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Abstract A series of novel magnetic branched

polyethylenimine nanogels (Fe3O4/bPEI) was prepared via

the combination of crosslinking branched polyethylenimine

to form a nanogel and in-situ generation of Fe3O4 on its

surface. Morphologies and magnetic properties of the

Fe3O4/bPEI nanocomposites could be easily controlled by

regulating the ratio between branched polyethylenimine

nanogel and Fe3O4 precursor. The nanocomposites could

be applied as efficient and selective dye adsorbents for the

removal of Congo red under different pH values or in the

presence of methylene blue. Furthermore, it could also be

applied as catalyst support for the loading of palladium to

afford a novel Pd-Fe3O4/bPEI nanocomposite, which

exhibited good catalytic activity in the reduction of nitro-

phenols using NaBH4 as the reducing agent. Particularly,

this nanocomposite could be easily separated by an exter-

nal magnetic field and recycled ten times without appre-

ciable loss of its initial catalytic activity. The synergistic

integration of nanogel and magnetic Fe3O4 nanoparticles

makes Fe3O4/bPEI to be a versatile platform for multiple

applications.

Graphical Abstract Magnetically recyclable

polyethylenimine nanogels (Fe3O4/bPEI), prepared with in-

situ generated Fe3O4, can serve as excellent dye adsorbent

and catalyst support.

Introduction

Polymeric micro/nanogels have attracted much attention in

recent years not only due to their unique physicochemical

properties, including small size, large surface areas, tunable

dimensions, stable interior network structures, and short

response times, but also due to their wide applications in

adsorption, catalysis, biosensor, bioimaging, and drug

delivery [1–8]. Particularly, within the field of adsorption

and catalysis, micro/nanogels have aroused considerable

interest due to their multiple accessible channels for the

diffusion and transport of guest molecules or ions [9–12],

as well as their unimolecular polymeric small-sized entities

for retaining their form under a range of catalytic condi-

tions [13–16].

Branched polyethylenimine (bPEI), as one of the most

important water-soluble cationic polymers, is an attractive
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adsorbing and supporting material due to its unique struc-

ture and properties. It possesses a large number of amino

groups in the backbone and terminals, which endow it

certain amino-induced applications, such as being

employed as dye [17], metal ion [18] or carbon dioxide

adsorbent [19], catalyst support [20], as well as dye-fixing

agent in the textile industry [21]. Undoubtedly, bPEI

nanogel would be a perfect substrate to adsorb guest ions or

molecules. The electron-rich feature of amino groups on

the surface and in the network of bPEI nanogel makes it

active in the complexation with metal ion [22, 23]. On the

other hand, the high positive charge density on the surface

of bPEI nanogel facilitates the adsorption of anionic

molecules by its polymer network [22, 24]. However, the

general methods to separate traditional polymeric nanogels

from solutions are through filtration and centrifugation,

which are tedious and time-consuming processes. In addi-

tion, these methods are not sufficient enough to completely

remove nanogels from solutions, limiting the actual

applications of polymeric nanogels.

As is well known, magnetic separation provides a quick,

simple, eco-friendly, and effective method for the recycling

of nanomaterials [25–27]. Accordingly, it might be a good

choice to separate polymeric nanocomposites. Until now,

two strategies have been developed to construct magnetic

polymeric nanocomposites [28–31]. The first strategy

combines a surface modification of Fe3O4 nanoparticles

(NPs) and a subsequent radical polymerization on its sur-

face. For instance, some core–shell magnetic nanocom-

posites, such as Fe3O4@poly(methyl methacrylate) [32],

Fe3O4@poly(N,N-methylenebisacrylamide-co-methacrylic

acid) [33], and Fe3O4@poly(4-vinylpyridine-co-divinyl-

benzene) [34], have been prepared by the double-bond-

functionalization on the surface of Fe3O4 NPs and the

subsequent radical polymerization in the presence of

required monomer and crosslinking agent. However, sur-

face modification is often prohibitively time-consuming,

and has some drawbacks such as high preparation cost and

deterioration of the magnetic properties. The second

strategy is based on the oxidative polymerization of certain

monomers, such as aniline [35], dopamine [36], and pyr-

role [37], on the surface of bare Fe3O4 NPs. Obviously,

both of the current strategies require a robust and effective

polymerization. To the best of our knowledge, there is no

report on the preparation of magnetic polymer Fe3O4

hybrid nanogels with well-defined nanostructures via a

condensation reaction.

In this work, we have developed a facile method for the

preparation of novel hybrid multifunctional magnetic

branched polyethylenimine nanocomposites (Fe3O4/bPEI)

with in-situ generated Fe3O4 NPs. The influence of the

ratio between bPEI nanogel and Fe3O4 precursor on the

morphologies and magnetic properties was systematically

studied based on necessary characterizations. The

nanocomposites could be easily recovered from the aque-

ous mixture by an external magnetic field. The as-prepared

Fe3O4/bPEI nanocomposites could be used as high-effi-

ciency and selective adsorbents for the removal of Congo

red (CR), an anionic dye. Furthermore, a Pd NPs-immo-

bilized Fe3O4/bPEI nanocomposite exhibited excellent

catalytic activity in the reduction of nitrophenols in the

presence of NaBH4. Particularly, this catalyst can be

recycled for 10 successive cycles in the reduction of

4-nitrophenol (4-NP) without appreciable loss of its initial

catalytic activity.

Experimental

Materials

bPEI (Mn = 104 g mol-1, Mw/Mn = 2.5) was purchased

from Sigma-Aldrich. 1,2-Dibromoethane (DBE), CR,

methylene blue (MB), 2-nitrophenol (2-NP), 3-nitrophenol

(3-NP), and 4-NP were purchased from Aladdin Industrial

Inc., Shanghai, China. Palladium chloride (PdCl2) was

purchased from Tianjin Kemiou Chemical Reagent Co.,

Ltd., China. Ferric chloride hexahydrate (FeCl3�6H2O),

ferrous chloride tetrahydrate (FeCl2�4H2O), and sodium

borohydride (NaBH4) were purchased from Tianjin Fuchen

Chemical Reagents Factory, China.

Preparation of bPEI nanogel

The bPEI nanogel was synthesized by crosslinking of bPEI

with DBE via a condensation reaction (Scheme 1), similar

to the method reported in the literature [22]. In brief, to a

solution (300 mL) of N,N-dimethylformamide (DMF)

containing bPEI (0.8 g), 3 mL of DBE was added. This

solution was vigorously stirred at 60 �C for 14 h, and the

clear solution gradually changed to a milk-white suspen-

sion. Subsequently, the reaction mixture was heated to

80 �C and kept for another 1.5 h to enhance the extent of

condensation reaction, with its color turning from milk-

white to faint yellow. After cooling down, the bPEI

nanogel was cleaned via two cycles of centrifugation

(10000 rpm) and water washing (20 mL). Finally, the bPEI

nanogel was dispersed in 80 mL of water (9.5 g L-1).

Preparation of Fe3O4/bPEI nanocomposites

Magnetic Fe3O4/bPEI nanocomposites were prepared via

the in-situ formation of Fe3O4 NPs on the surface of bPEI

nanogel (Scheme 1). In a typical run, FeCl3�6H2O (1.0 g,

3.7 mmol) and FeCl2�4H2O (0.368 g, 1.85 mmol) were

first dissolved in boiled deionized water (30 mL). Certain
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volume (1.0, 2.0, 4.0, or 8.0 mL) of the above solution was

added to the suspension of bPEI nanogel (5.0 mL), and

then stirred for 2 h at room temperature for the adsorption

of Fe3? and Fe2? ions in the solution. After this mixture

was heated to 80 �C, 0.5 mL of NH3�H2O (25 wt% in

water) was injected under vigorous stirring. The color of

the mixture turned to black immediately, indicating the

formation of the Fe3O4 NPs. The as-prepared magnetic

Fe3O4/bPEI nanocomposites were easily separated from

the reaction mixture by magnetic decantation using a per-

manent magnet and purified by water (10 mL) three times.

The Fe3O4/bPEI nanocomposites so obtained are denoted

as Fe3O4(1)/bPEI, Fe3O4(2)/bPEI, Fe3O4(4)/bPEI, and

Fe3O4(8)/bPEI, in which the figure in the parentheses refers

to the volume of the Fe2? and Fe3? precursor solution.

Finally, the Fe3O4/bPEI nanocomposites were dried at

60 �C under vacuum overnight (their final weights were

63.3, 81.0, 111.4, and 164.5 mg, respectively) and then

dispersed in 5 mL of water. The preparation conditions of

the Fe3O4/bPEI nanocomposites and the concentration of

the resulting Fe3O4/bPEI suspension are summarized in

Table 1.

Comparative experiment

A mixture of bPEI nanogel and Fe3O4 NPs was prepared by

a stepwise procedure. First, Fe3O4 NPs were prepared using

the same method as that of Fe3O4(2)/bPEI, in which water

was used instead of bPEI nanogel suspension. After sepa-

rated using a magnet, the resulting Fe3O4 NPs were added

to the bPEI nanogel suspension (5 mL). The mixture was

stirred for 2 h at room temperature, followed by centrifu-

gation, dried at 60 �C under vacuum overnight, and

denoted as Fe3O4(2)-bPEI (Table 1).

Preparation of Pd-Fe3O4/bPEI nanocomposites

First, an aqueous solution of H2PdCl4 (0.01 M) was pre-

pared by completely dissolving 44.5 mg of PdCl2 in 25 ml

of 20 mM HCl in a boiling water bath [38]. Then, 0.4 mL

of H2PdCl4 and 1.6 mL of water were successively added

into 1.0 mL of Fe3O4(2)/bPEI suspension at room temper-

ature. After 2 h of stirring, a stable mixture was obtained.

50 lL of fresh NaBH4 solution (1.0 M) was then injected

into this mixture and kept at room temperature for 2 h. The

as-prepared Pd-Fe3O4/bPEI nanocomposite was separated

by magnetic decantation, washed with water, and finally

dispersed in 2 mL of water.

Dye adsorption

The adsorption of different dyes (CR and MB) on Fe3O4/

bPEI was performed in 100 mL round flasks equipped with

a magnetic stirrer at room temperature. 0.1 mL of Fe3O4/

bPEI suspension was added to a dye solution (40 mL,

80 mg L-1) under different pH values. Over a certain

period of time, 3 mL of sample was first removed from the

mixture, and then the adsorbent was separated by a per-

manent magnet. The residual dye concentration in the

solution was immediately analyzed by UV–vis measure-

ments to monitor the adsorption process.

Catalytic activity test

The as-prepared Pd-Fe3O4/bPEI was used as catalyst for

the catalytic reduction of nitrophenols in the presence of

NaBH4. In a typical run, 20 lL of Pd-Fe3O4/bPEI sus-

pension was first diluted by 2.0 mL of water in a

Scheme 1 Schematic illustration of the preparation of Fe3O4/bPEI and Pd-Fe3O4/bPEI nanocomposites

Table 1 Preparation conditions

of the Fe3O4/bPEI

nanocomposites and the

concentration of the resulting

Fe3O4/bPEI suspension

Sample Preparation conditions Concentration

(g L-1)
Fe2? and Fe3? (mL) bPEI nanogel (mL) NH3�H2O (mL)

bPEI nanogel – – – 9.5

Fe3O4(1)/bPEI 1 5 0.5 12.7

Fe3O4(2)/bPEI 2 5 0.5 16.2

Fe3O4(4)/bPEI 4 5 0.5 22.3

Fe3O4(8)/bPEI 8 5 0.5 32.9

Fe3O4(2)-bPEI 2 5 0.5 –
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10*10 mm quartz cell. Then, 0.1 mL of nitrophenols

solution (2.5 mM) and 0.4 mL of fresh NaBH4 solution

(100 mM) were added to the diluted Pd-Fe3O4/bPEI solu-

tion. The UV–vis adsorption spectra of nitrophenols at

different intervals were recorded to monitor the progress of

catalytic reaction. When the reaction was complete, the

catalysts were magnetically separated from the reaction

mixture. After being washed with water, a new portion of

aqueous 4-NP and NaBH4 was added for the next cycle of

reaction.

Characterization

Inductively coupled plasma-mass spectroscopy (ICP-MS)

measurement was performed on an Agilent 7700 spec-

trometer. X-ray diffraction (XRD) patterns were acquired

on a Bruker D8-ADVANCE X-ray diffractometer using Cu

Ka radiation and a scan step of 0.02o at 25 �C. X-ray

photoelectron spectroscopy (XPS) analysis was carried out

on a PHI 1600 spectrometer using Mg Ka X-ray source for

excitation. Fourier transform infrared spectroscopy (FTIR)

was tested on a Varian-640 spectrophotometer (KBr pellet

technique). Thermogravimetric analysis (TGA) was per-

formed on a Perkin-Elmer Pyris 6 type thermogravimetric

analyzer under a nitrogen atmosphere (20 mL min-1) at a

heating rate of 10 �C min-1. The samples were first pre-

treated at 100 �C for 30 min to exclude the influence of

moisture. Transmission electron microscopy (TEM) ima-

ges were obtained with a FEI Tecnai G2 F20 S-TWIN

instrument at a voltage of 200 kV. Before measurements,

the samples were first deposited on a carbon-coated copper

grid (200 mesh) and dried at 60 �C for 4 h. Magnetization

curves were obtained on a LDJ9600-1 Superconducting

quantum interference device. UV–vis spectra were recor-

ded on a Shimadzu WV-2550 spectrophotometer with a slit

width of 2 nm and at a scan rate of 600 nm min-1.

Result and discussion

Preparation and characterization of Fe3O4/bPEI

nanocomposites

The solution of Fe3? and Fe2? was used as the Fe3O4

precursor to prepare magnetic Fe3O4/bPEI nanocomposites

(Scheme 1). During the preparation of Fe3O4/bPEI

nanocomposites, the adsorption of Fe3? and Fe2? ions by

bPEI nanogel is regarded as an important process. To

confirm this process, ICP-MS was used to identify the

concentration of Fe in the solution before and after

adsorption during the Fe3O4(2)/bPEI preparation. It was

found that the original Fe concentration was 2.711 g L-1

and it decreased to 2.632 g L-1 after adsorption. Thus,

2.9 % Fe in the solution was adsorbed by bPEI nanogel

during this process. With the addition of NH3�H2O, the

adsorbed Fe might act as a seed during the in-situ gener-

ation of Fe3O4 NPs on the surface of bPEI nanogel [39, 40],

benefiting for their formation. For comparison, if Fe3O4(2)/

bPEI was prepared without the Fe ions adsorption process,

some bPEI nanogel cannot assemble with Fe3O4 NPs,

resulting in an incomplete separation of bPEI nanogel by a

magnet (Fig. S1). Therefore, we can conclude that such a

Fe ions adsorption process played a key role in the in-situ

generation of Fe3O4 NPs on the surface of bPEI nanogel.

XRD patterns of bPEI nanogel, Fe3O4, and Fe3O4/bPEI

nanocomposites are shown in Fig. 1a. As can be seen, bPEI

nanogel exhibited only one broad peak at about 2h = 25o

(Fig. 1a, curve 1). In contrast, all Fe3O4/bPEI nanocom-

posites showed characteristic diffraction peaks at about

30.3�, 35.7�, 43.2�, 53.5�, 57.0�, and 62.8� (Fig. 1a, curve
2-5), originated from the (220), (311), (400), (422), (511),

and (440) planes of crystal Fe3O4 NPs [41]. These peaks

matched well with those of pure Fe3O4 (Fig. 1a, curve 6,

JCPDS: 74-748), demonstrating the formation of Fe3O4

NPs. The high-resolution XPS spectrum of Fe 2p in

Fig. 1 a XRD patterns of (1) bPEI nanogel, (2) Fe3O4(1)/bPEI, (3)

Fe3O4(2)/bPEI, (4) Fe3O4(4)/bPEI, (5) Fe3O4(8)/bPEI, and (6) Fe3O4.

b High-resolution XPS spectrum of Fe 2p in Fe3O4(2)/bPEI
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Fe3O4(2)/bPEI also supported the formation of Fe3O4

(Fig. 1b). The peaks at 710 eV and 724 eV are character-

istic of Fe 2p3/2 and Fe 2p1/2 in Fe3O4, respectively [39].

Combining the results of XRD and XPS, the in-situ for-

mation of Fe3O4 in Fe3O4/bPEI nanocomposites was well

demonstrated.

FTIR spectra of bPEI nanogel, Fe3O4/bPEI nanocom-

posites, and Fe3O4, are depicted in Fig. 2a. In the FTIR

spectrum of bPEI nanogel (Fig. 2a, curve 1), the charac-

teristic absorption bands at about 3440 and 1654 cm-1

were assigned to the stretching vibration of -NH2 and

scissor bending vibration of -NH2 [42], and the character-

istic absorption bands at 2958–2832 and 1459 cm-1 were

assigned to the stretching and rocking vibration of C-H,

respectively. However, in the spectra of Fe3O4/bPEI

nanocomposites (Fig. 2a, curve 2-5), all these characteris-

tic absorption bands of bPEI nanogel weakened gradually

from Fe3O4(1)/bPEI to Fe3O4(8)/bPEI, whereas an absorp-

tion band became stronger at about 580 cm-1, which was

assigned to Fe3O4 (Fig. 2a, curve 6), suggesting that the

content of Fe3O4 in the Fe3O4/bPEI nanocomposites

increased with the decrease of feed ratio between bPEI

nanogel and Fe3O4 precursor. Subsequently, TGA analysis

was carried out to determine the content of Fe3O4 in the

Fe3O4/bPEI nanocomposites based on the residual weight

at 750 �C (Fig. 2b). Accordingly, the contents of Fe3O4 in

Fe3O4(1)/bPEI, Fe3O4(2)/bPEI, Fe3O4(4)/bPEI, and Fe3O4(8)/

bPEI were calculated to be 26.3, 40.5, 53.3, and 71.9 %,

respectively, indicating that the content of Fe3O4 could be

controlled by adjusting the ratio between bPEI nanogel and

Fe3O4 precursor.

Notably, a new characteristic absorption band occurred

at about 1544 cm-1 in the Fe3O4/bPEI nanocomposites and

its intensity also increased with the decrease of the ratio

between bPEI nanogel and Fe3O4 precursor (Fig. 2a, curve

2–5). In contrast, there was no band in this location in the

spectrum of Fe3O4(2)-bPEI (Fig. 2a, curve 7). Furthermore,

Fe3O4 NPs and bPEI nanogel in Fe3O4(2)-bPEI were

independent of each other, and the bPEI nanogel in

Fe3O4(2)-bPEI cannot be separated by a magnet (Fig. S2),

indicating that Fe3O4 could not self-assemble to bPEI

nanogel by the stepwise procedure adopted in the com-

parative experiment. Moreover, to eliminate the suspicion

of bPEI hydrochloride, formed between bPEI nanogel and

H? in the Fe3? and Fe2? solution, FTIR measurement of

bPEI hydrochloride nanogel was carried out and no band

was detected at around 1544 cm-1 (Fig. S3). Thus, this

new band can be attributed to the assembly of bPEI

nanogel and Fe3O4 NPs, demonstrating the in-situ forma-

tion of Fe3O4 on the surface of bPEI nanogel to form

Fe3O4/bPEI nanocomposites. Although there have been

some reports on the formation of Fe3O4 NPs by the reaction

of Fe3? and Fe2? with NH3�H2O [43, 44], it might be the

first observation that Fe3O4 NPs could be in-situ generated

on the surface of nanogel to fabricate magnetic Fe3O4/bPEI

nanocomposites for the purpose of easy separation. This

method not only avoids the need of complex surface

modification of Fe3O4 NPs, but also provides a new way to

construct the magnetic polymeric nanocomposites.

The surface morphology of bPEI nanogel, Fe3O4/bPEI

nanocomposites and the size distribution of Fe3O4 NPs

were recorded by TEM, as shown in Fig. 3. It was found

that bPEI nanogel displayed a well-defined spherical

morphology with an average size of 183 ± 54 nm

(Fig. 3a). As presented in Fig. 3b–e, it was clear that the

Fe3O4 NPs assembled on the surface of bPEI nanogel, in

consistent with the consequence of in-situ generation of

Fe3O4, and their quantities gradually increased with the

increase of the amount of Fe3? and Fe2? precursor solution

used during the preparation process, as also proved by the

FTIR and TGA results. It was obvious that Fe3O4(8)/bPEI

contained the maximum amount of Fe3O4 NPs in Fe3O4/

bPEI samples, together with some scattered Fe3O4 NPs,

suggesting that the amount of Fe3O4 NPs exceeded the

available spaces on the surface of bPEI nanogel (Fig. 3e).

Fig. 2 a FTIR spectra of (1) bPEI nanogel, (2) Fe3O4(1)/bPEI, (3)

Fe3O4(2)/bPEI, (4) Fe3O4(4)/bPEI, (5) Fe3O4(8)/bPEI, (6) Fe3O4, and

(7) Fe3O4(2)-bPEI. b TGA curves of Fe3O4, Fe3O4/bPEI nanocom-

posites and bPEI nanogel
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Notably, the average size and distribution of Fe3O4 NPs in

all Fe3O4/bPEI samples was almost constant, approxi-

mately 13 nm in diameter, similar to those of the pure

Fe3O4 (Fig. S4). As is well known, magnetite NPs with

size below 25 nm (the critical size) present superparam-

agnetism [45]. Thus, these in-situ generated Fe3O4 NPs

should present superparamagnetism, resulting in the

superparamagnetism of the Fe3O4/bPEI nanocomposites

and avoiding the disturbance from different contents of

Fe3O4. Furthermore, the lattice of Fe3O4 phase can be

observed in the high-resolution transmission electron

microscopic (HRTEM) image of Fe3O4 NPs in Fe3O4(2)/

bPEI (Fig. 3f). Its distance of 0.29 nm corresponded to the

(100) crystal planes of the Fe3O4 phase [39].

Fig. 3 TEM images of a bPEI nanogel, b Fe3O4(1)/bPEI, c Fe3O4(2)/bPEI, d Fe3O4(4)/bPEI, and e Fe3O4(8)/bPEI, and the size distribution of

Fe3O4 (inset), f HRTEM image of Fe3O4(2)/bPEI

J Mater Sci (2016) 51:3170–3181 3175

123



Since the superparamagnetic properties of these mate-

rials are critical to ensure their applications, the magnetic

properties of Fe3O4/bPEI nanocomposites were investi-

gated and their magnetic hysteresis loops at room tem-

perature are illustrated in Fig. 4. It should be noted that no

remanence or hysteresis loops are detectable in all Fe3O4/

bPEI samples, indicating their superparamagnetism [46],

and in consistent with the expectation from the TEM

results. The saturation magnetizations (Ms) values of the

Fe3O4/bPEI nanocomposites were 53.2, 38.2, 28.7, 18.0

emu g-1 at an applied field of 20 000 Oe, respectively, all

lower than that of pure Fe3O4 (71.5 emu g-1). It is obvious

that the Ms values of the Fe3O4/bPEI nanocomposites

increased with the increase of the amount of Fe3? and Fe2?

precursor solution used during the preparation process.

Considering that Fe3O4(2)/bPEI can be separated within 6 s

(inset of Fig. 4), the magnetism of these Fe3O4/bPEI

nanocomposites should be strong enough for quick mag-

netic separation by an external magnetic field.

Dyes adsorption

Due to the nanosize effect and the high density of amine

groups in the polymer network, the as-prepared Fe3O4/

bPEI nanocomposites should have good capability on dyes

adsorption. Thus, the adsorptions of CR (an anionic dye)

and MB (a cationic dye) by the Fe3O4(2)/bPEI nanocom-

posite were then carried out to evaluate their adsorption

capabilities. The chemical structures of the dyes and the

digital photos of magnetic separation after dye absorptions

are shown in Fig. 5. As can be seen, Fe3O4(2)/bPEI

nanocomposite, containing moderate amount of Fe3O4,

exhibited different adsorption behaviors toward different

type of dyes. It can adsorb CR effectively and then be

separated by an external magnetic field, whereas it cannot

adsorb MB under similar conditions.

Subsequently, the effects of the Fe3O4 contents in the

Fe3O4/bPEI nanocomposites and the pH values of the

solution on their adsorption performance were systemati-

cally examined and the results are shown in Fig. 6. In the

case of CR, the adsorption rate increased with the increase

of the Fe3O4 contents in the Fe3O4/bPEI nanocomposites

(Fig. 6a), and Fe3O4(8)/bPEI exhibited the maximal

adsorption rate in the Fe3O4/bPEI samples studied in neu-

tral medium (pH 7). This phenomenon can be explained by

the gradually increased contents of Fe3O4, which also

possessed certain adsorption capability toward CR, in these

nanocomposites. Nevertheless, the adsorption ratios of all

samples were up to about 98 % within 25 min, suggesting

that the Fe3O4/bPEI nanocomposites could be served as

high-efficiency adsorbents toward CR in neutral medium.

In contrast, they showed almost no capability on the

adsorption of MB.

On the other hand, Fe3O4(2)/bPEI exhibited different

adsorption performances under different pH values

(Fig. 6b). As can be seen, Fe3O4(2)/bPEI showed almost

equal adsorption rates toward CR in alkaline medium (pH

10) and neutral medium (pH 7), both higher than that in

acidic medium (pH 4). The charge interaction between CR

(negative) and bPEI nanogel (positive) was believed to be

beneficial for the high adsorption rate of Fe3O4(2)/bPEI in

alkaline and neutral medium [22, 24]. However, the ion-

ization of sodium sulfonate group in CR was inhibited in

acidic medium, thus decreasing its interaction with nanogel

and resulting in its lower adsorption rate. In contrast,

Fe3O4(2)/bPEI showed quite low adsorption capability

toward MB in acidic, neutral, or alkaline medium (Fig. 6b),

and all adsorption ratios were still lower than 2.5 % even

extending the adsorption time to 12 h. This phenomenon

was mainly attributed to the electrostatic repulsion of

positive charge between MB and bPEI nanogel [22, 24].

As inspired by the distinct adsorption efficiency toward

CR and MB, the Fe3O4/bPEI nanocomposites should be

used as selective adsorbents toward CR in the mixed-dye

solution of CR and MB. As expected, Fe3O4(2)/bPEI can

selectively adsorb CR in the aqueous mixture of CR and

MB (Fig. 5d). As can be seen from the UV–vis spectra of

mixed-dye solution after adsorption (Fig. S5), the absorp-

tion peak of CR almost disappeared, indicating the selec-

tive adsorption of CR. On the contrary, the absorption peak

of MB was even higher than that before adsorption together

with the increase of A663 : A613, which was attributed to the

disaggregation of MB dimer in the absence of CR [47].

Thus, these novel nanocomposites can be applied as high-

efficiency adsorbents for CR, as well as selective adsor-

bents for the removal of CR from the aqueous mixture of

Fig. 4 Room temperature hysteresis loops of a pure Fe3O4,

b Fe3O4(8)/bPEI, c Fe3O4(4)/bPEI d Fe3O4(2)/bPEI, and e Fe3O4(1)/

bPEI. The inset photograph: separation of Fe3O4(2)/bPEI nanocom-

posite from aqueous dispersion by an external magnetic field
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CR and MB, making them attractive candidates for dye

adsorption.

Characterization and catalytic performance of Pd-

Fe3O4(2)/bPEI

Owing to the numerous amine groups in bPEI, it has been

applied as an excellent catalyst support of noble metal NPs

to solve the agglomeration problems in many chemical

reactions [48, 49]. Therefore, Fe3O4(2)/bPEI was chosen to

act as the support of Pd NPs to prepare a novel Pd-Fe3O4(2)/

bPEI catalyst. First, H2PdCl4 was absorbed by amine

groups of Fe3O4(2)/bPEI at room temperature (Scheme 1).

When excess NaBH4 was used, the color of suspension

changed from dark brown to black, indicating that H2PdCl4
was reduced to Pd(0) [50]. TEM image of Pd-Fe3O4(2)/

bPEI is illustrated in Fig. 7a. As can be seen, the deposited

Pd NPs were dispersed on the surface of Fe3O4(2)/bPEI

with an average size of 2.74 ± 0.32 nm. Figure 7b shows a

high-resolution TEM (HRTEM) micrograph that revealed

the detailed lattice of Pd NPs in Fe3O4(2)/bPEI. The fringe

spacing was approximately 0.22 nm, which corresponded

to the (111) plane distance of the pure Pd (JCPDS:

89-4897). Furthermore, ICP-MS analysis showed that the

Pd content in as-prepared Pd-Fe3O4(2)/bPEI was 2.60 wt%

and the actual amount of Pd was 8.4 9 10-6 g in each

experiment. In addition, the morphology of Fe3O4(2)/bPEI

and crystallite phase of Fe3O4 was well-preserved during

the preparation of Pd-Fe3O4(2)/bPEI (Figs. S6 and S7).

However, no characteristic diffraction related to Pd was

observed in XRD pattern of Pd-Fe3O4(2)/bPEI, probably

due to its low content in the Pd-Fe3O4(2)/bPEI catalyst.

With this magnetic Pd-Fe3O4(2)/PEI catalyst in hand, the

reduction of nitrophenols was chosen as the model reaction

to evaluate its catalytic properties. In the presence of

NaBH4, the aqueous solutions of nitrophenols exhibited

maximum adsorption peaks at 400 nm, 397 nm, and

413 nm, respectively (Fig. 8a, c, e). With the addition of

Pd-Fe3O4(2)/bPEI, the absorbance at the maximum

absorptions gradually decreased with prolonging the reac-

tion time, indicating the reduction of nitrophenols, as also

evidenced by the fading of yellow-green color of the

reaction solution. All of these adsorption peaks disappeared

within 190 s (Fig. S8), suggesting the completion of the

reduction. In contrast, when Fe3O4(2)/bPEI was used

instead of Pd-Fe3O4(2)/bPEI in these reductions under the

same reaction conditions, there was no obvious decrease in

the maximum absorptions, demonstrating that Pd is the key

active species in Pd-Fe3O4(2)/bPEI for the reduction of

nitrophenols.

As is well known, the apparent rate constant (kapp) was

believed as an important parameter to quantitatively eval-

uate the catalytic activity of catalyst. Thus, kapp for the

reduction of different nitrophenols over Pd-Fe3O4(2)/bPEI

was calculated and compared. Considering that NaBH4 was

in a great excess throughout the reaction, its concentration

could be considered as a constant. Therefore, the catalytic

reduction of nitrophenols was simplified to be a pseudo-

Fig. 5 a Chemical structures of

CR and MB; and the digital

photos of dye solution before

and after absorptions by the

Fe3O4(2)/bPEI nanocomposite,

b 80 mg L-1 of CR, c 80 mg

L-1 of MB, and d the mixture of

CR (53.3 mg L-1) and MB

(26.7 mg L-1)
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first-order kinetics reaction. Thus, kapp can be calculated

based on the following equation: ln(At/A0) = ln(Ct/C0) = -

kappt, where At and Ct are the absorbance and concentration

of nitrophenols at time t; A0 and C0 are the initial absor-

bance and concentration of nitrophenols, respectively. The

linear relationships between ln(Ct/C0) and the reaction time

t are presented in Fig. 8b, d, and f. Therefore, the kapp of

nitrophenols was calculated to be 0.0173, 0.0172,

0.0215 s-1, respectively. It was found that the kapp fol-

lowed the order of 4-NP[ 2-NP[ 3-NP, which was

mainly attributed to the resonance structure and steric

effect of the generated nitrophenolate ions, in agreement

with the previous results [51–53]. Notably, there was no

delay time observed in the initial period of those reduc-

tions. Since delay time was generally interpreted in terms

of the time required for reactants to diffuse to the surface of

the catalyst, this phenomenon illustrated that the Pd NPs

were not in the polymer network of bPEI nanogel, but on

the surface of Fe3O4(2)/bPEI, thus accounting for the good

catalytic performance of Pd-Fe3O4(2)/bPEI. Furthermore,

the kapp of the reduction of 4-NP was 0.0215 s-1, which

was higher than those of PAMAM-supported Pd NPs

(0.006 s-1) [54], spherical polyelectrolyte brushes and

core–shell microgels supported-Pd NPs (0.0073 and

0.0025 s-1) [55], magnetically recoverable Au nanocata-

lyst (0.0087 s-1) [56] and PMMA-protected Au NPs

(0.013 s-1) [57], and polypyrrole-TiO2 nanofibers-sup-

ported Pd nanocatalysts (0.0122 s-1) [58], but was lower

than those of amphiphilic bPEI-supported Pd NPs

(0.045 s-1) [59] and Pd NPs deposited on highly ordered

mesoporous SBA (0.715 s-1) [60].

It is well known that efficient recoverability and good

reusability were both key points for an excellent catalyst.

Thus, the recoverability and reusability of Pd-Fe3O4(2)/

bPEI were evaluated using the reduction of 4-NP as a

model reaction. As can be seen, Pd-Fe3O4(2)/bPEI can be

easily separated by an external magnetic field (Fig. S8),

and then be successfully cycled for ten successive runs in

the reduction of 4-NP, with a conversion efficiency of

about 99 % within 190 s (Fig. 9). This result was attributed

to the use of Fe3O4(2)/bPEI as catalyst support, which can

effectively inhibit the aggregation between the active Pd

NPs, mainly due to the robust stabilizing effect of

numerous amine groups on bPEI nanogel. Therefore, the

as-prepared Fe3O4/bPEI was proven to be an excellent

catalyst support of Pd NPs in the reduction of nitrophenols.

Fig. 6 a Adsorption curves of Fe3O4/bPEI nanocomposites toward

CR and MB in neutral medium (pH 7). b Adsorption curves of

Fe3O4(2)/bPEI nanocomposite toward CR and MB in different

mediums

Fig. 7 a TEM image of Pd-Fe3O4(2)/bPEI and the size distribution of

Pd (inset), b HRTEM image of Pd-Fe3O4(2)/bPEI
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Conclusion

In summary, four novel magnetically recyclable Fe3O4/

bPEI nanocomposites with in-situ generated Fe3O4 were

successfully prepared via a facile approach in this work.

Morphologies and magnetic properties of these Fe3O4/bPEI

nanocomposites could be easily controlled by regulating

the ratio between bPEI nanogel and Fe3O4 precursor. The

in-situ generated Fe3O4 NPs endow these nanocomposites

superior magnetic properties, making them easily separated

by an external magnetic field. The as-prepared Fe3O4/bPEI

nanocomposites could be used as efficient and selective

adsorbents toward CR. Furthermore, they were also

demonstrated to be excellent catalyst supports for Pd NPs.

The obtained Pd-Fe3O4(2)/bPEI catalyst showed efficient

reusability in the reduction of nitrophenols. Due to these

advantages, the novel Fe3O4/bPEI nanocomposites can be

applied as recyclable adsorbents toward anionic dyes and

catalyst supports in various catalytic reactions. Particularly,

this strategy with in-situ generation of Fe3O4 on bPEI

nanogel provided a new approach for exploring magneti-

cally driven recyclable polymeric nanocomposites.
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