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a b s t r a c t
Dissolved organic nitrogen (DON) has been a subject of studies on drinking water treatment because of 
its potential to form nitrogenous disinfection by-products. Histidine was used in a study on the efficiency 
and mechanism of amino acid removal in a Fe3O4/oxone (PMS) system. The effects of Fe3O4 dosage, PMS 
dosage, and pH on the removal efficiency were investigated. The results show that the rates of DON and 
histidine removal within 1 h in the Fe3O4/PMS system are 45% and 57%, respectively. The optimum pH 
for histidine degradation is 7, and the optimal dosages of Fe3O4 and PMS are 0.1 g/L and 1.5 mmol/L, 
respectively. SO4

−• and •OH induced by the transformation of Fe2+–Fe3+ on the catalyst surface apparently 
led to the degradation, indicated by electron spin resonance results, with SO4

−• playing a more important 
role. The products of the reaction reveal that the part of the histidine was oxidized to NH4

+–N within 
60 min and no N2 and NO3

− formed during the process. Analytical results of high-performance liquid 
chromatography–mass spectrometry suggest that histidine degradation follows the two separate path-
ways involving SO4

−• and •OH, but both gradually convert –NH2 into NH4
+–N. 
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1. Introduction 

Disinfection by-products (DBPs) that result from the 
treatment of drinking water are a serious concern. Their 
presence in drinking water was first reported in 1974 [1,2]. 
Attention should be paid to the formation of nitrogenous 
disinfection by-products (N-DBPs) because of their greater 
potential mutagenicity, carcinogenicity, and neurotoxicity 
[3,4] as compared with those of carbonaceous DBPs such as 
trihalomethanes, which are well studied and regulated in 
many countries [5,6]. Dissolved organic nitrogen (DON) is 
an important part of dissolved organic matter in water. DON 
mainly refers to a series of compounds containing nitrogen 
functional groups, including NH, amino groups, cyanide, 
purine, pyridine, and nitro compounds [7,8]. DON in surface 

water is mainly derived from the discharge of urban sew-
age and agricultural water, soluble bacterial metabolites, 
 metabolites of algae such as blue-green algae, and organic 
nitrogen present in the soil [9]. DON levels in water harbor-
ing algae are higher than those of common water. Protein, 
free amino acids, and other nitrogenous organic compounds 
released into a water body, especially in the late stage of an 
algal outbreak, is the main source of DON in water sources 
high in algae. Liu et al. [10] and other investigators showed 
that there are a total of 185 kinds of protein and about 15 
main protein types in water samples derived from Microcystis 
aeruginosa cells, occurring at concentrations higher than 
0.066 mg/L. Some special types of amino acids are consid-
ered as the main precursors of N-DBPs in previous studies 
[11,12]. Other matter containing DON shows conversion into 
amino acids during water treatment. We studied the perfor-
mance and mechanism of histidine removal in a UV/Cu–TiO2 
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system [13]. Experiments conducted using common amino 
acids may aid in understanding the reactivity of the amine 
functional group in catalytic degradation. In this study, his-
tidine was used as the target compound because of its high 
concentration in raw water and its high potential to form 
N-DBPs [14,15].

In recent years, advanced oxidation technology based 
on sulfate radicals (SO4

−•) has received much attention 
from studies on water treatment and in situ chemical 
oxidation. SO4

−• has a high oxidation potential (E0 val-
ues of +2.5 to +3.1 V) [16], which is close to or greater 
than that of the hydroxyl radical (OH•; E0 values of +1.8 
to +2.7 V) [17]. SO4

−• can be generated within a large pH 
range and by several routes such as UV irradiation, tran-
sition-metal reactions, and increased temperature [18–22]. 
Its resistance to oxidation by •OH in the alkaline range 
is not very different from that at pH values lower than 7. 
Furthermore, the residence time of SO4

−• in water is 4 s 
[23], while that of OH• is 40 ns [24], which is an advantage 
for advanced oxidation reactions. SO4

−• can be produced 
by activating oxone (PMS) and persulfate (PS). Compared 
with the activation modes for PS, the activation modes for 
PMS are relatively few. According to recent research [25], 
PMS can be mainly activated by transition-metal ions and 
light. However, there are many advantages of using PMS 
activated by transition-metal ions such as their amena-
bility to ambient temperature and pressure, low energy 
consumption, as well as non-requirement of a heat source 
and light source [26]. Consequently, the technology has 
received much attention. 

Fe3O4 magnetic nanoparticles have been extensively 
studied in recent years because of their good stability, easy 
synthesis and functionalization, high surface area, facile sep-
aration by magnetic forces, as well as low toxicity and price 
[27,28]. These main characteristics make Fe3O4 an excellent 
catalyst for organic reactions [29,30].

The Fe3O4/PMS system is always used to oxidize contami-
nants in water such as acetaminophen, the azo dye orange G, 
and aniline [31–33]. However, there have been few studies on 
using this system to degrade typical amino acids. The main 
purpose of our research was to investigate the mechanism 
of removal of typical amino acids in the Fe3O4/PMS system 
and its performance in removal. Histidine was used as model 
compound for testing catalytic degradation efficiency of the 
system. The effects of Fe3O4 dosage, PMS dosage, and pH on 
the efficiency of removal were investigated.

2. Materials and methods

2.1. Materials

Reagents were obtained from Sigma-Aldrich Chemical 
Co., Ltd. (Shanghai, China). All chemicals, which were at 
least of analytical grade, were used without further puri-
fication except when indicated. Methanol (MeOH, HPLC 
grade) and 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO) 
were purchased from Sigma-Aldrich Chemical Co., 
Ltd. and Sigma-Aldrich (Shanghai, China), respectively. 
Histidine was used because of its great potential for pro-
ducing haloacetonitriles [34]. Relevant properties of the 
amino acids are shown in Table 1.

2.2. Analytical methods

NO3
−, NO2

−, and NH4
+ concentrations were measured 

through a published method [35]. DON content was 
determined from the difference between the measured total 
dissolved nitrogen (TDN) content and the sum of measured 
concentrations of dissolved inorganic nitrogen species by 
using Eq. (1): 

DON mg/L TDN NO N NO N NH N3 2 4( ) = − − + − + −( )− − +
 

(1)

Amino acids were analyzed by HPLC using 6-aminoqui-
nolyl-N-hydroxysuccinimidyl (AQC) derivatization [36]. The 
reaction between AQC, amino acids, and ammonia led to the 
formation of fluorescent complexes, which were separated 
on an AccQ.Tag Waters (Shanghai, China) C18 HPLC column 
(3.924 mm × 150 mm) and detected at excitation and emission 
wavelengths of 240 and 395 nm, respectively. The HPLC sys-
tem consisted of a Waters TM 600 gradient pump, a Merck 
(Germany) AS-4000 autosampler, a column heater, and a 474 
Waters TM fluorescence detector. 

HPLC–MS has been widely used in analytical studies 
of chemical composition. In the present study, we estab-
lished a method for the determination of amino acid oxi-
dation products using HPLC–MS. Amino acid oxidation 
products were identified by ultrahigh-performance liquid 
chromatography–tandem mass spectrometry (UPLC/MS/MS; 
Agilent, Waldbronn, Germany). Chromatographic separa-
tion was performed at a flow rate of 0.2 mL/min on a Zorbax 
Eclipse Plus C18 column (2.1 mm × 50 mm, 1.8 μm), which 
was preceded by a C18 guard column. This column was kept 
at a temperature of 35°C during the separation period. The 
mobile phase consisted of a 2 mmol/L ammonium acetate 
solution (eluent A) and acetonitrile (eluent B) filtered through 
a membrane with a pore size of 0.22 μm. The injection vol-
ume was 5 μL. Detection was performed with an Agilent 6460 
series triple quadrupole mass spectrometer equipped with an 
electrospray ionization source. Qualitative metabolite anal-
ysis was conducted with UPLC/MS/MS in full-scan mode. 
Ion-source parameters were as follows: drying temperature 
of 300°C, drying flow rate of 5 L/min, nebulizer gas pressure 

Table 1
Relevant properties of histidine

Amino acid Histidine

Branched chain Alkaline
Chemical formula C6H9N3O2

Molecular weight (g/mol) 155
Chemical structure
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of 45 psi, sheath-gas temperature of 250°C, sheath-gas flow 
rate of 5 L/min, capillary voltage of 3,500 V, and nozzle volt-
age of 500 V.

Electron spin resonance (ESR) experiments were per-
formed using a Bruker EMX-E spectrometer (Germany) with 
DMPO as a spin-trapping agent.

The surface morphologies of Fe3O4 were analyzed by 
scanning electron microscopy (SEM; Hitachi-S4800, Japan). 
The surface functional groups were detected by a Fourier 
transform infrared (FTIR) spectrometer (Tensor 27; Bruker, 
Germany).

2.3. Experimental procedures

For the catalytic oxidation experiments using the 
Fe3O4/PMS system, the tests were carried out in 250 mL glass 
brown bottles held in a constant-temperature (25°C ± 1°C) 
water bath apparatus. In a typical procedure, Fe3O4 was 
added to 200 mL of amino acid solution (10 mg/L), which 
was then stirred for 60 min to achieve degradation equilib-
rium. Afterward, the reaction was initiated immediately by 
adding PMS. At designated time intervals, a 0.5 mL sample 
was collected from each bottle and immediately filtered 
through a 0.22 μm membrane. The sample bottles were pre-
filled with 0.2 mL of MeOH solution to quench any residual 
PMS-induced oxidation. Residual water samples were used 
for the determination of DON. All experiments were per-
formed in triplicate. Data were reported as mean ± standard 
deviation (SD).

3. Results and discussion

3.1. Characterization of Fe3O4

3.1.1. SEM 

SEM images of Fe3O4 catalysts before and after catalytic 
degradation of amino acids are shown in Figs. 1(a) and (b), 
respectively. SEM was carried out to investigate the morphol-
ogy of the material surface. The catalyst Fe3O4 was observed 
to be mostly scattered before the reaction. Some Fe3O4 parti-
cles agglomerated after the reaction, thus reducing the sur-
face area and catalytic activity of Fe3O4. Similar behavior has 
been observed in another study [31].

3.1.2. FTIR spectroscopy

Fig. 2 shows FTIR spectra of Fe3O4 before and after the 
reactions. Peaks at 582 cm−1 corresponding to the Fe–O group 
can be clearly observed in the FTIR spectra. The peaks at 
1,635 and 3,444 cm−1 were, respectively, caused by the bend-
ing and stretching vibrations of OH. Similar results have 
been obtained in Prasad’s study [37].

3.1.3. XRD pattern

The structure of Fe3O4 (Fig. 3) was analyzed by X-ray 
powder diffraction (XRD). Peaks of the catalyst appeared 
at 2θ = 30.1°, 35.6°, 43.2°, 53.7°, 57.2°, and 62.8°, which can 
be assigned to the (220), (311), (400), (422), (511), and (440) 
planes, respectively. The XRD pattern matches well with the 
standard XRD pattern of magnetite (JCPDS no. 19-062) [27]. 

(a)

(b)

Fig. 1. (a) and (b) SEM images of Fe3O4 before and after use, 
respectively (×100K).

Fig. 2. FTIR of Fe3O4 before and after use.



265C. Liu et al. / Desalination and Water Treatment 97 (2017) 262–271

3.2. Degradation efficiency

Fig. 4 depicts the removal of histidine and DON in differ-
ent reaction systems. The Fe3O4/PMS system could catalyti-
cally oxidize histidine; the histidine concentration decreased 
from 10 to 4.3 mg/L within 60 min of the reaction. In contrast, 
almost no removal occurred in either Fe3O4 or PMS system. 
Transition-metal ions are well-known to catalyze conversion 
of peroxy-monosulfate to SO4

−•, which can oxidize many sub-
stances in water, including org-N-rich matters. Results for the 
removal of DON are similar to those for histidine removal. 
Under the same reaction conditions, the rate of DON removal 
was slightly lower than that of histidine removal (45% vs. 
57%; Fig. 4). This difference may be explained by the incom-
plete mineralization of amino acids and thus incomplete 
transformation to other organic nitrogen matter, which could 
be detected by DON. The rate of DON removal indicates that 
part of the DON underwent direct oxidation to inorganic 
ions.

3.3. Effect of various factors on the catalytic degradation

3.3.1. Effect of Fe3O4 dosage

As seen in Fig. 5, the rate of DON removal initially 
increased and then decreased with the increase in Fe3O4 
dosage. House [38] and Kolthoff et al. [39] obtained similar 
results. When the Fe3O4 dosage was 0.1 g/L, the rate of DON 
removal was the highest (45% of DON after 1 h). However, 
Fe3O4 dosages that were too high or too low impeded the reac-
tion. When the Fe3O4 dosage is too low, less Fe2+ is involved 
in the reaction, which hardly catalyzes production of SO4

−• 
from PMS. When the Fe3O4 dosage is too high, excess Fe2+ 
reacts with the PMS, resulting in a quenching effect [40]. The 
optimal Fe3O4 dosage was found to be 0.1 g/L. 

3.3.2. Effect of PMS dosage

The effect of PMS dosage on amino acid degradation 
is depicted in Fig. 6. With the increase in PMS concentra-
tion, the rate of DON removal generally increased and then 
decreased. Fig. 5 shows that when the PMS concentration 

Fig. 3. XRD pattern of Fe3O4.

(b)

(a)

Fig. 4. Degradation efficiency in different systems (a) histidine 
and (b) DON. Conditions: 0.1 g/L Fe3O4; 1 mmol/LPMS; 
190 r/min.

Fig. 5. Effect of Fe3O4 dosage on the degradation efficiency. 
Conditions: 0.04–0.5 g/L Fe3O4 (if any); 1 mmol/LPMS; 190 r/min.
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increased from 0.2 to 1.5 mmol/L, the DON concentration 
decreased from 1.65 to 0.87 mg/L; with the PMS concentra-
tion further increased to 2 mmol/L, the DON concentration 
increased to 0.97 mg/L. This trend is due to the sufficient 
number of active sites of the catalyst when the PMS concen-
tration is low; an increase in PMS concentration in the reac-
tion system can produce more SO4

−•, thereby increasing the 
removal rate of DON from histidine. With further increase 
in the PMS concentration, however, the equivalent amount 
of active sites on the Fe3O4 surface become saturated, thus 
increasing the amount of PMS that is not involved in the 
reaction for SO4

−• production. Similar inhibition has been 
reported in the literature [41]. Therefore, the optimal PMS 
dosage is 1.5 mmol/L. Moreover, the best Fe3O4/PMS molar 
ratio is 4:15 (Figs. 5 and 6).

3.3.3. Effect of initial pH

The pH of raw water changes with the climate as well 
as with the growth of plankton and, especially, growth of 
algae and aquatic plants. The pH not only affects the elec-
triferous state of the Fe3O4 surface, but it also modifies the 
ionization degree of the target compound in the reaction sys-
tem. Therefore, determining the effect of pH on the catalytic 
oxidation efficiency is necessary. The effect of pH on amino 
acid degradation is presented in Fig. 7. The figure shows that 
the DON removal rate increases first and then decreases with 
the increase in pH, reaching 47% at pH 7. The rate of removal 
of organic matter with PMS was higher when the pH was 
between 4 and 9. Since the isoelectric point of Fe3O4 is 5.0, the 
surface charge is negative when the pH is >5, and it is positive 
when the pH is <5. However, when the pH is >5, the Fe2+ sur-
face is negatively charged, repelling negative ions produced 
by PMS dissolution and leading to a decreased rate of DON 
removal. In an acidic environment (pH of <5), hydrogen 
bonding between H+ and O produced by the dissolution of 
PMS is favorable, thereby inhibiting the catalytic oxidation. 
Therefore, the optimal pH value is 7. Similar results were also 
obtained in the study of Pignatello et al. [42].

3.4. Stability and reusability of Fe3O4

To evaluate the stability of the nanocatalysts Fe3O4, the 
leaching of Fe3+ was monitored during PMS oxidation of 
amino acids in the presence of catalyst at 0.1 g/L concen-
tration (initial histidine concentration = 10 mg/L, pH = 7.0, 
and PMS concentration = 1.5 mmol/L). Inductively coupled 
plasma mass spectrometry results indicate that the concen-
tration of Fe3+ leached from the nanocatalysts was below the 
detection limit (0.05 μg/L), suggesting that Fe3O4 is stable 
during the catalytic degradation reactions. As the Fe3O4 and 
PMS dosages were increased by 10 times (i.e., 1.0 g/L catalyst 
and 15 mmol/L PMS), the concentration of Fe3+ leached was 
<3.2 μg/L (Fig. 8). Moreover, FTIR spectra of Fe3O4 before and 
after use are identical (Fig. 2), indicating that Fe3O4 is stable 
during the reaction.

The Fe3O4 catalysts were collected and recycled for five 
times. As seen in Fig. 9, the rate of DON removal in each 

Fig. 6. Effect of PMS dosage on the degradation efficiency. Condi-
tions: 0.1 g/L Fe3O4; 0.2–2.0 mmol/LPMS (if any); 190 r/min.

Fig. 7. Effect of pH value on the degradation efficiency. Condi-
tions: 0.1 g/L Fe3O4; 1.5 mmol/LPMS; 190 r/min.

Fig. 8. Fe leaching in Fe3O4/PMS system. Conditions: 0.1 g/L 
Fe3O4; 1.5 mmol/LPMS; 1 g/L Fe3O4; 15 mmol/LPMS; 190 r/min.
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cycle gradually decreased. The removal rates within 60 min 
were 47%, 40%, 28%, and 25% for the first, second, third, and 
fourth runs, respectively. The Fe3O4 catalysts agglomerated 
during the reaction, and the surface area of the materials 
decreased substantially, leading to a reduction of degrada-
tion efficiency (Figs. 1(a) and (b)). Moreover, the amount of 
Fe(II) decreased after conversion to Fe(III); thus, the catalyst 
efficiency decreased upon reuse.

3.5. Proposed mechanisms 

3.5.1. Behaviors of radicals during oxidation 

Several radical scavengers were used to identify the 
main functional groups in the system. MeOH is an alcohol 
containing alpha hydrogen (a-H), which can quickly quench 
OH• and SO4

−• by reacting with them. tert-Butyl alcohol 
(TBA) does not contain a-H, and it can react rapidly with 
OH• only; its reaction with SO4

−• is much slower. A previous 
study has revealed that [43] the rates of reaction of MeOH 
with SO4

−• and OH• are 1.6 × 109–7.7 × 109 min−1 and 1.2 × 109–
2.8 × 109 min−1, respectively. The two reaction systems are 
thus not very different. However, the rate of reaction of TBA 
with SO4

−• is 4.0 × 105–9.1 × 105 min−1, and that of the reac-
tion of TBA with OH• is 3.8 × 108–7.6 × 108 min−1, a difference 
of nearly 1,000 times. The type of free radical in the reaction 
system can be determined from the difference in reaction 
rate. Results for the quenching agents are shown in Fig. 10. 
Without any quenching agent, approximately 47% of the 
DON was removed in 60 min. However, the histidine degra-
dation rate clearly dropped by 12% and 28% within 60 min 
in the presence of 0.02 M TBA and 0.02 M MeOH, respec-
tively. Compared with the drop in DON removal rate in the 
presence of TBA, the drop was substantial in the presence 
of MeOH, indicating that SO4

−• as oxidizing species mainly 
formed during the activated decomposition of PMS by Fe3O4. 

Qualitative analysis was carried out on free radicals and 
SO4

−• by ESR in Fig. 11, ● represents OH• and  represents 
SO4

−•. OH• and SO4
−• could be determination from the signals 

of DMPO–OH adducts and DMPO–SO4 adducts, respectively. 

We detected SO4
−•, which has the hyperfine splitting con-

stants aN = 13.2 G, aH = 9.6 G, aH = 1.48 G, and aH = 0.78 G, 
along with OH•. These results suggest that both radical spe-
cies formed, similar to the results of previous studies [44,45]. 
Fig. 11 shows that the Fe3O4 system does not generate free 
radicals. However, the PMS system had OH• and SO4

−•, albeit 
at levels lower than those in the Fe3O4/PMS system. The peak 
height reflects the amount of free radicals. ESR thus con-
firmed that OH• and SO4

−• can form in the Fe3O4/PMS system, 
with SO4

−• playing a more important role.

3.5.2. Degradation pathway

To confirm the extent of DON oxidation in water, the con-
centrations of TDN, as well as those nitrogen from ammonium 
(NH4

+), nitrite (NO3
−), and nitrate (NO2

−), were determined at 
different reaction times (results are shown in Fig. 12). The 
main forms of nitrogen showed different variation tenden-
cies (Fig. 12). The DON concentrations decreased whereas 
the NH4

+ concentration increased. No obvious change in the 
TDN, NO3

−, and NO2
− nitrogen concentration was detected 

during the entire oxidation process. According to the vari-
ation value of DON and NH4

+ (1.65 vs. 0.87 mg/L and 0.043 
vs. 0.58 mg/L), the increase in NH4

+ nitrogen concentration 
is caused by histidine oxidation and that the NH4

+ was not 
converted to nitrogen. These results are contrary to those 
in our former study [13], in which histidine was completely 
degraded to NH4

+ and NO3
− first, with NO3

− was finally being 
reduced to N2 and remove from water by a UV/Cu–TiO2 sys-
tem. This result may be attributed to the fact that photocat-
alytic oxidation is a coupling reaction; that is, doping with 
copper ion could improve the ability to oxidize certain com-
pounds in water [7] and enhance the efficiency of reduction 
of nitrate to N2 and the performance in TN degradation by 
photocatalyzed reaction [46]. However, the Fe3O4/PMS sys-
tem is a heterogeneous catalytic oxidation, and there is no 
interaction between NH4

+ and NO3
− in the reaction process. 

HPLC–MS was used to identify the intermediates and 
final products of amino acid oxidation. According to previous 

Fig. 9. Effect of catalyst recycle number on the degradation effi-
ciency. Conditions: 0.1 g/L Fe3O4; 1.5 mmol/LPMS; 190 r/min.

Fig. 10. Effect of different radicals scavengers on the degradation 
of histidine. Conditions: 0.1 g/L Fe3O4; 1.5 mmol/LPMS; 
190 r/min.
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studies [47,48], the amino and carboxyl groups can be simul-
taneously removed, with carboxylic acid consequently gen-
erated in the presence of the catalyst. However, the recovery 
rate of carboxylic acid was low. Thus, the specific oxidation 
process is as follows.

After catalytic treatment, water samples with amino acid 
were analyzed by HPLC–MS (spectra are shown in Fig. 13). 

Fig. 13 shows that the main mass-to-charge ratios (m/z) for 
the mass spectrum of the histidine-containing water sam-
ple after catalytic treatment are 158.9, 139.8, and 104.9. The 
molecular formula of these substances could be tentatively 
identified on the basis of the m/z ratios and the amino acid 
structure (Table 2).

The aforementioned figures and Table 2 describe oxida-
tive decarboxylation during deamination of histidine.

As shown in Fig. 14, histidine undergoes degradation via 
two processes under the action of two radicals within 60 min. 
The carboxyl group of the amino acid undergoes protona-
tion, forming the carboxyl anion. In the first process, carboxyl 

(a) (b)

(c) (d)

Fig. 11. ESR spectra obtained for (a) Fe3O4; (b) PMS; (c) t = 2 min, Fe3O4/PMS system; and (d) t = 10 min, Fe3O4/PMS system. Conditions: 
1.0 g/L Fe3O4; 1.5 mmol/LPMS; [DMPO] = 0.1 M; ● represents OH• and  represents SO4

−•.

Fig. 12. Changes of TDN, NO3
–, NH4

+ in the DON degradation in 
the Fe3O4/PMS system.

Fig. 13. Mass spectrum of histidine-containing water sample 
after the catalytic treatment.
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anion is oxidized to carboxyl radical by SO4
−•. The α-amino 

free radical can convert to α-amino carbonium ion, forming 
the protonated imine. Finally, the carboxylic acid can form 
by catalytic degradation. In the other process, carboxyl anion 
is oxidized to 4-methylimidazole or isomers of 4-methyl by 
•OH. This reaction is similar to that in a previous study [48]. 
4-Methylimidazole is an important constituent of caramel pig-
ment, and a compound that is commonly used in pharmaceuti-
cals, as in the synthesis of antibacterial agents, as the main raw 
material. Its use in the manufacture of cimetidine, an inhibi-
tor of gastric acid secretion, is common. It is also used in the 

Table 2
Identification of amino acid oxidation products

Amino  
acid

Monitoring  
ion

m/z Molecular  
formula

Histidine [M + Na]+ 158.9 C6H9N3O2

[M + H]+ 139.8 CH2SO4

[M + H]+ 123.9 C5H9N3

[M + H]+ 104.9 C3H5O4

[M + H]+ 83.0 C4H10N2

Fig. 14. Degradation pathways of histidine in the Fe3O4/PMS system. Conditions: 0.1 g/L Fe3O4; 1.5 mmol/LPMS; 190 r/min; t = 60 min.
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manufacture of curing agents, preservatives, and agricultural 
chemicals. The mass spectra in Fig. 13 suggest that the response 
value of 4-methylimidazole is very low. The concentrations of 
DON and histidine decreased (Figs. 4 and 14). Their removal 
was not complete, showing that there is a part of the process 
of nitrogen removal. Some studies [14,15] have indicated that 
histidine is a precursor of N-DBPs; that is, the decrease in DON 
and histidine concentrations can be varied to control the for-
mation potential of N-DBPs. The formation potential of the 
intermediate product remains unclear. According to Chu’s 
study [49], UV/PS pre-treatment is effective at reducing the for-
mation of dichloroacetonitrile during subsequent chlorination, 
despite similar oxidation pathways between the UV/PS and 
Fe3O4/PMS. Therefore, histidine degradation in the Fe3O4/PMS 
system can reduce the formation of N-DBPs.

4. Conclusions

This study is the first that uses Fe3O4 as a heterogeneous 
catalyst for activating PMS in the degradation of N-DBPs. 
Our results show that Fe3O4 can effectively catalyze PMS for 
the degradation of DON. Under all the experimental con-
ditions applied, the removal rate of DON from histidine in 
the Fe3O4/PMS system within 60 min is 47%. The optimum 
pH for histidine degradation is 7. Optimal dosages of Fe3O4 
and PMS are 0.1 g/L and 1.5 mmol/L, respectively. During 
the reaction, the catalyst is stable and does not cause any 
significant leaching of iron into water. ESR results show that 
Fe2+–Fe3+ conversion leads to radical generation. Both OH• 
and SO4

−• were detected in the system. Therefore, DON deg-
radation is a result of oxidation by both radicals.
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