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a b s t r a c t
The heterogeneous catalytic Fenton-like process was selected in this study to degrade a dimethyl 
phthalate (DMP) solution. To enhance the efficiency and catalytic recycling ratio, a novel magnetic 
catalyst (nano-Fe loading on NdFeB magnetic activated carbon, Nano-Fe@NdFeB/AC) was 
synthesized. The results indicated that on the catalytic surface, globular Fe0 has a size from 25 to 
300 nm. This catalytic surface has sufficient magnetism to be separated by a magnetic separation 
method, in which the specific saturation magnetization and residual magnetization were 1.48 and 
0.26 emu/g, respectively. At the optimal conditions of [pH]0 = 3.000, [H2O2]0 = 4.24 mmol/L, and 
[Nano-Fe@NdFeB/AC]0 = 5.0 mg/L, the chemical oxygen demand removal ratio reached 85.2% after 
120 min of reaction. The intermediate products monomethyl phthalate, phthalic acid, benzoquinone, 
hydroquinone, malonic acid, and oxalic acid were observed during the reaction. The DMP degradation 
was confirmed to be a hybrid mechanism of degreasing, acidification, and ring-opening reactions. 
The •OH addition and oxidation in the aqueous phase represent the key degradation process, even 
though catalytic surface reactions occur at the same time. This system provides a new method to treat 
degradation-resistant pollution.
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1. Introduction

Dimethyl phthalate (DMP) has been widely used in 
plastic product production as a plasticizer because of its 
high solubility and stable chemical properties [1]. However, 
when DMP is present in the environment, it can lead to a 
series of problems because the compound is a typical endo-
crine disrupting chemicals (EDCs) [2]. Therefore, DMP in 
the wastewater must be destroyed before it was discharged. 
Additionally, it is hard for conventional biological processes 
to treat DMP efficiently [3,4]. Compared with biological 

wastewater treatment processes, advanced oxidation pro-
cesses (AOPs), which have advantages of high reaction rate, 
low secondary pollution risk, and exhaustive mineralization, 
are more appropriate [5,6]. The Fenton process is the most 
commonly used AOP in China because it is simple, efficient, 
and safe [7]. However, there is plenty of iron sludge that has 
reportedly been disposed by traditional sludge treatment [8]. 
Furthermore, the acidic conditions will result in higher costs 
due to pH adjustment [9]. Therefore, a Fenton-like process 
that utilizes heterogeneous catalysts causes concerns [10,11]. 
To solve the problems of difficult separation and recycling, 
the catalyst has been given magnetism by doping Fe3O4 [12,13] 
and other magnetic particles [14]. NdFeB has wonderful 
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magnetic character and has been used in a preliminary study 
[15]. However, NdFeB was reactive in the aqueous phase and 
could result in diminished compound amounts and magne-
tism after a few reaction cycles. In this study, nano-Fe was 
loaded onto the surface of magnetic, NdFeB activated carbon 
(AC) (NdFeB/AC), and the chance of NdFeB reacting with 
water was minimized. On the other hand, the Fe0 also has 
the ability to perform reductive dechlorination, catalytic 
ozonation, activation of peroxysulfate, and microelectrolysis 
with AC. Therefore, the novel Nano-Fe@NdFeB/AC magnetic 
catalyst may be an inexpensive and efficient solution to treat 
most organic water pollutants.

2. Materials and methods

2.1. Synthesis

NdFeB magnetic activated carbon (NdFeB/AC) was 
synthesized by a negative pressure spraying method that 
has been previously reported [15]. Nano-Fe0 was obtained 
as follows: 1.000 g FeSO4·7H2O (AR. 99%) and 10 mL ethyl 
alcohol (AR. 99%) were added to 100 mL ultrapure water, 
and then added 20% (M/M) NaBH4 (AR. 99%) solution 
dropwise while stirring with an electric mixer (300 r/min). 
When the black particles (Nano-Fe0) were observed, more 
NaBH4 solution was dropped until the formed bubbles dis-
appeared. Then, NdFeB/AC was added into the nano-Fe0 
solution while stirring (70 rpm) for 10 min. Next, particles 
were separated with a magnet and dried in a furnace at room 
temperature (25°C) under N2 protection. Finally, nano-Fe@
NdFeB/AC was obtained.

2.2. Characterization

The morphology and structures of the catalyst were 
observed by a scanning electron microscope (SEM, S-570, 
Hitachi, Japan). The crystal phases of the obtained catalyst were 
characterized by X-ray powder diffraction (XRD, D/max-2500/
PCX, Rigaku, Japan). The magnetism of the catalyst was 
tested by a vibrating sample magnetometer (VSM, 7407, 
Lakeshore, USA). The chemical oxygen demand (COD) of the 
DMP solution was measured by a COD analyzer (HI839800, 
HANA, Italy). The intermediate products were deter-
mined by high performance liquid chromatography (HPLC) 
(LC-6A, Shimadzu, Japan) and gas chromatography-mass 
spectrometry (GC-MS) analyses (GCMS-QP2010, Shimadzu). 
The pH values were obtained using a pH analyzer (pHS-26, 
Rex Electric Chemical, China).

2.3. DMP degradation by Fenton-like process

The DMP degradation reaction was carried out in a 
beaker. An electric mixer (75 rpm/min) was used during 
the reaction. DMP at an initial concentration of 5 mg/L was 
selected as the model for organic pollution. After pH adjust-
ment of the solution by H2SO4 (10% M/M) and NaOH (5% 
M/M), a certain concentration of Nano-Fe@NdFeB/AC and 
H2O2 was added. At setting reaction time, samples were 
taken and adjusted to pH 9.000. Intermediate products 
were analyzed after sample filtration using a 0.45-μm filter 
membrane. The COD of the samples was measured after the 

samples were added MnO2 (0.1 mmol/L) and placed for 24 h 
at room temperature (25°C). The morphology, elementary 
composition, and magnetism of Nano-Fe@NdFeB/AC were 
also studied.

3. Results and discussion

3.1. The characteristics of Nano-Fe@NdFeB/AC

The SEM results of the obtained catalytic Nano-Fe@
NdFeB/AC are shown in Fig. 1. The AC has a porous 
structure, and the surface is relatively smooth, with large 
holes. The equivalent diameter of the large holes ranges from 
1 to 10 μm, as shown in Fig. 1(a). Fig. 1(b) shows that NdFeB 
particles are present inside the large AC holes, and Fig. 1(c) 
shows that Fe0 is also present within the large holes or adheres 
to the AC surface. The Fe0 has a globular appearance, and the 
size ranges from 25 to 300 nm.

The XRD results are shown in Fig. 2. The XRD pattern 
of Nano-Fe@NdFeB/AC has obvious differences at 45° and 
40°–50°, which are the Fe0 and Nd2Fe14B peaks, respectively. 
The pattern from 20° to 30° is attributed to the amorphous 
carbon peaks of AC. The peak at 35° is attributed to NdFeB. 
Therefore, NdFeB (or Nd2Fe14B) and Fe0 were successfully 
loaded on the AC as expected.

The magnetism of catalytic Nano-Fe@NdFeB/AC 
was also evaluated, and the hysteresis loops are shown 
in Fig. 3. The VSM results indicated that the catalyst has 
typical hard magnetic characteristics. The specific saturation 
magnetization and residual magnetization of the catalyst 
were 1.48 and 0.26 emu/g, respectively. The coercivity 
reached 185.51 Oe. This catalyst can easily be reused by a 
magnetic separation technique.

3.2. Optimal conditions of DMP degradation by a Fenton-like 
process

In this study, the conditions of the initial H2O2 concen-
tration ([H2O2]0), catalyst doses ([Nano-Fe@NdFeB/AC]0), 
and initial pH ([pH]0) were investigated to obtain the optimal 
conditions for DMP COD removal. The [H2O2]0 is a key fac-
tor in organic pollution degradation, and the results of the 
influence of [H2O2]0 are shown in Fig. 4(a). Under the con-
ditions of [DMP]0 = 5 mg/L, [pH]0 = 3.000, and [Nano-Fe@
NdFeB/AC]0 = 10 mg/L, at room temperature, the COD 
removal ratios were increased rapidly in 10 min and became 
steady after 20 min. The COD removal ratio was influenced 
by [H2O2]0. After 120 min of reaction, the COD removal ratio 
increased from 49.2% to 70.7% when [H2O2]0 increased from 
1.06 to 4.24 mmol/L. However, when [H2O2]0 increased to 
5.30 mmol/L, the COD removal ratio decreased to 58.6%. This 
result is because H2O2 can decompose to hydroxyl radicals 
(•OH), which are the key free radicals on organic degradation 
in the Fenton process. Increased •OH levels mean that more 
organic pollutants can be degraded [shown in Eqs. (1) and 
(2)] [16]. However, when [H2O2]0 increases up to 5.30 mmol/L, 
the •OH concentration will rapidly grow and side reactions 
will also be intensified, which will impede the COD decline 
[shown in Eqs. (3) and (4)] [17]. These results are consistent 
with those of other reports [18,19]. In this study, the optimal 
[H2O2]0 to degradation DMP is 4.24 mmol/L.
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Fig. 1. SEM results of AC (a), Nano-Fe@NdFeB/AC (b, c), and Nano-Fe@NdFeB/AC (after 3 cycle reactions) (d).
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Fig. 2. XRD results of Nano-Fe@NdFeB/AC and Nano-Fe@NdFeB/AC (after reaction).
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The catalyst dose also has optimal conditions, as shown 
in Fig. 4(b). It was found that 5 mg/L is the suitable dose 
for COD removal, which could reach 82.8% after 120 min 
of treatment under the conditions of [DMP]0 = 5 mg/L, 
[pH]0 = 3.000, and [H2O2]0 = 4.24 mmol/L at room tempera-
ture. When the catalyst dose was down to 2.5 mg/L, the 
COD removal ratio was only 52.8%. However, when the 
catalyst dose reached 10.0, 15.0, 20, and 25 mg/L, the COD 
removal ratio was 70.7%, 70.6%, 70.2%, and 70.1%, respec-
tively. Higher or lower catalyst dose can lead to a decrease 
in the COD removal ratio. This decrease is because more 
catalyst can activate more H2O2 to generate •OH when the 

catalyst dose is low. However, when the catalyst dose is too 
high, the possibility of side reactions [Eq. (5)] [20] will also be 
enhanced, and the •OH concentrations will not increase and 
even may decline.

•OH + Fe Fe OH2 3+ + −→ +  (5)

A previous study indicated that pH is also very 
important to the Fenton process. The impact of pH on the 
COD removal ratio was also determined, and the results are 
shown in Fig. 4(c). Under the conditions of [DMP]0 = 5 mg/L, 
[H2O2]0 = 4.24 mmol/L, and [Nano-Fe@NdFeB/AC]0 = 5 mg/L, 
the optimal pH value is 3.000 and the COD removal ratio 
reaches 85.2%, which is higher than the ratios of 71.6% 
for pH 2.000, 68.2% for pH 4.000, and 55.3% for pH 5.000. 
Both higher and lower pH values have negative effects on 
DMP degradation. For the homogeneous Fenton process, 
Eq. (1) confirms that the lower pH condition is beneficial 
to •OH generation. When the pH is too low, the reduction 
of Fe3+ to Fe2+ reaction will be hampered [Eqs. (6) and (7)] 
[21]. However, a higher pH value may cause Fe2+ and Fe3+ 
to generate precipitates, and the catalytic efficiency will 
decrease rapidly. However, for a heterogeneous Fenton-
like process, the catalytic surface has active sites that can 
promote catalytic and oxidation reactions. Therefore, in 
this study, even at pH = 6.000, the COD removal ratio also 
reached 53.2%. However, the efficiency decrease following 
pH variation indicated that most DMP degradation reactions 
were homogeneous reactions occurring in the solution. 
The heterogeneous catalytic and oxidation reactions are not 
the main contributors.

 Fig. 3. VSM results of AC, Nano-Fe@NdFeB/AC, and Nano-Fe@
NdFeB/AC (after 3 cycle tests). The photo inlet was the Nano-Fe@
NdFeB/AC (after 3 cycle tests) separated from water by a magnet.
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Fig. 4. The optimal condition of DMP degradation by Fenton-like process.
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Consecutive cycle tests of DMP degradation by 
the Fenton-like process with Nano-Fe@NdFeB/AC as a 
heterogeneous catalyst were carried out, and the results are 
shown in Fig. 5. The COD removal ratio could be maintained 
at nearly 80% in the test with three consecutive cycles under 
the conditions of [DMP]0 = 5 mg/L, [H2O2]0 = 4.24 mmol/L, 
and [Nano-Fe@NdFeB/AC]0 = 5 mg/L at room temperature.

3.3. Possible mechanisms

To assess the mechanism of DMP degradation with 
Nano-Fe@NdFeB/AC as the heterogeneous catalyst, the 
serial tests were carried out. The morphology, crystal phases, 
and magnetism of Nano-Fe@NdFeB/AC were measured 
following catalysis with H2O2 to degrade DMP after one, 
two, and three cycles. Fig. 1(d) shows that the catalyst surface 
became fluffy after the reaction. The amounts of nano-Fe on 
the catalyst surface decreased after the reaction, and a longer 
reaction time led to less nano-Fe observed (Fig. 2). This result 
is because during the reaction, nano-Fe on the surface could 
react and generate Fe2+, which could dissolve into solution. 
However, based on the XRD results (Fig. 2), Fe3O4 and Fe2O3 
were also observed on the surface of the catalyst. Therefore, 
the fluffy surface of the catalyst could be composed of Fe2+ 
and Fe3+ oxides. Even though the dissolution reaction was 
verified, the nano-Fe was also observed, based on the XRD 
results. Furthermore, the fluffy surface is beneficial to the 
organic pollutant adsorption. The VSM results indicated 
that after 3 reaction cycles (Fig. 3), the specific catalytic 
saturation magnetization and residual magnetization were 
1.13 and 0.26 emu/g, respectively. The coercivity could reach 
138.14 Oe. This catalyst could also be easily separated by a 
magnetic separation process even after the reaction (Fig. 3 
inlet photo).

Consecutive cycle tests of Nano-Fe@NdFeB/AC-activated 
Fenton-like process DMP degradation were carried out, and 

the results are shown in Fig. 5. The COD removal ratio could 
reach 80% in three consecutive test cycles under the condi-
tions of [pH]0 = 3.000, [H2O2]0 = 4.24 mmol/L, and [Nano-Fe@
NdFeB/AC]0 = 5.0 mg/L.

The intermediate products during the reaction (5, 30, 
and 60 min) were analyzed by HPLC (Fig. 6). Benzoquinone, 
hydroquinone, malonic acid, and oxalic acid were observed 
after the 5-min reaction. However, for samples of 30 and 
60 min reaction times, only DMP, oxalic acid, and some ben-
zoquinone were identified. The intermediate products of 
benzoquinone and hydroquinone indicated that •OH was the 
key oxidizer during DMP degradation. GC-MS was also used 
to confirm the volatile intermediate products. Monomethyl 
phthalate and phthalic acid were found. Therefore, the ester 
groups in DMP were first oxidized to acid groups, followed 
by •OH addition and ring-opening reactions.

4. Conclusion

A novel magnetic catalyst Nano-Fe@NdFeB/AC was 
prepared to promote the Fenton-like degradation of a DMP 
solution. This catalyst has satisfactory magnetism and good 
degradation performance on the model pollutant DMP, even 
when using 3 consecutive cycles. Under optimal conditions 
of [pH]0 = 3.000, [Na2S2O8]0 = 4.24 mmol/L, and [Nano-Fe@
NdFeB/AC]0 = 5.0 mg/L, the COD removal ratio could reach 
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80% after a 30-min reaction. The •OH addition and oxidation 
reactions in the aqueous phase represent the key degradation 
process, even though catalytic surface reactions also occur 
at the same time. The pathway of DMP degradation was 
confirmed, which involved degreasing, acidification, and 
ring-opening reactions.
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