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a b s t r a c t

This study has demonstrated an interesting amplification effect of magnetic field (MF) on the hydrox-

ylamine (HA)-promoted zero valent iron (ZVI)/H2O2 Fenton-like system. Sulfamethoxazole (SMX) could

be efficiently degraded at near neutral pH. Conditional parameters affecting the SMX degradation in the

ZVI/H2O2/HA/MF system, e.g., pH and the dosages of ZVI, HA and H2O2, were investigated. Unlike the

acid-favorable ZVI/H2O2 and ZVI/H2O2/HA systems, the MF-assisted system exhibited good performances

even at pH up to 6.0 and highest degradation rate at pH of 5.0. •OH was still identified as the responsible

oxidant. A mechanism involving the MF-enhanced heterogeneous-homogeneous iron cycle was proposed

in the near-neutral ZVI/H2O2/HA system. Without MF, HA-induced reductive dissolution of the surface

iron oxides occurred and thus leaded to homogeneous Fenton reactions. After the introduction of MF,

the gradient magnetic field formed on the ZVI particles would induce the generation of concentration

cells of Fe(II) and local corrosion of iron. Large amounts of aqueous and bounded Fe(II) catalyzed H2O2

to efficiently produce •OH, while HA maintained the surface and bulk cycles of Fe(II)/Fe(III). The result

of study is expected to provide a green, energy-free method in improving the effectiveness of ZVI-based

Fenton-like technologies at weak-acidic circumstances.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

With the elevated demand of the medical level, the usage of an-

tibiotic grows rapidly. Sulfamethoxazole (SMX), a typical antibacte-

rial agent usually applied in urethral infection, has been increas-

ingly adopted, and amounts of its residues have been put into sur-

face water, ground water and the sewage system [1,2]. However,

the conventional wastewater treatment plants are always not effi-

cient in the removal of SMX, leading to its substantial emigration

to water environment [3]. As a result, the concern about the car-

cinogenic risk of SMX in aqueous ecosystem has been provoked in

the public.

Advanced oxidation processes (AOPs) are recognized as the ef-

fective technologies for removing the refractory organic pollutants.

Among of them, Fenton oxidation is favorable because of its mild

condition and high efficiency (Eq. 1) [4]. Nevertheless, the high

consumption of ferrous iron by side reactions (Eq. 2) not only el-

evates the dosage of agent, but also brings large amount of iron

sludge [5]. Instead of direct and once dosing of Fe2+, the use of

zero valent iron (ZVI) as sustained release agent may effectively
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decrease the side reaction [6]. In the acidic circumstance, ZVI is

liable to be oxidized by water and protons (Eqs. 3 and 4), result-

ing in sustained generation of Fe2+ which supports the continuous

Fenton reaction. But the ZVI based Fenton-like technologies are al-

ways limited by the reactivity of iron particles [7]. Numerous re-

searches reported that the intrinsic and/or newly formed iron ox-

ides inhibited the iron corrosion and thus the degradation of or-

ganic pollutants showed a lag phase [5,6]. Furthermore, at neutral

and alkaline pH, this Fenton-like reaction is always blocked. Obvi-

ously, the bottleneck of low reactivity and pH-sensitivity of iron

particles should be conquered in ZVI based Fenton-like technol-

ogy before which become an applicable substitute for conventional

Fenton reaction.

Fe2+ + H2O2 → Fe3+ + •OH + OH− (1)

Fe2+ + •OH → Fe3+ + OH− (2)

Fe0 + 2H2O → Fe2+ + 2OH− + H2↑ (3)

Fe0 + 2H+ → Fe2+ + H2↑ (4)
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In the last decade, weak magnetic field (WMF) was found ef-

fective in enhancing the ZVI technologies [7]. It was thought that

magnetic field would be distorted around the ferromagnetic iron

particles. The high magnetic gradient on iron surface would in-

duce the generation of concentration cells with ferrous/ferric ions,

which accelerated the electrochemical corrosion of Fe0 [6]. Sev-

eral groups applied WMF to assisting the ZVI based Fenton-like

reaction and observed significantly enhanced leaching of iron and

degradation of organic pollutants [6,8,9]. In our previous research,

the kobs of 4-CP degradation by ZVI/H2O2 system could be in-

creased by an order of magnitude with WMF at pH lower than

3. However, we also found the iron corrosion and Fenton reaction

were significantly suppressed above pH 4, regardless of WMF. It

was proposed the intrinsic iron oxides was stable at high pH, and

the electron transfer between Fe0 and H+/H2O was blocked even

at the presence of WMF [6]. Therefore, although it was an excel-

lent assisting method at acidic environment, WMF alone could not

effectively overcome the low reactivity of iron particle at near neu-

tral pH.

Recently, it was reported that hydroxylamine (HA) could

promote the iron corrosion at near neutral pH. Luo et al.

observed 100% degradation of rhodamine in 10 min in the

Fe@Fe2O3/H2O2/HA system at pH 4.0, comparing with 29% in 60

min in the Fe@Fe2O3/H2O2 system [10]. The enhanced degrada-

tion was attributed to the complexation/reduction-dissolution of

iron oxides as well as promoted homogeneous Fe(II)/Fe(III) cycle.

Ouyang et al. added HA to ZVI/H2O2 system and found the re-

moval ratio of lincomycin was increased from 35% to 65% at pH 5.8

[11]. These researches evidenced that HA could break the intrinsic

and/or newly formed iron oxides on iron particles, thus broaden

the effective pH for ZVI based Fenton-like technology.

Based on the above discussion, it was expected that the coex-

istence of WMF and HA would bring cooperative reinforcement on

ZVI based Fenton-like technology at near neutral pH (4.0 - 6.0). The

rapid degradation of refractory organic pollutants might be possi-

ble with this compounding technology. However, the coupling ef-

fect of WMF and HA on ZVI was never reported. Therefore, the

main objective of this study was to confirm the feasibility of apply-

ing ZVI/H2O2 system assisted by both HA and WMF to degrading

SMX at near neutral pH. The conditional parameters, e.g., pH and

the dosages of ZVI, HA and H2O2, were also investigated. After the

qualification of responsible oxidant, evolution of iron species and

characterization of solid samples, a homogeneous/heterogeneous

mechanism was proposed.

The ZVI powders (>98%) were purchased from Sinopharm

Chemical Reagent Co., Ltd. and used without pretreatment. The

characterization of ZVI, i.e., SEM picture, XRD and XPS spectra,

could be seen in Fig. S1 (Supporting information), which indicated

that the ZVI with the diameter range from 20 μm to 200 μm were

constituted by Fe° core and iron oxides layer. Other chemicals, such

as H2SO4, NaOH, methanol, were also obtained from Sinopharm

Chemical Reagent. Hydroxylamine sulfate ((H2NOH)2•H2SO4), SMX,

o-phenanthroline and acetonitrile were supplied by Aladdin Chem-

istry Co., Ltd.

All experiments were conducted in borosilicate glass reactors

(250 mL). Magnetic field was supplied by two pieces of rounded

rubber magnets placed under the reactors. The maximum magnetic

field intensity of 2.9 mT was measured at the bottom of the re-

actors by a Gaussmeter (421-MNA-1904-VG, Lake Shore Cryotron-

ics, Inc.). Before degradation experiments, 200 mL working solu-

tion containing predetermined HA, H2O2 and SMX was mixed by a

mechanical stirrer (EUROSTA 20 digital, IKA®-Werke GmbH & Co.

KG, Germany) and adjusted to certain pH (4.0, 5.0, 6.0 and 7.0) by

NaOH (0.1 mol/L) and H2SO4 (0.05 mol/L). The degradation reac-

tion was initiated by the addition of ZVI powders. During the reac-

tion, the working solution was open to air and stirred at 400 rpm.

Fig. 1. Degradation of SMX in the comparative systems. Initial conditions were: 0.1

g/L ZVI, 1.0 mmol/L H2O2, 0.4 mmol/L HA, 10 mg/L SMX, pH 6.0 and 25 °C.

At regular intervals, 5 mL of suspension was filtered by 0.22 μm

PES membrane (Titan) and mixed with 20 μL methanol. The liq-

uid samples would be sent for analysis of SMX and aqueous iron

immediately.

SMX was quantified by a high-performance liquid chromatog-

raphy (HPLC, LC-15C, Shimadzu) equipped with a UV-vis detector

and a C18 column (Waters, 5 μm, 4.6 × 300 mm). The mobile

phase was a mixture of 0.1% (v/v) acetic acid (40%) and acetoni-

trile (60%), with a flow rate of 0.7 mL/min. The detection wave-

length was set at 270 nm while the temperature was controlled at

35 °C. Total dissolved iron and aqueous ferrous iron were spectro-

metrically measured with an UV-vis spectrophotometer (UV-2600,

Shimadzu), according to the o-phenanthroline colorimetric method

[12]. The data shown in the figures are the mean values of at least

duplicate experiments, and the error bars denote the standard de-

viations.

Fig. 1 presents the comparative degradation of SMX in

ZVI/H2O2, ZVI/H2O2/MF, ZVI/H2O2/HA and ZVI/H2O2/HA/MF sys-

tems at pH 6. Without HA, SMX could not be removed, regardless

of MF. The addition of HA would trigger the degradation reaction

and 96% removal of SMX could be achieved at 60 min. The degra-

dation reaction could be further accelerated by combination with

MF, i.e., the 95% removal of SMX just consumed 30 min. Besides,

a positive relationship between magnetic field intensity and SMX

degradation efficiency could be observed in Fig. S2 (Supporting in-

formation). Obviously, cooperative reinforcement with HA and MF

existed in the ZVI/H2O2 system.

The role of HA was explored at first. Aqueous iron was not de-

tected in the ZVI/H2O2(/MF) systems whereas the accumulation of

dissolved iron was observed in the HA-assisted systems (Fig. S3 in

Supporting information), indicating that HA was able to accelerate

the corrosion of ZVI. Furthermore, as shown in Fig. S4 (Support-

ing information), the degradation of SMX correlated well with the

consumption of HA. It indicated that HA absolutely participated in

the catalytic oxidation of SMX. The evolution of iron species also

showed significant dependences on HA. Fe(II) accumulated at the

presence of HA, while its concentration would gradually decrease

when HA was completely consumed. By contrast, the concentration

of Fe(III) was negligible until the disappearance of HA, after which

Fe(III) rapidly accumulated in the bulk solution. Obviously, HA ef-

ficiently maintain cycle of Fe(II)/Fe(III), thus promoting the rapid

Fenton reaction. In addition, total nitrogen (TN) was measured to

probe into the fate of HA (Fig. S5 in Supporting information). It

was found that 91% removal of TN was achieved at the termina-

tion of reaction. Most of the nitrogen in HA should be transformed

to N2, while the residue might exist as NOx [13].

Several conditional parameters were investigated and the re-

sult was shown in Fig. 2. Although the degradation was negligi-

ble at pH 7.0, SMX could be totally removed in 60 min at pH

lower than 6.0 (include 6.0) (Fig. 2a). The pH upper than 7.0 might
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Fig. 2. The effect of (a) pH and dosages of (b) HA, (c)ZVI, (d) H2O2 on the degrada-

tion of SMX in the ZVI/H2O2/HA/MF system.

seriously block the iron corrosion, thus the liberation of Fe(II)

was not detected during the reaction. The best pH was 5.0 in-

stead of 4.0 for the ZVI/H2O2/HA/MF system. This result was dif-

ferent from the homogeneous Fenton and HA-assisted Fenton re-

actions, the most suitable pH of which were recognized as 3.5 and

3.0, respectively [14]. Besides, it was reported that higher pH was

more favorable for the reaction of •OH with HA, indicating the

quenching effect of HA could not explain the more efficient degra-

dation of SMX at pH 5.0. Therefore, heterogeneous reaction was

thought also responsible for the degradation of SMX. It was ev-

idenced by Fig. S6 (Supporting information), which showed that

the liberation of dissolved iron was accelerated by low pH. Liu

et al. reported that dissolved Fe(II) could provide more bounded

Fe(II) on Fe@Fe2O3 at near neutral pH (5.0-8.0), and the bounded

Fe(II) was more reactive than aqueous Fe(II) [15]. Therefore, it

was possible that the catalytic decomposition of H2O2 by bounded

Fe(II) on ZVI surface was more favorable at higher pH, which

leaded the better degradation of SMX at pH 5.0 than pH 4.0.

As discussed above, HA was indispensable for the occurrence of

SMX degradation in the ZVI/H2O2/MF system at near neutral pH.

Moreover, the degradation rate of SMX was positively related to

the dosage of HA when the latter was lower 0.4 mmol/L (Fig. 2b).

However, the prohibitive concentration of HA would negatively af-

fect the degradation reaction. The possible reason was that the

competitive consumption of reactive oxygen species by excess HA

[14].

ZVI dosages were also investigated as shown in Fig. 2c. The

moderate dosage of ZVI (0.1 and 0.2 g/L) would be favorable for the

ZVI/H2O2/HA/MF system, while the excessive (0.4 g/L) and inade-

quate (0.05 g/L) would inhibit the degradation of SMX. Slow liber-

ation of Fe(II) might limit the degradation reaction at low dosage

of ZVI. However, existence of superfluous fresh iron surface would

also consume oxidants, e.g., H2O2,
•OH, which thus led to suppres-

sion of Fenton reaction [5].

Fig. 2d shows the effect of H2O2 dosage on SMX degrada-

tion in the ZVI/H2O2/HA/MF system. At concentration lower than

1 mmol/L, H2O2 benefited the degradation of SMX for supplying

the oxidant. However, the degradation would be blocked by H2O2

when its concentration was upper than 4 mmol/L. Similar phe-

nomenon was observed in our previous research in which we pro-

posed that excessive amounts of H2O2 would inactivate the ZVI

Fig. 3. (a) The quenching effect of TBA and (b) the EPR spectra.

surface and inhibit the release of ferrous ion [6]. The speculation

was also evidenced by the detection of dissolved iron (Fig. S7 in

Supporting information) in this study.

The enhancement by MF at different conditions is illustrated

within the inset of Figs. 2a–d. Obviously, at most of investigated

conditions, MF could accelerate the degradation of SMX. It indi-

cated the introduction of MF was beneficial to the ZVI/H2O2/HA

system.

To clarify the mechanism for SMX degradation in the

ZVI/H2O2/HA/MF system, the oxidant was qualified with quenching

experiments and EPR test. Tertiary butyl alcohol (TBA) and potas-

sium iodide (KI) could significantly inhibit the degradation reac-

tion, regardless of MF (Fig. 3a). It evidenced that the responsible

oxidant should be •OH, of which the signal was also observed in

the EPR spectra (Fig. 3b). The intensity difference of the quartet

peak with hyperfine constants of αN= αH= 14.9 G indicated that

MF enhanced the generation of •OH [16]. Therefore, the degrada-

tion of SMX should be attributed to the oxidation by •OH, which

was generated from the decomposition of H2O2. Compared with

the system without MF, the formation of •OH was accelerated in

ZVI/H2O2/HA/MF system, leading to rapid degradation of SMX.

Since the Fenton reaction was usually thought responsible for
•OH formation in the ZVI technologies, the evolution of aqueous

iron was measured. Like the previous researches [6,8,9], the libera-

tion of aqueous iron was promoted in the ZVI/H2O2/HA/MF system

(Fig. S3). Obviously, the corrosion of iron particles was accelerated

by the introduction of MF. The mechanism was usually proposed

relating to the magnetic gradient around iron particles.

In the above discussion about pH effect, we thought the Fenton-

like reaction catalyzed by bounded Fe(II) might also contribute to

the generation of •OH and the following degradation of SMX. To

further confirm the heterogeneous process, o-phenanthroline was

also adopted to complex the Fe(II)aq and bounded Fe(II). Although

never reported were the different rates for o-phenanthroline com-

plexing with Fe(II)aq and bounded Fe(II), the reactivity of bounded

Fe(II) was recognized higher than Fe(II)aq [17]. It was expected the

inhibition role of o-phenanthroline was more significant in Fen-

ton reaction catalyzed by Fe(II)aq. Interestingly, the addition of o-

phenanthroline brought different results between the ZVI/H2O2/HA

and ZVI/H2O2/HA/MF systems (Fig. S8 in Supporting information).

Thereupon, it was thought that bounded Fe(II) made more contri-

bution in the ZVI/H2O2/HA/MF systems compared with the control

system. XPS was applied to semi-quantifying the bounded Fe(II)

on iron particles. The spectra of the solid samples collected during

the reaction are shown in Figs. 4a and b. The quantity of bounded

Fe(II) was obviously larger at the surface of iron reacted in the sys-

tem with MF than the control system. The ratios of ferrous iron to

total iron (FeII/Fetotal) and ferric iron to total iron (FeIII/Fetotal) was

respectively calculated with the peak area in Fe 2p core level spec-

tra [18]. As illustrated by Fig. 4c, Fe(II) accounted for about 66%

of the total iron species on the surface of particles in the system

with MF, while just 55% in the control system. Therefore, it was
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Fig. 4. XPS spectra of the iron particles collected from the (a) ZVI/H2O2/HA/MF and

(b) ZVI/H2O2/HA systems, and (c) the calculated area percentage of Fe(II), Fe(III) on

the iron surfaces.

Fig. 5. SEM images of (a) the pristine iron particles and the solid samples collected

from the (b) ZVI/H2O2/HA and (c) ZVI/H2O2/HA/MF systems.

Scheme 1. Proposed mechanism in the ZVI/H2O2/HA/MF system.

possible that the increased bounded Fe(II) formed at the presence

of MF also contributed to the enhanced OH generation and SMX

degradation.

Fig. 5 shows the SEM images of the iron particles. Smooth sur-

face could be observed with the pristine iron particles, while the

rugged surface would appear on the particles after the reaction in

solution. It was hard to qualified the oxides formed on iron surface

during the reaction, since the XRD spectra showed that Fe0 was

still the major constituent of ZVI particles after reaction (Fig. S9

in Supporting information). However, noticeable discrepancy could

be observed between the surface morphologies of iron particles

in the two comparative systems. MF would induce the ZVI sur-

face more porous after the reaction. This observation was similar

to our previous research, in which the iron surface morphology of

pits and tubercles induced by MF was attributed to the local cor-

rosion under the magnetic gradient [6]. Obviously, the magnetic

gradient also affected surface evolution of the iron particles in the

ZVI/H2O2/HA/MF system.

Based on the above discussion, the mechanism including het-

erogeneous and homogeneous processes was proposed for the

ZVI/H2O2/HA/MF system (Scheme 1). As a typical complexant and

reductant, HA could chelate and reduce the oxides on iron surface,

leading to the dissolution of oxides [10]. In near neutral circum-

stances, HA would maintain the homogenous cycle of Fe(II)/Fe(III)

as well as the Fenton reaction.

In the presence of MF, the concentration cell of Fe(II) formed

under the magnetic gradient would lead to local corrosion of iron

[19]. As a result, the MF-induced specific iron corrosion would lead

to the accelerated liberation of Fe(II) and appearance of the porous

iron surface. MF would further force the production of abundant

bounded Fe(II) on the surface, except for the simultaneous release

of aqueous Fe(II). Both the aqueous and bounded Fe(II) would cat-

alyze the Fenton reaction, leading to the generation of •OH and

degradation of SMX. In the near neutral reaction systems, espe-

cially, the MF-induced generation of the surface bounded Fe(II)

would be more important in catalyzing H2O2 effectively and het-

erogeneously, since direct complexion corrosion of the exposed

(chelated) active Fe0 sites would be more hard.
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