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A novel poly(ethyleneimine)/Au nanoparticles/hemin nanocomposite (PEI-AuNPs-Hemin)
acting for Methyl Orange (MO) removal has been synthesized. PEI-AuNPs was prepared
firstly and it was then linked to hemin through the coupling between carboxyl groups in
hemin and amino groups in PEI without the activation of carboxyl groups. The high
reactivity and stability of AuNPs contributed greatly in the formation of the amido bonds in
the nanocomposite. Fourier transform infrared spectroscopy, transmission electron
microscopy and UV–visible spectroscopy were used to characterize the PEI-AuNPs-Hemin.
Results show that PEI-AuNPs-Hemin has strong adsorption for MO. Adsorption and
degradation experiments were carried out at different pHs, nanocomposite concentrations
and UV irradiation times. Removal of MO in acidic solutions was more effective than in
basic solutions. The real-time study showed that the MO degradation with the nanocom-
posite under UV irradiation was a fast process. In addition, the photocatalytic degradation
mechanism was proposed. The study suggests that the PEI-AuNPs-Hemin may have
promising applications in environmental monitoring and protection.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
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Introduction

Synthetic dyes are commonly used in industries, such as food,
medicine, paper, textile and cosmetics. Most of them are toxic,
carcinogenic, andmutagenic for human body. Each year a large
amount of dyes inuntreatedwastewater are discharged into the
ecological systems, resulting in adverse effects on human and
animal health. Therefore, they must be carefully removed from
the environment (Goscianska et al., 2014; Zhang et al., 2014).
Some new chemical and biological methods for dye removal
ong@njust.edu.cn
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have been reported, such as oxidation (Meriç et al., 2004),
electrolysis (Cui et al., 2012),membrane separation (Zhong et al.,
2012), coagulation and flocculation (Verma et al., 2012). Howev-
er, due to the complexmolecular structures andhigh stability of
dyes, thesemethods are not always successful. Development of
nanocomposites for dye removal has increased tremendously,
such as multi-walled carbon nanotube functionalized with
chitosan and poly-2-hydroxyethyl methacrylate for Methyl
Orange (MO) removal (Mahmoodian et al., 2015), γ-Fe2O3

nanoparticles integrated H2Ti3O7 nanotubes for Methylene
Blue removal (Harsha et al., 2015), reduced grapheme oxide
enwrapped AgI nanocomposites for Rhodamine B removal
(Reddy et al., 2015), magnetic nickel zinc ferrite nanocomposite
for organic synthesized dyes removal (Afkhami et al., 2015), etc.
s, Chinese Academy of Sciences. Published by Elsevier B.V.
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Nanocomposites have the advantages of large specific surface
area, small diffusion resistance, high adsorption capacity and
faster adsorption equilibrium (Ahmad et al., 2015).

Hemin, a biologically active iron-porphyrin compound, is
considered a potential biomimetic catalyst for water purifica-
tion (Xue et al., 2012). However, despite the prominent
properties of hemin, difficulties remain in the direct applica-
tion of hemin as a catalyst in aqueous solution due to its
oxidative self-destruction in the oxidizing reaction system,
and molecular aggregation which results in catalytically
inactive dimers (Yao et al., 2014). Thus there is a growing
demand for overcoming these problems. One potential
method is to immobilize hemin on various supports, such as
TiO2 (Tang et al., 2013), β-cyclodextrin (Lin et al., 2012) or
graphene (Guo et al., 2011) to improve reactivity and stability
in oxidation reactions. However, TiO2-hemin showed weak
reactivity, and β-cyclodextrin-hemin or grapheme-hemin was
difficult to separate from the reaction system. Consequently,
the development of novel materials as supports to immobilize
hemin for dye removal with improved reactivity, stability,
dispersion, separability and easy synthesis is highly desired.

In the past few decades, a variety of nanomaterials have
been developed for immobilization and stabilization of biomol-
ecules (Ansari and Husain, 2012). Among these exploited
nanomaterials, gold nanoparticles (AuNPs) are highly attractive
because of their unique properties including high stability and
reactivity, biocompatibility, excellent electronic conductivity
and surface plasma characteristic (Jans and Huo, 2012; Saha
et al., 2012). AuNPs have been successfully applied for the
immobilization of biomolecules such as DNA (Pei et al., 2012),
enzyme (He et al., 2011), antibody (Stuchinskaya et al., 2011) and
polymer (Coulston et al., 2011). Polyethyleneimine (PEI) is a
typical water-soluble and mono-disperse polyamine with
regular branched dimensional structure. There are a large
number of nitrogen atoms in its macromolecular chain. It has
beenwidely used formodification, catalysis and reduction (Kim
et al., 2008; Liu et al., 2013). Wang et al. (2005) reported that the
secondary amino groups of the PEI as linear units are related to
the reduction process, and the primary amino groups as
terminal units are responsible for the particle stabilization.
Brondani et al. (2013) have successfully applied PEI-coated
AuNPs (PEI-AuNPs) for laccase immobilization. Given that
AuNPs can also serve as photocatalysts for dye degradation
under UV irradiation (Cheng et al., 2013; Zhu et al., 2009), we
synthesized PEI-AuNPsusing PEI as a reductant and stabilizer to
immobilize the hemin through the formation of amido bonds.

In this work, a novel PEI-AuNPs-Hemin nanocomposite
applied for MO removal has been successfully synthesized.
Fig. 1 – Schematic representation for the formation of poly(ethyle
(PEI-AuNPs-Hemin).
The nanocomposite was easily dispersed and stable in aqueous
solutions, and exhibited strong adsorption for MO. MO removal
experiments were carried out at different pH, nanocomposite
concentrations and UV irradiation times. Compared with other
nanocomposites reported before (Afkhami et al., 2015; Harsha
et al., 2015; Mahmoodian et al., 2015; Reddy et al., 2015), PEI-
AuNPs-Hemin is easier to synthesize and more effective
(degrading 80% MO within 2 min with only 0.5 mg/mL PEI-
AuNPs-Hemin), which make it potentially applied in environ-
mental monitoring and protection.
1. Experimental

1.1. Chemicals

Branched PEI (weight-average molecular weight, 25 kDa),
HAuCl4·4H2O and Hemin (99%) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). N,N-dimethylformamide (DMF)
was obtained from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). All reagents used were of analytical grade.
Ultrapure water was prepared through a Millipore Milli-Q
water purification system (≥18.25 MΩ).

1.2. Instruments

UV–visible absorbance spectra were measured on an UV-3600
UV–VIS-NIR spectrophotometer (Shimadzu, Japan) with a sam-
ple volume of 3 mL. Infrared spectra were carried out on Fourier
transform infrared spectroscopy (FTIR-8400S, Shimadzu, Japan).
Transmission electron microscopy (TEM) measurements were
performed on a HITACHI H-8100 EM transmission electron
microscope (Hitachi, Japan). TEMsampleswere prepared by spin
coating 10 μL of the mixture onto carbon-coated copper grid
substrates, which were then baked at 70°C.

1.3. Preparation of PEI-AuNPs-hemin

TheAuNPswere synthesized following the procedure described
by Brondani et al.2013). Firstly, 500 μL of PEI solution was added
to 5 mL of 1 mmol/L HAuCl4 solutionwith stirring. Themixture
was then heated to 80°C with a ramping of 5°C/min and held at
80°C until the characteristic ruby red color appeared (generally
2 min). The PEI-AuNPs nanocomposite was obtained after
cooling down to the ambient temperature under stirring.
Then, 1 mL PEI-AuNPs solution was mixed with 500 μL of
0.1 mmol/L hemin. After stirring for 1 hr, the mixture was
centrifuged at 14,000 r/min for 30 min, then washed and
neimine)/Au nanoparticles/hemin nanocomposite
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centrifuged again in deionized water for further 20 min.
PEI-AuNPs were linked to hemin through the coupling between
carboxyl groups in hemin and amino groups in PEI without the
activation of carboxyl groups. The high reactivity and stability
ofAuNPs contributed greatly in the rapid formation of the stable
amido bonds in PEI-AuNPs-Hemin nanocomposite. The nano-
composite was synthesized successfully according to the FT-IR
and TEM characterization. Samples for MO removal were
prepared by diluting the nanocomposite in deionized water
with a final concentration of 0.5 mg/mL. The procedures for the
synthesis of PEI-AuNPs-Hemin nanocomposites are illustrated
in Fig. 1.

1.4. Dye removal

Various volumes of 0.5 mg/mL PEI-AuNPs-Hemin were added
to 3 mL of 25 μmol/L MO solutions, respectively. The absor-
bance of themixture was recorded on an UV-3600 UV–VIS-NIR
spectrophotometer (Shimadzu, Japan) with a sample volume
of 3 mL.
2. Results and discussion

2.1. Characterization of materials

To synthesize PEI-AuNPs-Hemin nanocomposite, PEI-AuNPs
were firstly prepared. When PEI was mixed with HAuCl4, ion
pairs were formed between protonated amine cations of PEI
and AuCl4− anions. Then instable double bounds were gener-
ated. With the continuous heating, Au0 atoms were formed
from the AuCl4− precursor and amide bounds were generated.
These Au0 atoms could collide with each other to form small
nanoclusters. When some AuNPs were fully coated with PEI,
which prevented the immobilization of another PEI molecule
due to the electrostatic repulsion, uncoupled colloids were
formed. On the other hand, when some AuNPs were partially
coated with PEI, the polyamine acted as a linker bridging
different particles into aggregates (Köth et al., 2008; Wang
et al., 2005).

The as-synthesized PEI-AuNPs-Hemin nanocomposite was
characterized by FT-IR and TEM. The samples for FT-IR were
prepared by dispersing the nanocomposite inmethanol. As can
80

60

40

20

4000 3000 2000 1000 0
Wavenumber (cm-1)

a

T
ra

ns
m

itt
an

ce
 (

a.
u.

)

Fig. 2 – (a) Fourier transform infrared (FT-IR) spectra of the PEI-A
microscopy (TEM) image of the PEI-AuNPs-Hemin nanocomposit
be seen from Fig. 2a, the band at 3441 cm−1 is attributed to the
stretching vibration of N-H from PEI. The peak at 1655 cm−1 is
the characteristic peak of amido bond owing to the stretching
vibration of C_O,which reveals that the secondary amido bond
exists in the nanocomposite. The peak at 1489 cm−1 is ascribed
to the N–H in-plane vibration and the peak at 687 cm−1 is due to
the out-of-plane bending vibration of –CH3 from the aromatic
pyrrole ring of hemin. From the FT-IR spectrum, we can
conclude that hemin and PEI-AuNPs in the nanocomposite
were connected through amido bonds. The high reactivity and
stability of AuNPs contributed greatly in the formation of the
amido bonds (Wang et al., 2011). As shown in Fig. 2b, the
PEI-AuNPs-Hemin nanocomposite presented an average diam-
eter of 10.5 ± 1.5 nm. The TEM image revealed that the
nanocomposite had a spherical morphology approximately.

2.2. Adsorption property of PEI-AuNPs-hemin

The adsorption ability of PEI-AuNPs-Hemin for MO as a model
pollutant was investigated. Fig. 3 shows the experimental
results for the adsorption of 25 μmol/L MO on PEI-AuNPs-
Hemin. An obvious UV–vis absorbance centered at 501 nmwas
clearly observed. When adding 10 μL of 0.1 mmol/L hemin
solution to 3 mL of MO, the absorbance of MO was hardly
changed. The absorbance was still nearly unchanged after
further addition of 10 μLhemin. Thenwe tried to investigate the
adsorption of MO in PEI-AuNPs solution. Results showed that
the absorbance of MO was also nearly unchanged, indicating
that PEI-AuNPs had no adsorption toward MO. However, a
dramatic drop of absorbance was observed (yellow curve in
Fig. 3) whenmerely 10 μL of PEI-AuNPs-Heminwas added to the
dye solution (the final concentration of PEI-AuNPs-Hemin was
1.7 mg/L). As reported before (Dai et al., 2007), the peak at about
395 nm may be attributed to an intermediate formed by
demethylation, methylation or hydroxylation process or their
combination. It might originate from the interaction between
the transient fragment species after breaking down the azo
group. The intermediate has short retention time of several
minutes. The results illustrated that the nanocomposite had
strong adsorption toward MO. It should be pointed out that, in
addition to the intrinsic nature, the relatively high surface area
and nano-structure of PEI-AuNPs-Hemin had also contributed
to the good adsorption capacity.
b

uNPs-Hemin nanocomposite; (b) transmission electron
e.
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To obtain the optimal adsorption capacity of the nanocom-
posite, relationship between adsorbent dosage and dye removal
was studied by varying the adsorbent quantity while keeping
the initial dye concentration unchanged. As indicated in Fig. 4,
the characteristic absorbance of 25 μmol/L MO at 501 nm
decreased upon increasing the concentration of PEI-AuNPs-
Hemin. The MO adsorption capacity of PEI-AuNPs-Hemin
enhanced accordingly as the nanocomposite concentration
increasing and eventually reached saturation,whichwashighly
remarkable comparedwith PEI-AuNPs. The observed increasing
of the adsorption capacity may be attributed to: (1) the increase
in the degree of dyemolecules absorbed on the catalyst surface;
(2) the increase in the number of surface active sites; and (3) the
increase in the surface area.

pH is an important parameter for an adsorption reaction,
and it is related to several factors including (1) charges on the
nanocomposite surface; (2) nature of the dye (cationic/
anionic/neutral); (3) magnitude of the adsorption on nano-
composites surface. Fig. 5 shows adsorption kinetic curve of
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Fig. 4 – The MO adsorption with the PEI-AuNPs-Hemin and
PEI-AuNPs of different concentrations (pH 3.0).
MO at different concentrations of PEI-AuNPs-Hemin in a
series of pH. It can be seen that the MO adsorption on
PEI-AuNPs-Hemin was dramatically influenced by pH. The
adsorption and the final removal efficiency increased with pH
decreasing and the MO adsorption was highly effective at
pH 3.0. When only 10 μL of PEI-AuNPs-Hemin was added into
the 3 mL of 25 μmol/L MO (the final concentration of
PEI-AuNPs-Hemin was 1.7 mg/L), the absorbance of MO
decreased by 36.5%. The absorbance of MO decreased steadily
with further addition of PEI-AuNPs-Hemin and reached
almost zero when the added amount increased to 120 μL
(the final concentration of PEI-AuNPs-Hemin was 19.2 mg/L).
The amount of PEI-AuNPs-Hemin required for removing the
same amount of MO decreased with the pH increasing. At
pH 10, the nanocomposite almost had no effect on the MO
adsorption.

The lower pH in aqueous solution may help to reactivate
the Fe3+ contained in hemin, thus enhancing the degradation
reaction on the surface of PEI-AuNPs-Hemin nanocomposite.
On the other hand, at acidic condition, MO formed a quinoid
structure through protonation, resulting in decreased bond
energy. MO was easily oxidized by the generated electron hole
on PEI-AuNPs-Hemin, so acidic condition favored the degra-
dation of MO. At pH ≥ 7, MO existed as an anion in aqueous
solution. The dissociation of the sodium ion and the electro-
static repulsion between the anionic MO molecules and
nanocomposite in alkaline condition could not enhance their
collision to achieve an effective degradation of MO (Lien et al.,
2006). Hence, we chose pH 3.0 as the optimal condition for the
MO removal with PEI-AuNPs-Hemin.

2.3. Photocatalytic degradation studies of PEI-AuNPs-Hemin

In addition to the intrinsic peroxidase-like catalytic activity,
PEI-AuNPs-Hemin also exhibited a strong ability to degrade MO
with short-timeUVexposure at pH 3.0. Under acidic conditions,
dominant photoactive species were produced, resulting in high
yield of hydroxyl radicals along with regeneration of numerous
Fe2+ ions (Benkelberg and Warneek, 1995). This could induce
efficient dye degradation. To investigate the potential applica-
tion of PEI-AuNPs-Hemin as a photocatalyst, we used the
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nanocomposite for MO degradation under 280 nm UV irradia-
tion. The extents of MO degradation versus irradiation time for
various systems were investigated. As seen in Fig. 6, in the
presence of PEI-AuNPs-Hemin, the degradation of MO
proceeded much more rapidly than those without it. Over 80%
of MO was decomposed in the first 2 min, indicating that
PEI-AuNPs-Hemin had ultrafast degradation kinetics toward
dye solutions. This enhancement in photocatalytic activity of
PEI-AuNPs-Hemin system was attributed to the reduction of
electron hole recombination speeds. Upon UV irradiation,
charge carriers were generated as shown in Eq. (1).

PEI‐AuNPs‐Hemin Fe3þ
� �þ hν→ PEI‐AuNPs e−þHþð Þ‐Hemin Fe3þ

� �

Electron trapped by PEI‐AuNPs
ð1Þ

PEI‐AuNPs e−þHþð Þ‐Hemin Fe3þ
� �

→ PEI‐AuNPs‐Hemin Fe2þ
� �

Electron trapped by hemin
ð2Þ

The photogenerated electrons in the conduction band (CB)
of PEI-AuNPs-Hemin were transferred in two different path-
ways: (1) the CB electron are immediately transferred to Fe3+

ion present in the hemin molecule, reducing the ferric hemin
to ferrous hemin as shown in Eq. (2); (2) the CB electrons are
transferred to molecular oxygen, reducing it to superoxide
anion radical O2

•− as shown in Eqs. (3) and (4).

PEI‐AuNPs e−ð Þ‐Hemin Fe3þ
� �þ O2 → O2

•− Electron trapped by O2

ð3Þ

PEI‐AuNPs‐Hemin Fe2þ
� �þO2 → O2

•− þ PEI‐AuNPs‐Hemin Fe3þ
� �

Electron trapped by hemin
ð4Þ

According to the crystal field theory, the reduced ferrous
hemin (Fe2+) is relatively unstable due to the loss of d5 electronic
configuration and tends to return immediately to Fe3+(d5) state
to attain stable electronic configuration. Consequently, Fe2+

could be oxidized to Fe3+ by transferring electron for O2
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Fig. 6 – The kinetic degradation data of MO versus UV
irradiation time in different systems, ultrapure water;
0.1 mmol/L hemin; 0.5 mg/mL PEI-AuNPs; 0.5 mg/mL
PEI-AuNPs-Hemin (pH 3.0).
molecule adsorption on PEI-AuNPs-Hemin. Shallow trapping
of photo-generated electron by ferric ion of hemin (Fe3+) and
de-trapping of this electron to attain stable half-filled electronic
configuration was a continuous cyclic process. Similar mecha-
nism had been proposed for molecular compounds on TiO2

complex interfaces (Devi and Arunakumari, 2013; Obare et al.,
2003). The photo-generated holes could oxidize the dye
molecules by producing hydroxyl radicals, which act as
powerful oxidants as shown in Eq. (5), O2•− and OH• were also
capable of oxidatively degrading the dye (Eq. (6)).

hþ þOH surfð Þ
− → OH surfð Þ

• ð5Þ

OH surfð Þ
• þMO → CO2 þH2O ð6Þ

The analysis suggests that PEI-AuNPs-Hemin was an
effective photocatalyst for degradation of MO in water under
UV irradiation.
3. Conclusions

In summary, we demonstrated a novel and facile strategy to
prepare PEI-AuNPs-Hemin nanocomposite for Methyl Orange
removal. The formation of amido bonds linking PEI and hemin
in thenanocomposite has not been reported. The synthesiswas
greatly attributed to the high reactivity and stability of AuNPs.
Benefiting from the combined advantages of PEI-AuNPs and
hemin, the novel nanocomposite showed effective and en-
hancedadsorbability for removal of dye (MO) in acidic solutions.
In addition, degradation ofMO took place immediately uponUV
irradiation, indicating that PEI-AuNPs-Hemin could act as a
photocatalyst. The excellent photocatalytic property of PEI-
AuNPs-Hemin was further discussed in relation to its micro-
structure. This study suggests that PEI-AuNPs-Heminmayhave
promising applications in environmental monitoring and
protection.
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