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Abstract

In this paper, core-shell polydopamine (PDA)-encapsulated CuFe;04
(CuFe,O4@PDA) magnetic nanoparticles (MNPs) were synthesized through in situ
self-polymerization for the first time. The size of the core-shell product can be
controlled by tuning the dopamine monomer concentration. The formation of PDA
layer effectively enhanced the catalytic performance and provided a large specific
surface area which offered more active sites for the effective interaction. The
as-synthesized CuFe,O4@PDA MNPs were characterized and their catalytic activity
was evaluated using the degradation of methylene blue (MB) in the presence of H,O,
as a model reaction. The experimental results showed that MB could be degraded
efficiently using CuFe,O4@PDA MNPs as catalyst. Under the optimized conditions,
the degradation efficiency of MB was above 97%. Furthermore, a possible reaction
mechanism was discussed. Finally, the catalyst was used for effective degradation of
MB in Yellow River water sample, which indicated its potential for practical

applications in water pollutant removal and environmental remediation.

Keywords: Core-shell structure, CuFe,O4@PDA, Magnetic nanomaterial, Catalytic

degradation, Methylene blue
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29 1. Introduction

30 Rapid industrialization has led to an increased amount of discharged wastewater
31  containing pollutant. Water pollution by organic dyes has become a serious
32 environmental issue and received remarkable attention. The undesirable and
33 immoderate release of wastewater containing organic dyes caused a pernicious impact,
34  including destroying the balance of ecological system, destruction of the food chain
35  existing in water ecosystem and endangering the animals and human beings,'” etc.
36 MB is an important member of the thiazine class of dyes. It is most widely used in
37  paper, textiles, plastics, food, leather and cosmetic to color products.6 However, acute
38 exposure to MB will cause increased heart rate, shock, vomiting, Heinz body
39  formation, jaundice, cyanosis, quadriplegia and tissue necrosis in humans.”"® The
40  development of a process for the efficient treatment of MB-polluted wastewater is

41  therefore of utmost importance. The various conventional treatment methods, such as

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

12 14

42 physical adsorption,'" chemical oxidation, biological degradation,"

1617 and sonochemical technology'® have been developed

43 photocatalytic degradation,
44 for the removal of such contaminants in wastewater. However, they suffer from some
45  disadvantages including incomplete removal, additional equipment and disposal
46 problem of sludge, etc. So it is still of great significance to discover a relatively low
47  cost, easy operation and higher activity materials for efficient removal of organic

48  dyes.

49 In recent years, the core-shell nanomaterials were developed as novel
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nanostructured catalyst to remove organic dyes. The core-shell structural particles
showed some special properties such as large specific surface area, adjustable size and
devisable chemical composition. Moreover, the core-shell structural particles which
may combine the advantages of “core” and “shell” showed enhanced physical and
chemical properties in optics, electronics, magnetics and catalysis.lg'22 Thus, a lot of
researches have been reported on the functional shells, including polymers, ligands,
oxides or metals.”? ** Dopamine (DA), one of the important natural chemical
neurotransmitters presented in various animals. It had the ability of adhering to almost
all material surfaces to form thin and surface-adherent polydopamine (PDA) coating
under mild condition.”>?® Tn addition, compared with other shell such as SiO,, Au,
PDA shell displays the following characteristics: (1) the process of preparing a PDA
coating seems to be simple, quick and ‘green’;zg’ 3% (2) a robust interfacial binding
force between the coating and the substrate through covalent bonds or other strong
intermolecular interactions is easily adapted for a variety of materials without surface
pretreatment; (3) PDA coating has plenty of functional groups such as amino and
hydroxyl groups as well as =n-m bonds, thus establishing further multiple

. . 3134
modification.

(4) the good electrochemical behavior of a PDA coating with n-n
stacking interaction can accelerate the electron transfer. On the basis of excellent
characteristics, PDA coating is an outstanding candidate to develop core-shell
nanomaterials.

However, the application of some nanomaterials was restricted due to difficult

separation. This reason made it challenging to recycle and reuse the nanomaterials
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72 efficiently, further affecting their decontamination efficiencies in dye removal. It is
73 therefore crucial to look for stable, separated easily, and high catalytic activity
74  nanomaterials from the viewpoint of practical application. The integration of PDA
75  with superparamagnetic materials to form uniform core-shell nanocomposite particles
76  has emerged as a viable solution. As an important kind of magnetic materials, copper
77 ferrites (CuFe,04) with good superparamagnetic nature as a magnetic core can make
78  the catalysts efficiently separated from the reaction mixture with an external magnet,
79  which prevents the loss of catalyst and renders the catalyst cost effective. Furthermore,
80 CuFe,O4 nanoparticles possess excellent catalytic activity in various catalytic
81  applications.’>”’

82 As far as we know, the research on nanocompounds combining the advantages of
83  the CuFe;04 and PDA has not been reported. Hence, a facile and eco-friendly method

84  for the fabrication of magnetically recyclable CuFe,O4@PDA MNPs with core-shell

85  nanostructures was reported (Fig. 1). The size of the core-shell product was finely

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

86  controlled by tuning the DA monomer concentration to form varying shell thickness
87  of the PDA layer. Then, the CuFe,O4@PDA MNPs were employed to investigate its
88 catalytic potential in the degradation of MB. Our results demonstrated that
89  CuFe,04@PDA MNPs possess excellent catalytic activity toward the degradation of
90 MB, with advantages such as wide working pH range, environmentally friendly
91  preparation, long-term stability and easily removed from the reaction system. It is
92  expected to become a promising catalyst applied in water pollutant removal and

93  environmental remediation.
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2. Experimental

2.1. Materials

FeCl;-6H,0 was purchased from Tianjin Shuangchuan Chemical Reagent Factory
(Tianjin, China). Ethylene glycol and anhydrous ethanol were purchased from Tianjin
Rionlon Bohua Pharmaceutical Chemical Co., Ltd. (Tianjin, China). Polyethylene
glycol 20,000 was got from Xi'an Chemical Reagent Factory (Xi'an, China). Sodium
acetate (NaAc), hydrochloric acid (HCl) and sodium hydroxide (NaOH) were got
from Tianjin Guangfu Chemical Reagent Factory (Tianjin, China). 30% H,O, (with
extremely small amount of PO4*) and MB were purchased from Tianjin Chemical
Reagent Factory (Tianjin, China). CuCl,-2H,0 and
tris(hydroxymethyl)aminomethane (Tris) were obtained from Sinopharm Chemica
Reagent Co. Ltd. Dopamine hydrochloride (DA) was obtained from Sigma Company.
All chemicals were of analytical grade and used without any further purification.
Ultrapure water was used throughout the whole experiment. The solution pH was

adjusted using diluted HCI and NaOH solutions.

2.2. Preparation of CuFe;O, magnetic nanoparticles

CuFe,0,4 magnetic nanoparticles (CuFe,O4 MNPs) were prepared according to the
literature procedures.37 Briefly, CuCl,-2H,0 (2.5 mmol) and FeCls;-6H,O (5 mmol)
were dissolved in ethylene glycol (40 mL) to form a clear solution, followed by the

addition of NaAc (3.6 g) and polyethylene glycol 20,000 (1.0 g). The mixture was
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114  stirred vigorously for 30 min at 60~70°C and then sealed in a teflon lined
115  stainlesssteel autoclave (50 mL capacity). The autoclave was heated to and maintained
116 at 200 C for 8 h and allowed to cool to room temperature. The generated black
117  CuFe;O4 MNPs were collected by magnetic separation, washed several times with
118  ethanol and ultrapure water. The resulting solids were dried at 60 ‘C for 3 h under

119 vacuum.

120  2.3. Synthesis of CuFe,0,@PDA magnetic nanoparticles

121 To prepare CuFe,0O4@PDA MNPs, 0.4 g of the as-prepared CuFe,O4 MNPs was
122 dispersed in 200 mL of dopamine-Tris solution (0.5 mg mL™, pH=8.5, 10 mM
123 Tris-HCI buffer), and allowed to proceed for 8 h under stirring at room temperature.
124  The resultant product was separated and collected with a magnet, and then washed

125  with ultrapure water three times and dried at 60 ‘C for 3 h under vacuum.

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

126  2.4. Apparatus and characterization

127 A Tecnai G°F30 instrument was used to obtain the morphology and particle size of
128 the CuFe;O4 MNPs and CuFe,O4@PDA MNPs. A Nicolet Nexus 670 Fourier
129  transform infrared spectrometer (FT-IR) was used to demonstrate the chemical nature
130  of the products in KBr pellets. An X-ray diffraction (XRD) pattern of CuFe,O, MNPs
131 were carried out with a X’pertpro Philips X-ray diffractometer with Cu Ko radiation
132 (A=1.54056 A) and scanning in the 26 range of 10-80°. The magnetic property of the

133  nanoparticles was measured at room temperature with a vibration sample
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magnetometer (VSM, Lakeshore cryotronics 730, USA). A TU-1901 double beam
UV-Vis spectrophotometer (Beijing Purkine General Instrument Co. Ltd., China) was
used to implement scan spectrum and measure the absorbance for analysis.
Fluorescent measurements were carried out by a RF-5301PC fluorescence (FL)
spectrophotometer with a 1-cm quartz cell (Shimadzu, Kyoto, Japan). Mass spectra
were recorded on an Esquire 6000 Mass spectrometer (Bruker Daltonics, USA).
Inorganic ions in solution were analyzed using an DIONEX ICS-1500 Ion
Chromatography (DIONEX, USA). Zeta potential measurements of CuFe,O4@PDA

MNPs were performed with a Malvern Nano-ZS apparatus.

2.5. Evaluation of catalytic performance

The degradation of MB in the presence of H,O, was chosen as a model reaction to
evaluate the catalytic properties of the as-prepared CuFe,O4@PDA MNPs. During the
degradation, the reactor of 50 mL capacity was immersed into a thermostated shaker.
For typical experimental runs, 4 mg freshly prepared CuFe,O4@PDA MNPs was
dispersed into 18 mL aqueous solution of MB (1.0X 10™ mol L™). The degradation of
MB was initiated by rapid adding 2 mL H,O, (5 mol L") to the reaction solution.
After the mixed solution was shaken for 30 min, a strong magnet was deposited at the
bottom of the conical flask, and the CuFe,O4@PDA MNPs were isolated from the
solution. The MB concentrations remained the aqueous solutions were measured at
Amax=656 nm. In addition, the adsorption experiment was carried out under the same

conditions just without H,O,. After oscillating 30 min, the change in absorbance of
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the mixture was measured again. The adsorption efficiency and the degradation
efficiency of MB in the CuFe;04-H;0,/CuFe;,;04@PDA MNPs system were
calculated according to the equations:

n, =[(4,— 4)/ 4,]1x100%

1, =[(4, — 4,)/ 4]1x100%
Where 7, and #, were the adsorption efficiency and the degradation efficiency of MB,
respectively; Ay was the absorbance value of original MB. 4, and A4, were the
maximum absorbance values of reaction solution at absence and present of H,O,,
respectively.

For reusability, the catalysts were collected and washed with ultrapure water after
the catalytic reaction finished and the above catalytic process was repeated for several
times until obvious inactivation was acquired. The control experiments were carried
out under the same conditions without catalyst and/or H,O,.

Besides, a 3 mg portion of CuFe,O4@PDA MNPs were dispersed in 6 mL of
ultrapure water and stored for a month to test the stability of the PDA layer in aqueous
solution. A 3 mg portion of CuFe;O4s@PDA MNPs were dispersed in 6 mL of
hydrochloric acid solution at pH 2 and pH 3 for 24 h to test the acid stability of the
sample.

The Yellow River water was chosen as a practical environmental water sample for
investigation. Before use, the sample was centrifuged (13,000 rpm) and filtered
through a 0.45-um membrane to remove any suspended particles. Stock solution was

prepared by dissolving MB in the water sample. The degradation experiment was
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carried out under the same conditions and same operation.

3. Results and Discussion

3.1. Characterization of CuFe,04 and CuFe;0,@PDA MNPs

XRD analysis was used to identify the crystal structure of the CuFe,O4 MNPs. As
shown in Fig. S1, except some Cu impurity peaks, all peaks were indexed to be
CuFe;04 (JCPDS 77-0010). There were five obvious diffraction peak at 26 values of
29.98° , 35.22° , 57.10° , 62.28° and 74.06° , corresponding to the (220), (311),
(422), (511) and (440) crystal plane of the spinel structure with CuFe,O4 MNPs. The
reason of existence of metallic copper was that the strong reducing capability of
ethylene glycol used as solvent in the preparation of the CuFe,O4 MNPs.*

The morphology and size of the as-prepared CuFe,O4 MNPs and CuFe,Os@PDA
MNPs were determined by TEM. Fig. 2a clearly displayed that the CuFe,O4 MNPs
were spherical and dispersive with an average size of about 15020 nm. As shown in
Fig. 2b, a continuous layer, which exhibited a fine increment in brightness in
comparison to the dark inner core, was clearly observed on the outer shell of the
CuFe,0;4 core. From Fig. 2a and 2b, it was very clear that the CuFe,O4@PDA MNPs
were encapsulated with a typical core-shell structure. There was a clear interface
between the PDA shell and the CuFe,O,4 core, indicating a tight encapsulation. In this
process, the size of the CuFe,O4@PDA particle can be easily controlled by tuning the
DA monomer concentration. As shown in Fig. 3, when the size of the CuFe,04

microspheres was fixed and the DA monomer concentration was changed from 0.5
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198 mg mL™" to 4 mg mL", the average thickness of the PDA shell was 15 nm, 24 nm, 32
199 nm, 55 nm and 95 nm, respectively. The typical EDX pattern of CuFe,O4@PDA
200 MNPs in Fig. 3f illustrated the fractions of all the elements in the MNPs. The
201  appearance of N element indicated the successful modification of PDA on CuFe,O4
202 MNPs.

203 FT-IR was employed to examine the surface composition of the synthesized the
204  CuFe04 and CuFe,04@PDA MNPs. As shown in Fig. 4a, the absorption band at 596
205 cm” and 417 cm™ were ascribed to stretching vibration of tetrahedral complexes and
206  octahedral complexes, respectively. The metal ions in ferrite were situated in two
207  different sublattices owing to the geometrical configuration of the oxygen nearest

208 neighbors.”' The adsorption peak at 3433 cm’

represented the stretching mode of
209  H,O molecules and OH groups. The absorption peak at 1626 cm” on spectrum

210  referred to the vibration of remainder H,O in the sample.’” In Fig. 4b there were

211 several new peaks compared with CuFe,0, MNPs. The new peak at 1487 cm™

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

212 belonged to the C=C stretching vibrations of aromatic ring in the PDA polymer. The
213 absorption peak at 1576 cm™ was attributed to N-H stretching and 1298 cm™ was
214  assigned to the C—O stretching of phenolic hydroxyl group.zg’42 The peak at 3433 cm’
215  of CuFe,04@PDA MNPs was broader than that of CuFe,O4 MNPs, resulting from the
216 overlapping of hydroxyls, water adsorbed in PDA polymer and amines of PDA. The
217  FT-IR spectrum indicated that the PDA was indeed coated on the surface of the
218  CuFe;04 MNPs and the main structure of CuFe;O; was not changed by the

219  modification.
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Moreover, VSM measurement was employed to investigate the magnetic properties
of the nanostructure. As shown in Figure 5, a hysteresis loop of typical CuFe,O4 and
CuFe,04@PDA MNPs measured by sweeping the external field between 1.5 and 1.0
T at room temperature. In the VSM magnetization curves of the CuFe,Os and
CuFe;04@PDA MNPs, there were no hysteresis, and the remanence and coercivity
were negligible, indicating the superparamagnetism of these nanomaterials. Although
the saturation magnetization value of CuFe,O4@PDA MNPs (39.15 emu/g) was lower
than CuFe;Os MNPs (44.80 emu/g) due to the existence of non-magnetic PDA
coating, the CuFe,O4@PDA MNPs were readily separated from solution with a
magnet due to their superparamagnetism and large saturation magnetization. All the

above results revealed the successful synthesis of the CuFe,O4s@PDA MNPs.

3.2. Evaluation of catalytic performance

In order to investigate the catalytic activity of the CuFe,O4@PDA MNPs, MB was
used as a typical dye pollutant in the removal of organic pollutants for wastewater
treatments. The degradation curve of the MB was shown in Fig. 6 by measuring the
change of the absorbance at 665 nm. It showed that after the addition of the
CuFe,04@PDA MNPs, the characteristic absorbance of MB at 665 nm nearly
disappeared, and the solution became colorless. It indicated that the CuFe,O4@PDA
MNPs exhibited excellent catalytic activity in the degradation of MB.

Moreover, the degradation efficiency of the CuFe,O4@PDA MNPs-H,0, was 99%

after 30 min (Fig. 7a), which was more effective than the CuFe,04 MNPs-H,0,. The
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241 catalytic performance of CuFe,O4@PDA MNPs was about 668% and 434% higher
242 than that of CuFe,O4 MNPs at 2 min and 5 min, respectively (Fig. S2). However, no
243  obvious decolorization was observed under the conditions of H,O, only. The above
244 results indicated that the core of the CuFe,O, MNPs itself owned catalytic property.
245  But the PDA layer can dramatically enhance the catalytic performance in MB
246  degradation. The enhanced catalytic activity of CuFe,O4@PDA MNPs was probably
247  caused by the synergistic effect between CuFe,O4 MNPs and PDA layer. In this
248  process, MB was more easily absorbed on the surface of the CuFe,O4@PDA MNPs
249  than CuFe,O4 MNPs.

250 In order to further verify the adsorption effect of PDA layer, the adsorptions
251  experiment of CuFe,O4@PDA MNPs and CuFe,04 MNPs were also studied (Fig. 7b).
252 There were nearly no decolorization in the presence of CuFe,O4 MNPs after 30 min,
253  which demonstrated the CuFe,O4 MNPs could not adsorb MB. However, in the

254  CuFe,O4@PDA-MB system, MB could be removed about 40% in the same time.

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

255  Consequently, in these two parallel tests, the significant discrepancy was mainly
256  caused by adsorption capacity of PDA layer. It is noted that there were three aspects
257  may contribute to the adsorption of PDA layers and MB: (a) because of the large
258  amount of functional groups (amino and catechol groups) on the surface of PDA layer,
259  z-m interaction and hydrogen bonding induced the adsorption of MB toward the PDA

260  surface.*™

(b) the PDA layer also provided a large specific surface area and active
261  sites for this process. (c) the electrostatic interactions favoured the efficient

262  enrichment of the MB molecules on the PDA surfaces. To demonstrate this effect, the
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zeta potential of CuFe,O4@PDA MNPs was determined to be negatively charged in a
wide pH range (Fig. S3), suggesting strong electrostatic interactions with positively
charged MB (Fig. S4). To further confirm the presence of electrostatic interactions,
the influence of pH on the adsorption performance of CuFe,Os@PDA MNPs was
investigated (Fig. S5). It was evident that MB was absorbed by the CuFe,Os@PDA
MNPs faster at higher pH, which was most likely attributed to the stronger
electrostatic interactions under higher pH. As confirmed by zeta potential
measurement of CuFe,O4@PDA MNPs, the MNPs showed more negatively charged
at higher pH. All of the evidences suggested that the PDA layer showed efficient
adsorption of MB in addition to the high catalytic activity. As a result, the local
concentration of MB at PDA surfaces was much higher than that in bulk solution.
Therefore, the rate of the catalytic reaction and the performance of the catalysts were

significantly improved.

3.3. Effect of operating parameters on MB degradation.

3.3.1. Effect of dopamine monomer concentration

To confirm the difference in catalytic performance of catalysts with different shell
thickness, we made a comparison of MB degradation efficiency. As illustrated in Fig.
8a, the CuFe,O4@PDA MNPs showed a distinct increase in MB degradation
efficiency compared to CuFe,Os MNPs of which degradation efficiency is only
69.18%, clearly demonstrating that the CuFe,O4@PDA MNPs showed much higher

catalytic activity. However, the degradation efficiency almost reached to the plateau
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284  when the concentration of DA monomer was 0.5 mg mL™” to 2 mg mL™. As the DA
285  monomer concentration was more than 2 mg mL™", only slight decrease of degradation
286  efficiency may be caused by the increase of PDA shell thickness. The PDA shell
287  thickness was too thick, which would limit the catalytic activity of inner core
288  CuFe,04. Therefore, 0.5 mg mL"' of DA monomer concentration (i.e., the
289  CuFe,O4@PDA MNPs with 15 nm thickness of the PDA shell) was selected for

290  further experiments.

291 3.3.2. Effect of the CuFe;04@PDA MNPs amount

292 Fig. 8b illustrated the MB degradation in the CuFe,O4@PDA-H,0, system with
293  various loads of CuFe,O4@PDA MNPs. Compared with the H,O, system (i.e., the
294  zero load of CuFe,O4@PDA MNPs), the introduction of CuFe,O4@PDA MNPs
295  significantly enhanced the degradation efficiency of MB. Because the CuFe,O4@PDA

296  MNPs acted as catalyst to accelerate the decomposition of H,O,, the consequence of

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

297  strong oxidizing radical species were easier generated. When the CuFe,O4s@PDA
298  MNPs amount range from 0 to 4 mg, the degradation efficiency of MB was greatly
299  increased. While the amount of the CuFe,O4@PDA MNPs exceeded 4 mg, the
300 degradation efficiency essentially achieved constant value. Hence, 4 mg was chose as

301  optimal CuFe,O4@PDA MNPs amount.

302 3.3.3. Effect of H,O, concentration

303 Fig. 8c gave the degradation efficiency of MB in the CuFe,O4@PDA-H,0; system
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with different concentrations of H,O,. As the H,O, concentration increased to 0.5 mol
L, the degradation efficiency of MB increased rapidly. Nonetheless when the H,O,
concentration enhanced from 0.5 to 1.0 mol L™, the degradation efficiency reduced
gradually. The degradation efficiency of MB reached a maximum when the H,0O,
concentration was 0.5 mol L. To our knowledge, H,O, was not stable under high
concentration. Considering the above factors, 0.5 mol L™ of H,0, was selected in

subsequent experiments.

3.3.4. Effect of pH

The solution pH was a very important operation parameter in catalytic reaction.
The effect of pH on the degradation efficiency of MB was researched in the range of
2-10. As can be seen from Fig. 8d, the MB degradation worked very effectively over a
wide pH range from 4.0 to 10.0. It was very favorable to the practical treatment of
wastewater because there was no need to adjust the pH of the solution. The
degradation of MB would be very favorable to occur at pH 4.0 to pH 6.0; however, it
was unlike the other typical reaction for MB degradation, which was usually
performed at approximately pH 4.0.* This signified that the robust PDA layer could
effectively protect the CuFe,O4 cores and the CuFe;O4@PDA MNPs could improve
the pH tolerance. This work chose 6.0 as optimal pH value, because it was the most

close to the pure water pH.

3.3.5. Effect of temperature and reaction time
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324 Temperature played an important role in most chemical reactions. The influence of
325 temperature on the degradation of MB was investigated between 298 K and 313 K.
326 The extent of the degradation reaction of MB by time at different temperatures was
327  plotted. Fig. S6 demonstrated that the degradation efficiency of MB was higher at
328  higher temperatures within the tested temperature range. Furthermore, the reaction
329 time needed for complete removal of MB dropped from 30 min to 15 min along with
330 the temperature increasing from 298 K to 313 K. The effective interaction of reactant
331 could be accelerated at high temperature, resulting in enhancement of reaction rate.
332 Also, the catalytic activity of CuFe,O4@PDA MNPs kept unchanged even at a
333 high-temperature (313 K). The results demonstrated the high-temperature tolerance of
334 the CuFe,O4@PDA MNPs, which was impossible for some catalyst due to
335  denaturation at higher temperatures. So in the treatment of wastewater, high
336 temperature could be taken to accelerate the removal of pollutant. For operational

337  convenience, a temperature of 303 K (room temperature) was selected for all the

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

338  experiment. In addition, the complete degradation of MB took place in 30 min and the
339  color of the reaction mixture solution changed from blue to colorless.

340 In summary, the optimized conditions for MB degradation wusing the
341  CuFeO4@PDA-H,0; system were as follows: 4 mg CuFe,O4@PDA MNPs, 0.5
342 mol/L HyO,, pH 6.0, temperature 30 C, oscillation time 30 min. Under optimal
343  conditions, the MB could be removed completely, and the degradation efficiency was

344  above 97%.

345  3.4. The reusability and the stability of CuFe;04@PDA MNPs
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The reusability and stability of catalyst are crucial properties to evaluate the
catalytic performance. Therefore, the reusability of the as-prepared CuFe,O4@PDA
MNPs was explored by checking the cycle number dependence of MB degradation
loading the same CuFe,O4@PDA MNPs. Then the CuFe,O4@PDA MNPs were
carefully collected after each cycle and reversibly reused in the identical catalytic
system. As shown in Fig. S7, the catalyst could be successfully recycled and reused
for five successive cycles with a degradation efficiency of >85%.

Furthermore, as shown in Fig. S8a, after a month of soaking in aqueous solution,
the PDA layers were still intact coated on the CuFe,O4 cores and the morphology
remained unchanged. Even dispersed under a strong acid environment (pH 2 and pH 3)
for over 24 h, the TEM images (Fig. S8b, ¢) showed that the CuFe,O4@PDA MNPs
still maintained the distinct core-shell structure. It is indicated that the robust PDA
layer could effectively protect the CuFe,O4 core under strong acid conditions and
show good stability in aqueous environment over a reasonably long period of time.
Therefore, the magnetically separable CuFe,O4@PDA MNPs have outstanding
recyclable and stable performance. It is expected to be used for a promising efficient

catalyst in wastewater treatment.

3.5. Kinetics of the degradation of MB

Fig. 9 showed the time-dependent UV-Vis spectra change of MB catalyzed with
CuFe,O4@PDA MNPs. The absorbance peak at 665 nm gradually attenuated during

the degradation process and finally disappeared. Furthermore, the degradation rate
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367  was evaluated. For the MB degradation reaction, the ratio of the concentration ¢ of
368 MB at time ¢ to its initial value ¢y at = 0 were directly given by the ratio of the
369  respective absorbance A/Ay (4 represents the absorbance at 665 nm). Because H,O,
370  was in excess (cyg /cHZO2 =9/500000 ) and its concentration was considered as a
371  constant during the reaction process, the reaction kinetics could be treated as
372 pseudo-first-order:

373 de,/dt =—k

an €t

374 or In(c/c,) = In(4/4) = -kt

375  where the apparent rate constant k., could be obtained from the plot of In(4/A4o)
376  versus the reaction time. Linear relationships between In(4/A4y) and reaction time
377  were obtained using CuFe,O4@PDA MNPs as catalyst, and the rate constant, k,p, was
378 calculated as 9.89X 10 min™ for the reaction.

379 Although the previous reported catalysts loading of gold or silver nanoparticles

43, 47
B,

380 could also exhibit great catalytic activity for the reduction of M using

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

381  expensive and scarce noble metals limited the widespread application of these
382  catalysts.”® By contrast, the CuFe,0,@PDA MNPs were low-cost and affordable.
383  Furthermore, the CuFe,O4@PDA MNPs exhibited other advantages, such as the wider
384 working pH range, long-term stability, operational stability and higher catalytic

385 efficiency compared with the analogous catalysts.'® *->°

386  3.6. Possible reaction mechanism

387 According to the above discussions, the degradation mechanism of MB was


http://dx.doi.org/10.1039/c5ra09114d

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

RSC Advances

Page 20 of 34

View Article Online
DOI: 10.1039/C5RA09114D

investigated and proposed. Obvious decolorization of MB was observed under the
conditions of CuFe,O4@PDA MNPs and H,0,. In order to validate the reason of
decolorization, the UV-vis spectra were first inspected. Fig. 10 showed that after the
addition of the CuFe,O4@PDA MNPs, the adsorption peak of 665 nm and 291 nm,
which respectively represented the characteristic adsorption of conjugated structure
and substituent benzene of MB, both vanished; a new strong adsorption peak (A= 251
nm), which represented the characteristic adsorption of aromatic structure of catalytic
degradation product, appeared.” ** It indicated that the destruction of the whole MB
molecular or the chromophore of MB. In order to further determine intermediates and
final products, solutions of the MB and the MB was catalyzed by CuFe,O4@PDA
MNPs were analyzed using ESI-MS (Fig. S9 and S10). It is noteworthy that new
fragments of m/z 228, 191, 131 were detected, demonstrating 3,
7-diamino-phenothiazine-5-ium, 2, 5-diaminobenzenesulfonic acid and dl-norleucine
were formed in degradation process (Table S1). The generation pathways of these

fresh intermediates were speculated,” ™

as shown in Fig. S11. Most CI may be
ionized during the dissolution of MB and existed in the detached state. N—CHj3 with
the lowest bond energy was first broken. Then C—S and C—N were broken, C—S
transformed into C—SO3;H. C—NH, bond in the remaining structure was broken and
C—SOsH transformed into C—OH in the following degradation. The DL-Norleucine
generated as the ring in 1-amino-3,4-dihydroxybenzene opened. Mass spectra data

provided overwhelming evidence of the MB degradation, which was in accordance

with the results of UV-Vis spectra. Additionally, the ion chromatography was used to
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410  further determine ions in resultant degradation solution. As shown in Fig. S12, CI,
411  NO,, NOs, SO42' were detected. The generation of NO,, NOs™ and SO42' further
412 manifested C-S and C-N bond gradually cleavage in the degradation process.””
413 These overall results confirmed that decolorization of MB was due to the MB was
414  degraded by CuFe,O4@PDA MNPs as a catalyst in the presence of H,O,.

415 Based on the intermediate and final products detected, the degradation mechanism
416  for MB is analyzed and described, as shown in Fig. S13. The MB degradation in
417  CuFe,04@PDA-H,0, system was mainly due to the synergistic effect of the CuFe,04
418  core catalysis and PDA shell adsorption capacity. When the CuFe,O4@PDA MNPs
419  were added and used for catalysis, H;O, molecules and MB were adsorbed on the
420  surface of CuFe,O4@PDA MNPs. The surface-adsorbed H,O, molecules were
421  activated to generate the -OH, which further react with adsorbed MB to initiate the

422  degradation and/or diffuse into the solution to attack MB molecules near the

423 CuFe,O4@PDA/solution interface. Furthermore, the PDA layer with m-m stacking

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

424  interaction and the CuFe,O4 core with ‘d™ (n= 5-9) electronic configuration could
425  accelerate the electron transfer.””>* The faster electron transferred on catalyst surface,
426  the faster the reaction processed. To evidence this assumption, a fluorescence
427  technique was used to detect of the produced -OH radicals by adding the fluorescent
428  probe terephthalic acid into the CuFe,O4@PDA-H,0,; system, where terephthalic acid
429  could easily react with -OH to yield a strongly fluorescent product 2-hydroxy
430  terephthalic acid.” *® It was clearly shown in Fig. S14 that fluorescence intensity

431 enhanced gradually with the increasing concentration of the CuFe,O4@PDA MNPs,
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which suggested that the amount of generated -OH increased as CuFe,Os@PDA
MNPs increased. However, no fluorescence intensity was observed in the absence of
H,0,. All of the above results indicated that H,O, molecules were adsorbed on the
surface of the CuFe,04@PDA MNPs and then activated by the CuFe,O4@PDA
MNPs to generate reactive oxygen species. All the evidences suggested that the

synergistic mechanism was feasible.

3.7. The application

Finally, in order to verify whether the nanocomposite could be applied to
environmental water, the Yellow River water in Lanzhou section was collected and
used as a practical sample. The Yellow River water formed a blue solution after being
spiked with MB as a pollutant. Then 4 mg of the CuFe,O4@PDA MNPs was added to
this water in the presence of H,0O,. Satisfactory results were obtained that the solution
became colorless, and the degradation efficiency was still above 97%. The
CuFe,04@PDA MNPs were then easily separated by a magnet and could be reused
for further reactions. Therefore, the CuFe,O4@PDA MNPs were successfully used as
a catalyst for the degradation of MB for complex environmental water samples and

the proposed method was reliable.

4. Conclusions

In summary, a simple method to prepare polydopamine modified CuFe,O4 MNPs

was proposed. The PDA was directly grafted onto the CuFe,O; using one step
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452  self-polymerization reaction to form well-defined core-shell nanostructures. The
453  CuFe,04@PDA MNPs exhibited excellent catalytic activity for the degradation of
454  MB in the presence of H,O,. The CuFe,O4@PDA MNPs could be easily separated by
455  a magnet after the catalytic reaction. In addition, the significant synergistic effect of
456  the CuFe,04 core catalysis and PDA shell adsorption capacity was observed. MB and
457  H,O, could be absorbed on the surface of the CuFe,O4@PDA MNPs. The
458  surface-adsorbed H,O, molecules were activated to generate the -OH, then it further
459  reacted with adsorbed MB to initiate the degradation. The formation of PDA layer
460  effectively enhanced the catalytic performance and protected the CuFe,O4 core to
461  improve the stability. The versatile PDA polymer coating on the CuFe,O4 core also
462  allowed the further surface functionalization for the development of multifunctional
463  nanomaterials. Because of its merits such as wide working pH range, simple
464  preparation, long-term stability, good recyclability and high catalytic performance, the

465  CuFe,O4@PDA MNPs as potential catalysts will be facilitated to apply in various

Published on 10 June 2015. Downloaded by East Tennessee State University on 10/06/2015 15:30:15.

466  fields such as environmental protection, bioseparator, biosensor, and so on.
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Figure captions:

Fig. 1. Schematic diagram of the synthetic strategy and application of CuFe,O4@PDA
magnetic nanoparticles.

Fig. 2. TEM images of CuFe,O4 MNPs (a) and CuFe,O4@PDA MNPs (b).

Fig. 3. TEM images of the CuFe;O4@PDA MNPs based on CuFe;O4
sub-microspheres with different shell thicknesses: 15 nm (a), 24 nm (b), 32 nm (¢), 55
nm (d) and 95 nm (e), corresponding to 0.5, 1, 2, 3, 4 mg mL" of DA monomer
concentration, respectively. The EDX pattern of the CuFe,O4@PDA MNPs (f).

Fig. 4. FT-IR spectra of the CuFe,O4 MNPs (a) and CuFe,O4@PDA core-shell MNPs
(b), respectively.

Fig. 5. Room-temperature magnetization hysteresis loops of the CuFe,O4 MNPs (a)
and CuFe;,O4@PDA MNPs (b).

Fig. 6. (a) UV-Vis absorption spectrum of MB degradation before and after addition
of H,0, and CuFe,04@PDA MNPs. (b) Photograph of the reduction of MB by H,0,
in the presence of CuFe,O4@PDA MNPs.

Fig. 7. (a) Time-dependent degradation efficiency of MB in systems of MB + H,0,,
CuFe,04@PDA + MB + H,0; and CuFe,O4 + MB+ H,0,. (b) Time-dependent
adsorption efficiency of MB in systems of CuFe;O4 + MB and CuFe,O4@PDA + MB.
Fig. 8. Effects of reaction conditions on MB degradation efficiency. (a) dopamine
monomer concentration. (b) the CuFe,O4@PDA MNPs amount. (¢) HO,
concentration. (d) pH.

Fig. 9. The time-dependent UV-Vis absorption spectra change for the reduction
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process of MB. The illustration shows the relationship between In(A¢/Ay) and reaction
time (t) for the MB reduction.
Fig. 10. Successive UV-vis spectra of MB solution (black curve) and resultant

solution after degraded by CuFe,O4@PDA MNPs (red curve).
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Schemes and figures:
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CuFe,0.@PDA MNPs

Absorbamce

Fig. 1. Schematic diagram of the synthetic strategy and application of CuFe,O4@PDA

magnetic nanoparticles.

Fig. 2. TEM images of CuFe,O, MNPs (a) and CuFe,O4@PDA MNPs (b).
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Fig. 3. TEM images of the CuFe,O4@PDA MNPs based on CuFe;O4

sub-microspheres with different shell thicknesses: 15 nm (a), 24 nm (b), 32 nm (¢), 55

nm (d) and 95 nm (e), corresponding to 0.5, 1, 2, 3, 4 mg mL"! of DA monomer

concentration, respectively. The EDX pattern of the CuFe,O4@PDA MNPs (f).
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Fig. 4. FT-IR spectra of the CuFe,O4 MNPs (a) and CuFe,O4@PDA core-shell MNPs

(b), respectively.
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Fig. 5. Room-temperature magnetization hysteresis loops of the CuFe,O4 MNPs (a)

and CuFe,O4@PDA MNPs (b).
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Fig. 6. (a) UV-Vis absorption spectrum of MB degradation before and after addition

of H,0; and CuFe,04@PDA MNPs. (b) Photograph of the reduction of MB by H,0,

in the presence of CuFe,O4@PDA MNPs.
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Fig. 7. (a) Time-dependent degradation efficiency of MB in systems of MB + H,0,,

CuFe,04@PDA + MB + H,0; and CuFe,O4 + MB+ H,0,. (b) Time-dependent

adsorption efficiency of MB in systems of CuFe;O4 + MB and CuFe,O4@PDA + MB.
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Fig. 8. Effects of reaction conditions on MB degradation efficiency. (a) dopamine

monomer concentration.

concentration. (d) pH.

(b) the CuFe;Os@PDA MNPs amount.
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614  Fig. 9. The time-dependent UV-Vis absorption spectra change for the reduction
615  process of MB. The illustration shows the relationship between In(Ay/Ay) and reaction

616  time (¢) for the MB reduction.

3.0

—MB
CuFe O @PDA+H O +MB
25 274 272
204
2
Q
S15
k=
=]
2
1.0
0.5
0.0
T T T T T
200 300 400 500 600 700 800
617 Wavelength ( nm )

618  Fig. 10. Successive UV-vis spectra of MB solution (black curve) and resultant

619  solution after degraded by CuFe,O4@PDA MNPs (red curve).
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