant
effluent promoted by activated persulfate. Furthermore, there
are already evidences in the literature mentioning that the ad-
dition of carbonates to activated-persulfate systems can gen-
erate reactive carbonate species capable of catalyzing the
propagation reactions, resulting in more sulfate radicals
(Bennedsen et al. 2012), which would explain the higher
AMZ degradation observed in mineral water. In addition, al-
though not observed in our experiments, salts are known to
increase the rate of iron corrosion (Zakowski et al. 2014), due
to an increase in water conductivity, leading to a higher Fe2+

release from ZVI particles, and more SO4
•− production from

the reaction between the latter and PS (Eq. 1), as a conse-
quence. Given that, our results indicate that the PS/ZVI sys-
tem is an attractive alternative for treating (i) groundwater
contaminated with AMZ with on-site active barriers or by
pumping and treating off-site; (ii) contaminated rinsing water
generated in land farm use, particularly from spray equipment
and containers, water used to wash vegetables and fruits, etc.;
and (iii) contaminated water from plastic bottles (containing
pesticide) washing prior to crushing and pelletization in plas-
tic container recycling operations.

Identification of active radicals

As already mentioned, both •OH and SO4
•− radicals can be

simultaneously produced in the studied system, be it in the
absence or presence of UVA radiation. In order to identify
the predominant oxidative species for both PS/ZVI ratios, in
the absence or presence of light, 2-propanol and tert-butyl
alcohol (TBA) were used as radical probes to weigh the con-
tributions of SO4

•− and •OH species to the herbicide removal.
These two specific alcohols were chosen because 2-propanol
can scavenge both •OH and SO4

•− with very high rate con-
stants, i.e., 1.9 × 109 L mol−1 s−1 and 4 × 107 L mol−1 s−1

(Buxton et al. 1988; Neta et al. 1988), respectively, while TBA
i s a n e f f e c t i v e q u e n c h e r f o r •OH ( k = 3 . 8 –
7.6 × 108 L mol−1 s−1) but not for SO4

•− (k = 4–
9.1 × 105 L mol−1 s−1) (Han et al. 2015). To perform these
experiments, two different probe/AMZ proportions were
used: 500/1 and 1000/1 (molar ratios) and AMZ degradation
was followed over the first 90 min of reaction. The results in
Table 1 show that 2-propanol dramatically inhibited AMZ
degradation for both PS/ZVI ratios, with or without UVA ra-
diation, whereas TBA also suppressed AMZ, yet to a lesser

Fig. 7 Influence of different
water matrices on AMZ
degradation by the PS/ZVI sys-
tem, for PS/ZVI ratios of a 1:1
and b 2.5/5. [AMZ]0 = (41.4 ±
8) μmol L−1, free pH, pH0 ≈ 3

Table 1 Effect of 2-propanol and TBA on AMZ degradation by the PS/
ZVI system, for PS/ZVI ratios of 1:1 and 2.5:5 (mmol L−1), in the absence
and in the presence of UVA radiation

PS/
ZVI
ratio

AMZ removal (%) in 90 min of reaction

Without
quencher

2-propanol TBA

500/
1

1000/
1

500/
1

1000/
1

Without
UVA

1:1 94.8 19 5 29 44

2.5:5 97 30 15 97 50

With
UVA

1:1 94.5 8 10 60 77

2.5:5 98.8 28 13 93 98.8
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extent, except for the PS/ZVI ratio 2.5:5 without UVA irradi-
ation. These results indicate that both •OH and SO4

•− contrib-
uted to the overall removal of AMZ, although SO4

•− radicals
clearly play a more important role. In the case in which TBA
inhibited AMZ degradation to a greater extent, probably more
•OH radicals were participating, since less PS was used
(1 mmol L−1) and, in the absence of UVA radiation, an early
pH increase occurred, which might have led to more radical
interconversion (Eq. 9) than in any other case.

Conclusions

In this study, the suitability of ZVI as a PS activator for
degrading the herbicide amicarbazone (AMZ) was investigat-
ed. The effects of variables such as ZVI size, PS/ZVI ratio,
suspension pH, dissolved oxygen content, UVA radiation, and
presence of inorganic ions on the PS/ZVI system were evalu-
ated in terms of AMZ removal. Our results indicated that
micro-sized iron performed better than the two other nano-
sized iron sources, and that increasing its concentration above
10 mmol L−1 negatively affected the PS/ZVI system.
However, this negative effect can be surpassed by increasing
the PS concentration. Slightly alkaline conditions were found
not to be the most adequate for the PS/ZVI system, although
significant AMZ removals were still possible under such con-
ditions, with a high PS/ZVI ratio, which revealed to be an
advantage of using a solid iron source. The incidence of
UVA radiation alone did not seem to significantly affect the
PS/ZVI system, but together with a higher content of dis-
solved oxygen, it boosts AMZ degradation. Even in the ab-
sence of light, oxygen was proved to play an important role in
this process. Contrary to what is usually reported, the presence
of inorganic ions revealed to slightly enhance AMZ degrada-
tion, which can be attributed to the catalyzed sulfate radical
production by carbonate reactive species. Tests with radical
scavengers confirmed that the major active species taking part
in the process studied is the sulfate radical. Given that, our
research demonstrates that ZVI can be an effective alternative
to PS activation applied for water decontamination purposes.
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