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A B S T R A C T

Herein, chitosan (CTS) functionalized activated coke (AC) is proposed as an excellent platform for Au nano-
particles (NPs) anchoring. Due to the surface-rich hydroxyl and amino groups, CTS can act as a three-functional
agent such as reductant, linker and stabilizer to improve the stability of catalysts and realize a green synthesis
without adding any additional chemicals. The Au NPs/CTS/AC catalysts exhibited a high catalytic activity in
hydrogenation of 4-nitrophenol with the rate constant kapp of 0.6994min−1 and turnover frequency (TOF) of
202 h−1. Several effect parameters: Au loading amount, environmental water samples and common anions were
discussed in detail. Besides, the pH and dissolved oxygen (DO) in different environmental water were measured.
The results show that although the catalytic performance of Au NPs/CTS/AC was inhibited in some extent, it
could maintain a relatively high catalytic activity in real water samples. In addition, the as-prepared catalysts
also displayed high catalytic activity in the hydrogenation of various different substituent nitrophenols and azo
dyes, indicating the generality of catalysts, and showed good recyclability with the catalytic performance re-
mained 90% within 7min 40 s over six recycles. The mechanism of green synthetic pathway and catalytic hy-
drogenation of nitrophenols over Au NPs/CTS/AC was proposed. The results demonstrated that the Au NPs could
facilitate Au-H intermediates to form and thus enhance the catalytic activity. This green synthetic Au NPs/CTS/
AC has been proved to be a viable and potential material for environmental pollution treatment of nitrophenols
and azo dyes hydrogenation.

1. Introduction

Owing to the unique structure and high activity, metal catalysts
dispersed on solid supports dominate the technology of hydrogenation,
hydrogenolysis, oxidation, coupling reaction and so on [1–4]. They are
the keys to environmental protection by elimination and conversion of
pollutants in atmosphere and water [5–7]. Gold nanoparticles (Au NPs)
catalysts are especially attractive, because they are lower leaching
toxicity, mild reaction conditions and high catalytic activity in many
reactions compared with other metal NPs [8,9]. However, the self-ag-
gregation of Au NPs with the high surface energy results in a decrement
of catalytic activity. Thus, Au NPs dispersedly anchored on a rational
support can efficiently inhibit the aggregation and thus enhance the
catalytic activity.

Among numerous materials, carbon-based supports such as gra-
phene, mesoporous carbon, carbon nanotube, and carbon nitride have
offered a number of advantages over other supports (e.g. metal oxide,
silica, polymers) due to their chemical stability and high mechanical
strength [10–13]. The carbon-based Au NPs catalysts have been proved
to be a relatively high efficient catalyst [14]. But these carbon supports
are usually prepared with complex progress, which is relatively ex-
pensive [15,16]. Thus, we paid attention to activated coke (AC), a
widely available inert support with appreciable environmental and
economic benefits [17]. The advantages of AC with respect to other
carbon materials involve easier accessibility, easier regeneration and
lower cost [18–20]. AC usually consists of more macropore and meso-
pore but less micropore than activated carbon, which can prevent metal
catalysts from jamming and encourage diffusion of aqueous species into
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the solid phase [21,22]. Besides, AC possesses graphite-similar layer
structure and consists of fused six-membered polyaromatics ting
system, which endows it adsorption ability through π-π stacking in-
teraction. AC has been proved to be a suitable material in wastewater
treatment [17]. However, the interaction is weak between the inert
carbon matrix and Au NPs, resulting in that the inert carbon matrix
cannot anchor Au NPs firmly and shedding of active sites [23]. This
shortcoming could be overcome by decorating polymers onto the sur-
face of AC. Meanwhile, as the emphasis of technology is gradually
shifting towards green synthetic strategy, the utilization of nontoxic,
renewable and environmentally benign chemicals are required [24–27].
It is highly desired to find a green synthesis to disperse Au NPs firmly on
AC by enhancing their interaction via decorating polymers on AC sur-
face.

Chitosan (CTS) is an attractive natural biopolymer derived from the
deacetylation of chitin [28]. This nontoxicity, biocompatibility and
polycationic biopolymer makes it appealing for many applications such
as drug delivery, metal ion sorption and biodegradable films [29].
Especially, CTS has been widely used to integrate with metal nano-
particles due to the surface-rich hydrophilic groups such as hydroxyl
and amino groups and strong macro-chelating ligand [30,31]. These
hydrophilic groups are in favor of the reduction, dispersion and stabi-
lization of Au NPs. Thus, the utilize of CTS as a reductant for the for-
mation of Au NPs and a linker between AC and Au NPs is appealing due
to its superior properties and surface-rich hydroxyl and amino groups.

Phenolic compounds such as nitrophenols are common toxic and
biologically stable organic pollutants in industrial wastewater, and
listed by the U.S. EPA as "Priority Pollutants" [32,33]. Azo dyes are
extensively used in textile manufacturing and other consuming in-
dustries, which are harmful to people's health and environment even at
low concentrations [32,34]. As a consequence, searching for an effec-
tive and suitable approach for the efficient removal of nitrophenols and
azo dyes is extremely essential. It has been well documented that simple
hydrogenation of nitrophenols to the corresponding aminophenols
could be regarded as the most convenient way to convert organic
wastes to value added intermediates. For instance, the produced 4-AP
could not only reduce the toxicity, but also serve as available inter-
mediates in numerous medications synthesis and photographic appli-
cations [10,32]. Hence, the hydrogenation of nitrophenols with NaBH4

as a hydride source, as well as the hydrogenation of azo dyes, have been
investigated in this work.

In this work, we expect to combine CTS with AC and make CTS/AC
composite tight interaction with Au NPs to improve the stability of
catalysts, and realize the green synthetic process without any additional
of toxicity chemicals. The as-prepared Au NPs/CTS/AC was then used
for the hydrogenation of 4-NP with NaBH4 as a hydride source. The
content of Au can be conveniently controlled by adjusting the addition
dosage of HAuCl4. The effects of various environmental water samples
(tap water, lake water and river water) with the different pH and DO,
and inorganic salt toward 4-NP hydrogenation were taken into con-
sideration on the reaction kinetics. In addition, the catalytic activity of
Au NPs/CTS/AC towards nitrophenols hydrogenation (2-NP, 3-NP and
2, 4-DNP) and azo dyes (MO, CR and EBT) were also investigated.
Meanwhile, the possible hydrogenation mechanism was proposed for
better understanding the Au-mediated hydrogenation of nitrophenols
and azo dyes.

2. Experimental

2.1. Materials

Pristine activated coke (AC) was obtained from Clear Science
Technology Corporation (China). Chitosan (with 90% degree of dea-
cetylation) was purchased from Pharmacia (Sweden). Analytical grade
hydrogen tetrachloroaurate hydrate (HAuCl4·4H2O), sodium borohy-
dride (NaBH4), 2-nitrophenol (2-NP), 3-nitrophenol (3-NP), 4-

nitrophenol (4-NP), 2, 4-dinitrophenol (2, 4-DNP), Methyl orange
(MO), Congo red (CR) and Erichrome black T (EBT) were purchased
from Sinopharm Chemistry Reagent Co., Ltd. (Beijing, China). All
chemicals were used without further purification. All solutions were
prepared by using ultrapure water (18.25MΩ cm).

2.2. Synthesis of chitosan functionalized activated coke decorated with Au
NPs (denoted as Au NPs/CTS/AC)

CTS/AC: AC was firstly washed by ultrapure water before drying at
60 °C for 12 h under vacuum. Then, the above samples were grinded
with ball grinder and sieved to 200 mesh. In a typical procedure, AC
(1 g) was first homogenized with 50mL ultrapure water in ultrasonic
bath for 30min. Then the AC suspension was transferred to a solution
contained 500mg CTS dissolved in 20mL of 2 wt% acetic acid solution.
The mixture solution was under ultrasound for 30min and then stirred
for 24 h. The obtained CTS functionalized AC solution was separated by
centrifugation and washed with a large amount of 0.1 M acetic acid
solution and ultrapure water to remove unreacted CTS. The final pro-
duct was dried 24 h at 50 °C under vacuum and denoted as CTS/AC.

Au NPs/CTS/AC: The as-synthesized CTS/AC (200mg) was dis-
persed in 60mL ultrapure water by sonication for 30min. After that, a
certain amount of HAuCl4 solution was added dropwise to aforemen-
tioned CTS/AC suspension under stirring with speed of 900 rpm, and
then the stirring was continued for another 8 h at 30 °C. The product
was collected by centrifugation and thoroughly washed with ultrapure
water, followed by drying 24 h at 50 °C under vacuum. A series of Au
NPs/CTS/AC catalysts with different Au content were synthesized via
similar procedure by varying addition amounts of HAuCl4 (0.35, 0.7,
1.4, 2.8 and 5.6mL, respectively) and marked as Au NPs/CTS/AC(x)

(x= 1, 2, 3, 4, and 5), respectively.

2.3. Characterization

The Fourier transform-infrared spectroscopy (FT-IR) spectra were
collected on an 8400 S IRprestige-21 (Shimadzu Corporation, Japan).
Transmission electron microscopy (TEM) was conducted to record the
morphology of samples (Tecnai G20, USA). Energy dispersive spectro-
scopy (EDS) was used to determine the element composition. The
powder X-Ray diffraction (XRD) spectra were obtained on a 6100
powder diffractometer (Shimadzu Corporation, Japan). Temperature-
programmed reduction with a mass spectrometry (H2-TPR-MS) was
conducted on an AutoChem II 2920 (Micromeritics, USA). 100mg
samples were purge treated under a pure He flow (50mL min−1) at
300 °C for 2 h, and then cooled down to 50 °C and treated under H2/He
mixture (with a ratio of 1:9, 50 mL min−1) for 1 h. Finally, it was heated
(10 °Cmin−1) from room temperature to 800 °C in a flowing H2/He
mixture (with a ratio of 1:9, 50mL min−1). Meanwhile, the mass
spectrometry signals with m/z of 30, 44 and 18 were recorded to detect
the masses of NO, CO2 and H2O molecules, respectively. X-ray photo-
electron spectroscopy (XPS) spectra were conducted on Al Kα radiation
spectrometer (Thermo Scientific, UK). Inductively coupled plasma
atomic emission spectrometry was applied to determine the Au
amounts in catalysts (Perkin-Elmer Optima, USA). Zeta potential was
measured using a Zeta-sizer Nano-ZS (Malvern). Electron paramagnetic
resonance (EPR) spectra were recorded with Bruker EMX-A300 spec-
trometer (Germany) with a resonance frequency of 9.77 GHz. The
UV–vis absorption spectra were recorded via a UV-2700 spectro-
photometer (Shimadzu Corporation, Japan). The high performance li-
quid chromatography (HPLC) was conducted by Agilent 1260 with a
C18 (5 μm, 250×4.6mm) column heated up to 40 °C, and the mobile
phase was water/methanol (60/40, v/v) under a flow rate of 0.8 μL/
min.
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2.4. Catalysis procedures

The catalytic activity of Au NPs/CTS/AC for the hydrogenation of 4-
NP was carried out under laboratory condition as described below. In a
typical reaction, 5mg of Au NPs/CTS/AC was added to 50mL 4-NP
(0.2 mM). The mixture solution was stirred for 30min to reach the
adsorption-desorption equilibrium. Then, 0.0757 g of NaBH4 (C4-NP/
CNaBH4= 1/200) was added into the mixture to trigger the reaction
with continuous stirring. To monitor the reaction progress, 3 mL of
samples was withdrawn at specific intervals time, followed by a fil-
tration with 0.45 μm syringe filter. The absorbance of samples was
measured on a UV–vis spectrometer. In order to further confirm the
catalytic activity of Au NPs/CTS/AC, the catalytic hydrogenation of 2-
NP, 3-NP, 2, 4-DNP, MO, CR and EBT was also conducted under the
same conditions. In cycling test, the catalysts were collected via cen-
trifugation, washed by ultrapure water for several times and then dried
in vacuum at 50 °C for 24 h for the next cycling reused.

3. Results and discussion

3.1. Characterizations

The comparison of FT-IR spectra provides the information verifying
the successful synthesis of CTS/AC composites and the coordination
interaction between Au NPs and CTS/AC composites. Fig. 1A shows the
FT-IR spectra of pristine AC, CTS/AC composites and Au NPs/CTS/AC.
In pristine AC spectrum, the peaks at 2362 and 1635 cm−1 were as-
cribed to the C]O vibration and skeletal vibrations from AC [18]. The
peaks at 660-880 cm−1 were caused by plane bending vibrations of
CeH bonds [19]. In the case of CTS/AC, the peaks at 2146 and
1908 cm−1 could be assigned to the CeN/NeH groups. The new peaks
at 1642 and 1549 cm−1 were caused by the amide I (eCONH stretching
vibration) and amide II (eNH bending and CeN stretching), which
demonstrated the successful synthesis of CTS/AC composites [30]. The
decreasing peaks at 800–600 cm−1 suggested the interaction between
hydrogen or nitrogen of amino groups and oxygen of oxygen-containing
groups [35]. As displayed in Fig. 1B, in the spectra of Au NPs/CTS/AC,
these peaks shifted slightly due to the complexation of Au NPs and CTS/
AC [35]. The crosslinking of functional groups (hydroxyl and amino
groups) with Au NPs in the formation of Au NPs/CTS/AC might be
responsible for the shifting of the amide band [30]. With Au loading
amounts increasing, the peak at 2146 cm−1 corresponding to NeH
disappeared, indicating that a large number of Au NPs occupied the
NeH group of CTS/AC. Meanwhile, the gradual variation in the band
region of 800–520 cm−1 could be noticed due to AueN and AueO
bonds stretching vibration [36]. The results illustrated that Au NPs
interacted with the hydroxyl and amino groups of CTS/AC.

The morphology and size distribution of synthesized catalysts were
recorded by TEM. Fig. 2A-B shows a typical low-magnification TEM
images of pristine AC and the synthesized CTS/AC. The morphology of

pristine AC consists of wrinkles containing some thin layers with porous
structure. After decorating with CTS, the AC sheets surface covered
with a transparent and relatively smooth thin layers, which implied the
CTS coating was formed on the surface of AC. As shown in Fig. 2C, Au
NPs anchoring on CTS/AC readily occurred, exhibiting a well disper-
sion without obvious aggregation on the surface of CTS/AC. Combining
the results characterized by FT-IR, it could be concluded that the plenty
hydroxyl and amino groups on CTS/AC surface make it an appropriate
support for Au NPs anchoring. The existence of Au NPs was further
verified by EDS (Fig. S1). HRTEM image (Fig. 2D) showed fringes as-
sociated with Au lattice appear obviously. The distinct lattice fringes
were determined to be 0.235 nm and 0.204 nm, which was corre-
sponded to the Au (111) and Au (220) oriented lattice planes of Au NPs
[37]. Fast Fourier Transform (FFT) was calculated for the HRTEM
image of Au NPs shown in Fig. 2D, which was consistent with the
crystal structure of Au NPs.

XPS was further used to elucidate the surface states of supports (AC
and CTS/AC) and catalytically active Au-containing species (Au NPs/
CTS/AC(4)). Fig. 3 displayed the core energy level XPS spectra of C 1s, N
1s, O 1s and Au 4f. In C 1s spectra of all samples, the five specific signals
were corresponded to CeC (284.6 eV), CeOH (285.1 eV), CeN (286.6
eV), NeC]O (287.7 eV) and CeO (288.8 eV), respectively. Compared
C 1s spectra of CTS/AC with AC, the peaks intensity of CeN and NeC]
O increased. It might because the CTS, with a high C/O ratio and each
nitrogen atom corresponding to at least six carbon atoms and four
oxygen atoms [30], has been absorbed onto AC. And the peak intensity
of CeOH decreased, which might be related to the occupation of CTS on
the oxygen-containing groups of AC surface [30]. In the C 1s spectra of
Au NPs/CTS/AC(4), the peak intensity of CeOH and NeC]O de-
creased. In N 1s spectra of CTS/AC, the peaks at 400.0 and 401.8 eV
were attributed to Ne(C)3 and NeH, which also evidenced that the
CTS/AC composites were successfully synthesized. After Au NPs
loading, the peaks in N 1s spectra of Au NPs/CTS/AC shifted to a higher
binding energy (400.4 and 402.2 eV), indicating the interaction be-
tween Au NPs and CTS/AC supports. Furthermore, it can be concluded
that the nitrogen terminals in the NeH serve as the anchor for Au NPs
on CTS/AC [38,39]. In addition, compared O 1s spectra of Au NPs/CTS/
AC with CTS/AC composites, the peak at 531.7 eV shifting to a higher
binding energy 532.2 eV has also been observed, further verifying an
interaction between Au NPs and supports. In the high-resolution spectra
of Au 4f, the peaks at 84.2 and 87.9 eV were ascribed to Au 4f7/2 and Au
4f5/2 of metallic Au0 (the peak-to-peak distance is 3.7 eV). The formed
Au0 is owing to the high reducibility of hydroxyl and amino groups on
CTS/AC surface [40]. In addition, the distinct additional peaks on the
high binding energy side could be assigned to the oxidation states of
Au+ (green devolution) and Au3+ (orange devolution) [41,42], in-
dicating the partial reduction of HAuCl4 during synthetic process. It has
been reported that the oxidation states of Au (Au+ and Au3+) could be
formed and stabilized on the hydroxyl groups on the supports surface
via forming AueO interfacial bonds [42] and played a positive role in

Fig. 1. FT-IR spectra of (A) pristine AC, CTS/AC and Au NPs/CTS/AC, (B) Au NPs/CTS/AC with different Au loading amounts.
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the hydrogenation of 4-NP [40].
Further XRD studies were conducted to compare the crystalline

nature of AC, CTS/AC and Au NPs/CTS/AC. As shown in Fig. 4, the XRD
pattern of pristine AC showed a strong intense diffraction peak centered
at 26.62°, which could be ascribed to hexagonal lattice of a graphite-
like layer crystallite structure [17]. The minor peaks centered at 20.9°,
50.1° and 68.1° were attributed to the trace quantity of inert element

silica [43], which was identified by the EDS spectra of AC (Fig. S1A). In
the XRD pattern of Au NPs/CTS/AC, the peaks at 2θ=38.2°, 44.4°,
64.6° and 77.8° were attributed to face-centered cubic (fcc) Au of (111),
(200), (220) and (311), respectively, corresponding to the standard
values in XRD card of Au (JCPDS No.04-0784).

The H2-TPR was conducted to explore the reduction behavior of the
supported Au NPs catalysts. For pristine AC, as shown in Fig. 5A, the

Fig. 2. TEM images of (A) pristine AC, (B) CTS/AC composites, (C) Au NPs/CTS/AC and (D) HRTEM images of Au NPs/CTS/AC. The insets are FTT images
corresponding to the Au NPs crystals.

Fig. 3. Comparative core energy level XPS of (A) Au NPs/CTS/AC(4), (B) CTS/AC and (C) AC.
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appearance of TCD signal was observed in the temperatures of
300–780 °C. To further analyze the results, the mass spectrometry de-
tection was conducted to record the gas products (NO, CO2 and H2O)
during TPR test. The mass spectra (Fig. S2 and Table S1) showed that
NO, CO2 and H2O were generated in the temperatures of 500–600 °C.
The formation of NO and CO2 could be ascribed to the decomposition of
a part of AC from the leaching of N, O and the decomposition of a part
of AC network. It is in well agreement with the result reported by
Truszkiewicz et al [44]. It is known that before the TPR test, the sample
would be purge treated under a pure He flow for 2 h, which was aimed
at the removal of moisture in sample. Hence, the formation of H2O in
the temperatures of 500–600 °C, which might because the H2 reacted
with surface oxygen species or lattice oxygen [17]. Therefore, the TCD
signal in the temperatures of 500–600 °C could be ascribed to the de-
composition of a part of AC from the leaching N, O and the decom-
position of a part of AC network as well as the reduction of surface
oxygen species or lattice oxygen. In addition, NO was formed in the
temperatures of 700–780 °C, which could also be ascribed to the de-
composition of a part of AC from the leaching of N, O and the de-
composition of a part of AC network.

For Au NPs/CTS/AC with different Au loading amount, as shown in
Fig. 5B, the TCD signal in the temperatures of 350–450 °C was ascribed
to the reduction of Au3+ to Au0, corresponding to the previous results
elicited by XPS analysis. It can further illustrate the interaction between
Au NPs and CTS/AC, and the presence of oxidation state Au species on
CTS/AC supports. Besides, it is interesting to note that the TCD signal

around 500 °C appeared when Au loading amount increased, while the
TCD signal was absent in a relatively low Au loading amount. It could
be attributed to the reduction of surface oxygen groups during the
formation of AueO on the CTS/AC surface [45]. In addition, when the
Au loading amount increased, the TCD signal in the temperatures of
500–600 °C shifted to lower temperature. It could be ascribed to the
hydrogen spillover, i.e. the atomic H migrated to the neighboring
supports after H2 dissociation on the Au surface. Subsequently, it pro-
moted the reduction of surface oxygen species on the supports at lower
temperature, resulting in the peak shifting to lower temperature [45].
As reported by Li et al., the lower reduction temperature of catalysts is,
the higher reducibility the catalysts possess, causing the good catalytic
activity [17]. Therefore, Au NPs/CTS/AC is endowed with reducibility
with the aid of Au NPs and thus generates more active surface species,
which is conducive to form the AueH intermediates in the 4-NP hy-
drogenation and important for enhancing catalytic performance [17].

3.2. Catalytic performance of Au NPs/CTS/AC catalyst for nitrophenols
hydrogenation

3.2.1. Catalytic activity for 4-NP hydrogenation as a model reaction
The catalytic activity of the as-prepared Au NPs/CTS/AC catalysts

was evaluated through the catalytic hydrogenation of 4-NP as a model
reaction. Pristine AC and CTS/AC were also used for comparison. As
shown in Fig. S3A, after adding NaBH4 to the 4-NP with a color
changing from light yellow to yellow green, 4-nitrophenolate ions were
formed which showed a strong absorbance at 400 nm. The hydro-
genation of 4-NP was negligible in the presence of NaBH4 without any
catalyst, indicating no hydrogenation occurred for 4-NP during reaction
time of 1 h because of the kinetic barrier. Only about 14% adsorption
occurred in the presence of AC, while almost 7% adsorption occurred
with CTS/AC under the same experimental conditions. Compared to the
blank experiments, as-prepared Au NPs/CTS/AC catalyst exhibited
substantially enhanced catalytic performance. Fig. 6A shows typical
UV–vis absorption spectra at different time interval after adding of Au
NPs supported on CTS/AC. It is obvious that the absorbance peak at
400 nm decreased as the reaction proceeds, because of the hydro-
genation of 4-NP. Simultaneously, a new peak appeared at 300 nm on
account of the formation of 4-AP [10]. In order to confirm the product,
the determination of 4-AP was recorded with UV–vis absorption spectra
(Fig. S3B), demonstrating there was no byproduct during hydrogena-
tion of 4-NP. Considering NaBH4 was in excess (C4-NP/CNaBH4= 1/200),
this reaction kinetics could be assumed as pseudo-first-order kinetics
with a rate constant kapp of 0.6994min−1 (Fig. 6B). In addition, the
catalytic hydrogenation was analyzed by the HPLC technique. Fig. S4
showed the retention time of standard 4-NP solution (0.2 mM) and 4-AP
(0.2mM) were standardized as 7.03min and 5.22min, respectively.
And the peak ascribed to 4-NP disappeared and the peak ascribed to 4-
AP appeared at the final stage of reaction. Hence, the conversion of 4-

Fig. 4. X-ray diffraction spectra of (a) pristine AC, (b) CTS/AC and (c) Au NPs/
CTS/AC(4).

Fig. 5. H2-TPR profiles of (A) pristine AC, CTS/AC and Au NPs/CTS/AC, (B) Au NPs/CTS/AC with different Au loading amounts.
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NP was determined as 100%. Based on the standard curve from HPLC
chromatograms, the yield of 4-AP was determined as 98%.

3.2.2. Effect of different Au loading amounts
In order to optimize Au NPs/CTS/AC catalysts, we have investigated

the effect of Au loading amounts on the catalytic activity. The catalytic
activity in terms of 4-NP hydrogenation over Au NPs/CTS/AC catalysts
with different Au loading amount is shown in Fig. 7 and Table S2. With
the increase of Au loading amount from 0.0014 wt% to 2.5033 wt%, the
catalytic activity initially increased and then decreased. As shown in
Fig. S5A-D, it can be inferred that the initial enhancement of catalytic
activity could be ascribed to the increased effectively active sites. Then,
as the loading amount increased to 2.5033 wt%, the Au NPs were ag-
gregated into large size distribution owing to the excessive Au loading
amount, thereby resulting in a decrease of catalytic activity (Fig. S5E).
In addition, the excessive Au loading amount (2.5033 wt%) would lead
to the jam-up inside the chitosan matrix on the surface of AC, i.e., the
mass transfer of 4-NP into the catalytic sites of CTS/AC would be
hampered, resulting in the decrease of catalytic activity. In the case of
the Au NPs/CTS/AC(4), the appropriate Au loading amount lead to re-
latively small size distribution, which could provide more effectively
active sites for 4-NP hydrogenation. Hence, the Au NPs/CTS/AC(4)

showed the higher catalytic activity. In addition, based on the analyses
reported by Ye et al [45], the dispersion of Au NPs in Au NPs/CTS/AC(4)

was calculated to be 9.09% according to TEM images. Compared with
the previous reported Au-based catalysts, the dispersion of Au in our
study was satisfactory [37,45].

Meanwhile, turnover frequency (TOF) was calculated for the reac-
tion with the optimum catalyst Au NPs/CTS/AC(4). The TOF of the
catalyst in our study is 202 h−1, which is comparable or even superior
to the catalysts recently reported. Besides, to properly investigate cat-
alytic activity and compare with other catalysts recently reported,
Table S3 lists the reaction time, the rate constant and the normalized
rate constant with regard to the catalysts dosage and Au loading
amounts as well as the TOF of the optimum catalyst Au NPs/CTS/AC(4).
It can be seen that our catalyst Au NPs/CTS/AC(4) exhibits comparable
or even superior catalytic performance and TOF when compared with
other catalysts previously reported.

3.2.3. Effect of environmental water samples
To better simulate the catalytic hydrogenation of 4-NP in real

wastewater, the effect of environmental water samples has been taken
into discussion. Thus, we used various environmental water samples
such as tap water, lake water and river water (Fig. S6 and S7) as sol-
vent to dissolve 4-NP as reaction solution to study the catalytic hy-
drogenation of 4-NP using Au NPs/CTS/AC(4) and check whether the
prepared catalyst could maintain the high catalytic activity in real
water samples. Fig. 8A displayed that the catalytic hydrogenation of 4-
NP could be conducted over Au NPs/CTS/AC(4) under various en-
vironmental water and the rate constant kapp was 0.6994, 0.5728,
0.2707 and 0.1753 s−1 corresponding to ultrapure water, tap water,
lake water and river water, respectively.

Nonetheless, the various hydrogenation rates catalyzed by Au NPs/
CTS/AC(4) indicated that the catalytic performance was inhibited in
some extent and the hydrogenation rate of 4-NP in river water was the
lowest. The various catalytic rate may be the result of the different
water condition such as pH value, DO and co-existent ions [46]. Al-
though the mixture solution would be alkaline after the final addition of
NaBH4, the amount of 4-NP adsorbed onto the surface of Au NPs/CTS/
AC(4) catalysts was different before the addition of NaBH4, thereby af-
fecting the catalytic rate. Hence, the initial pH would affect the catalytic
activity to some extent. In detail, the influence of initial pH on the
catalytic activity was mainly related to the pHIEP of catalysts and pKa of
reactant [46]. The measured pHIEP of Au NPs/CTS/AC(4) was at about
pH 7 (Fig. S8), indicating the catalysts were negatively charged at
pH < 7. The pKa value of 4-NP is 7.2, indicating that the 4-NP tend to
deprotonate to nitrophenolate ions in the anionic form at pH < 7.2.
Hence, in the lake water (pH value of 7.54) and river water (pH value of
7.79), the surface of Au NPs/CTS/AC(4) and the nitrophenolate ions
were negatively charged and led to the electrostatic repulsion, thereby
decreasing the catalytic activity. The Zeta potential of catalysts in tap
water (pH value of 7.05) was close to the isoelectric point, which had
less effect on the adsorption of 4-NP onto the Au NPs/CTS/AC(4) cata-
lysts surface. In addition, previous studies have reported that dissolved
oxygen (DO) would outcompete 4-NP for reductant NaBH4, i.e., oxygen
dissolved in water would consume some NaBH4, leading to a decrease
of catalytic activity [37,47]. Besides, the DO of lake water and river

Fig. 6. (A) Time-dependent UV–vis absorption spectra and (B) plots of Ct/C0 and -ln (Ct/C0) versus time of the hydrogenation of 4-NP catalyzed by Au NPs/CTS/
AC(4).

Fig. 7. (A) Ct/C0 and (B) -ln (Ct/C0) versus reaction time for the hydrogenation
of 4-NP over Au NPs/CTS/AC with varying loading Au amounts, respectively.
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water was measured to be 3.06 and 6.12mg/L, indicating there was less
competition for NaBH4 between DO and 4-NP in lake water, and thus
more NaBH4 was available for hydrogenation of 4-NP. This can explain
that the catalytic hydrogenation activity of Au NPs/CTS/AC(4) in lake
water was better than that in river water. Thereby, the effects of DO and
pH made the catalytic activity decrease in lake water and river water.
Moreover, the existence of other competitive pollutants and common
ions in lake water and river water would result in the lower catalytic
activity [5]. Nevertheless, in relatively short time, the eventual removal
efficiency could reach 100% under different water samples (Fig. S7),
demonstrating that the prepared catalyst has the potential for the hy-
drogenation of nitrophenols in wastewater treatment in environmental
water samples.

3.2.4. Effect of inorganic salt
Inorganic salt is common and coexists with organic pollutant in real

environmental water, which is different from ultrapure water, and may
influence the catalytic activity of catalysts. As shown in Table 1, SO4

2−

and Cl- with different content exist in different environmental water
samples. Thus, it is necessary to investigate their effects on the hy-
drogenation of 4-NP, to further explain the results of various hydro-
genation rate of 4-NP under different water samples. Herein, Na2SO4,
NaCl and Na2CO3 were added to explore the detail effects on the cat-
alytic hydrogenation of 4-NP.

Fig. 8B displays the results of 4-NP hydrogenation in the presence of
above common anions at a concentration of 0.5 mM. The catalytic ef-
ficiency of 4-NP with these anions could reach 100% within 18min
(Fig. S9) and the corresponding order of the hindering effect of these
anions was as follows: Cl−<CO3

2−<SO4
2−. A slight negative effect

could be found in the presence of SO4
2− with the rate constant of

0.4140min−1. It was consistent with the result that in spite of higher
SO4

2− content in river water (Table 1), it had no influence on the
catalytic activity of Au NPs/CTS/AC(4). The obvious negative effects
were found in the presence of CO3

2− and Cl−. It could be speculated
that CO3

2− was prone to combine with hydrogen ions to produce
HCO3

2− and OH− after ionization in water, thus making the pH value
of water weakly alkaline and a decrease of catalytic activity. It was in
accordance with the above result of catalytic hydrogenation in the river
water with relatively high pH. Besides, the existence of HCO3

− and

OH− can accelerate the hydrolysis rate of NaBH4 thereby resulting in
hydrogen release [48], which can be ascribed to the attack of negative
hydrogen ions in NaBH4 by positive hydrogen ions in the HCO3

− and
OH−. The excessive hydrogen production would result in the release of
H2 from reaction solution and consumption of a large number of hy-
drogen resource, thereby inhibiting the catalytic rate in some degree.
Especially, the existence of Cl− retarded the reaction rate, which was
different from the result reported by Doong et al [46]. It could be as-
cribed to the catalyst poisoning caused by Cl− [37]. Besides, the
competitive adsorption between Cl− and 4-NP on the surface of the
catalyst could lead to the negative effect of 4-NP hydrogenation [46],
which explained the lower catalytic activity in river water with higher
content of Cl−. In addition, the Zeta potentials of the reaction solution
in the presence of Au NPs/CTS/AC(4) and above anions were tested to
illustrate difference between various reaction condition and listed in
Table 2, with the following order: SO4

2−<CO3
2−<Cl−. The Zeta

potential (−10.19 ± 1.47mV) in the presence of SO4
2− were closer to

that (−10.04 ± 1.31mV) of the reaction condition without any an-
ions. In contrast, the Zeta potential (−0.11 ± 0.04mV) in the pre-
sence of Cl− decreased, further to testify the negative effect with the
lower Zeta potentials.

3.2.5. Catalytic activity of various nitrophenols
To further study the scope and generality of as-prepared Au NPs/

CTS/AC(4) catalyst, catalytic hydrogenation of other nitrophenols with
different substituent (2-NP, 3-NP and 2, 4-DNP) were also conducted
under the same conditions. Fig. S10 showed that all the nitrophenols
could be degraded efficiently catalyzed by Au NPs/CTS/AC(4) in a re-
latively short time. The strongest a absorbance bands at 283 nm (2-NP),
333 nm (3-NP) and 448 nm (2, 4-DNP) in the presence of NaBH4 and
their absorbance bands gradually decreased as the hydrogenation pro-
ceeds upon the addition of Au NPs/CTS/AC(4). The color of all reactant
mixture varied from their natural color to colorless (Fig. S11), in-
dicating the hydrogenation finished completely. The catalytic efficiency
was different with the rate constant kapp in the order by 4-NP
(0.6994min−1)> 3-NP (0.3989 min−1)> 2-NP (0.3781 min−1)> 2,
4-DNP (0.2654 min−1). It could be ascribed to the molecular orienta-
tion of nitro-substituent [46]. The negatively charged O atoms on 4-NP
ions can be delocalized throughout the benzene ring and become more
resonance-stabilized than those of 2-NP and 3-NP [49,50]. In addition,
the number of nitro-substituent also have an impact on determining the
reactivity of nitrophenols [37]. Hence, 4-NP showed a better reactivity
than that of 2-NP, 3-NP and 2, 4-DNP.

3.2.6. Recycling stability of catalyst
The recycling stability of catalysts is a key issue in practical appli-

cations. The Au NPs/CTS/AC(4) was reused six times in the same pro-
cess to estimate its catalytic stability. As displayed in Fig. 9A, the cat-
alytic activity of Au NPs/CTS/AC(4) has no apparent deactivation even

Fig. 8. (A) Catalytic hydrogenation of 4-NP in ultrapure water, tap water, lake water and river water; (B) Effect of inorganic salt (SO4
2−, Cl- and CO3

2−) on the
hydrogenation of 4-NP by Au NPs/CTS/AC(4). [4-NP] =0.2 mM; [NaBH4]= 0.04M; [All inorganic salt] =0.5mM; m (Au NPs/CTS/AC(4)) =5mg.

Table 1
The dissolved oxygen (DO), pH value and common anions content in different
water matrix.

Water matrix Ultrapure water Tap water Lake water River water

DO (mg/L) 7.29 6.48 3.06 6.12
pH value 6. 73 7.05 7.54 7.79
SO4

2− (mg/L) – 17.2 14.7 22.5
Cl− (mg/L) – 0.058 0.074 0.084
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after six successive recycles for the hydrogenation of 4-NP, with the
conversion of 4-NP dropping from 100% to 90% within reaction time of
7min 40 s. The XRD spectra in Fig. 9B shows that the diffraction peaks
corresponding to metallic Au0 enhanced slightly, which could be as-
cribed to the reduction of a small amount of Au+ and Au3+ species to
metallic Au0 in the presence of the reductant NaBH4. Besides, the XPS
results (Fig. 9C-D) displayed that although a small part of Au+ and
Au3+ species were reduced to metallic Au0 after catalytic reaction, a
number of Au+ and Au3+ species exist in the used catalysts. It might
because the Au+ and Au3+ species stabilized on the hydroxyl groups
made that the reduction of Au+ and Au3+ species into Au0 was difficult
in comparison of the reduction of isolated Au+ and Au3+ species [42].
In addition, NaBH4 preferentially participated in the catalytic hydro-
genation of 4-NP, resulting in that few NaBH4 participated in the re-
duction of Au+ and Au3+ species. Hence, the used catalysts had no
obvious change in the chemical states after catalytic reaction, in-
dicating the stability of catalysts. In comparison to Au NPs catalysts
recently reported and previous research in our group, the stability of Au
NPs/CTS/AC is improved noticeably [37]. Therefore, the presence of
CTS could effectively improve the stability of Au NPs on account of
positive electricity and abundant reactive hydroxyl and amino func-
tional groups of CTS.

3.3. Mechanism of synthesis of Au NPs/CTS/AC and 4-NP hydrogenation

Based on the aforementioned results, the mechanism of the synth-
esis of Au NPs/CTS/AC and 4-NP hydrogenation catalyzed by Au NPs/
CTS/AC catalysts was proposed (Scheme 1). It can be seen that the
reaction conditions of preparation and catalytic hydrogenation is green
owing to 100% toxicity chemical-free, the utilization of natural polymer
with biocompatibility and reaction under mild condition (room tem-
perature).

3.3.1. Synthesis of Au NPs/CTS/AC
The CTS/AC composites were successfully synthesized, which could

be ascribed to the surface charge and functional groups of CTS and AC
surface. The Zeta potential of CTS and AC in solution was measured to
be +52.5mV and -2.51 mV, respectively, indicating the electrostatic
interaction between CTS and AC. Besides, the hydrogen or nitrogen of
amino groups on CTS would bond with oxygen of oxygen-containing
groups on AC, making interaction between CTS and AC [35]. It was
supported by the FT-IR results. Hence, the functional groups on CTS and
AC surface could also be the driving force for the synthesis process. In
addition, the entangled polymer chains of CTS was beneficial for the
interaction between CTS and AC [36]. After the addition of HAuCl4,
plenty hydroxyl and amino groups on surface of CTS were exposed to
Au (III), thus leading to the formation of Au NPs. It can be validated by
the phenomenon that the surface concentration of NeH species

Table 2
Zeta potentials of the reaction solution in the presence of Au NPs/CTS/AC(4) and different common anions.

Common anions None Na2SO4 NaCl Na2CO3

Zeta potential (mV) −10.04 ± 1.31 −10.19 ± 1.47 −0.11 ± 0.04 −6.97 ± 0.78

Experimental conditions: [4-NP] =0.2 mM; [NaBH4]= 0.04M; [All inorganic salt] =0.5mM; m (Au NPs/CTS/AC(4)) =5mg.

Fig. 9. (A) Recycling test for the catalytic hydrogenation of 4-NP (0.2 mM, 50mL) by Au NPs/CTS/AC(4) (5 mg). (B) XRD spectra, (C) XPS survey and (D) high-
resolution spectra of Au 4f of catalysts before and after catalytic hydrogenation.
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decreased with Au0 formation in XPS spectra, providing evidence that
Au NPs might be trapped by nitrogen terminals of NeH species in the
composites [38]. This is consistent with the observation from the FT-IR
spectra of Au NPs/CTS/AC. It has been reported that the growth process
of metal NPs is related to the nature of the support [38]. Thus, the CTS/
AC surface chemistry played an important role in the determining Au
NPs size and dispersion. (i) The hydroxyl and amino groups on CTS/AC
would prevent the aggregation of Au NPs, guaranteeing the dispersion
of Au NPs on CTS/AC surface. (ii) The surface of CTS/AC was positively
charged owing to the plenty amino groups of CTS, while Au NPs are
generally negatively charged without capping agents. Thus, CTS/AC
could immobilize Au NPs through complexing or electrostatic interac-
tion, preventing the aggregation of Au NPs [29]. (iii) In the synthetic
process, the high agitation speed of 900 rpm was beneficial to the for-
mation of Au NPs dispersedly anchoring on CTS/AC surface.

3.3.2. Au NPs/CTS/AC catalytic hydrogenation of nitrophenols
To figure out the specific role of Au NPs in the catalytic system, EPR

with DMPO as the spin trapper was used to explore the mechanism of 4-
NP hydrogenation over Au NPs/CTS/AC(4). As shown in Fig. 10A, no
obvious EPR signal was detected in the absence of Au NPs/CTS/AC(4) or
NaBH4, but the signal that consisted of a 1:1:1 triplet of 1:2:1 triplet was
detected in the presence of NaBH4, which was identified as a DMPO-H

adduct by comparison with previous studies [46]. It indicates that the
BH4

− would generate the H· radical adducts via dissociation of the BeH
bond. Nonetheless, the intensity of DMPO-H signal enhanced in the
presence of Au NPs/CTS/AC(4) + NaBH4, illustrating the DMPO-H
adducts most likely came from the abstraction of hydrogen of the active
sites Au NPs [46]. Based on the Langmuir-Hinshelwood model reported
by Ballauff et al., BH4

− reacts with Au NPs to form AueH intermediates
via the dissociation of BeH bond [51]. Thus, the presence of Au NPs
would assist the dissociation of B–H bonds and hence promote the ab-
straction of hydrogen from NaBH4 to form Au-H intermediates. Then,
the H· radical adducts of Au-H intermediates would attack the positively
charged nitrogen in the nitro group of 4-NP, catalyzing the hydro-
genation of nitrophenols to the corresponding amine (Fig. 10B). After
H· radical attack to the nitro group, the Au+ species could be re-
generated, continuously forming a new AueH intermediates to com-
plete the catalytic hydrogenation [52].

The Au NPs/CTS/AC(4) exhibits enhanced catalytic activity for ni-
trophenols hydrogenation. Combining the EPR results and XPS analysis
of Au NPs/CTS/AC(4), it can be inferred that one of the reasons is the
presence of oxidation state of Au (Au+ and Au3+), which would ac-
celerate the electron transfer from a hydride (H−) source (BH4

−) to
nitrophenols in the hydrogenation process, in which corresponding
amine is the product of the six electron reduction of 4-NP [14]. And the

Scheme 1. The mechanism of preparation of Au NPs/CTS/AC catalysts and catalytic hydrogenation of nitrophenols.

Fig. 10. (A) EPR spectra of DMPO-H adducts formed in the presence of (a) 4-NP+CTS/AC, (b) 4-NP+Au NPs/CTS/AC(4), (c) 4-NP+NaBH4, and (d) 4-
NP+NaBH4 + Au NPs/CTS/AC(4). (B) Proposed reaction pathway for the 4-NP hydrogenation by NaBH4 over Au NPs/CTS/AC(4).
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existence of Au+ and Au3+ could readily form reactive AueH inter-
mediates via dissociation of the BeH bond [52]. Thus, the Au+ and
Au3+ could serve as an electron relay system and hydride transfer
agents [40], enhancing the catalytic activity of the Au NPs/CTS/AC(4).
Besides, it is well-known that the well-dispersion of Au NPs would
guarantee the catalytic activity. Hence, another reason is related to the
plenty hydroxyl and amino groups on CTS/AC surface, which can
promote an improved dispersion of the Au NPs in appropriate loading
amount and thus provide more effective active sites.

3.4. Catalytic performance of Au NPs/CTS/AC catalyst for azo dyes
hydrogenation

3.4.1. Catalytic activity for azo dyes (MO, CR and EBT) hydrogenation
The wastewater containing azo dyes would cause serious problem to

water environment and human health. It is well reported that the
cleavage of azo bond (eN]Ne) in hydrogenation would eliminate
toxic substances and could effectively done by various metal NPs
[16,53]. Hence, several azo dyes (MO, CR and EBT) were also taken as
pollutants to investigate the catalytic activity of Au NPs/CTS/AC(4)

catalysts. Firstly, the Au NPs/CTS/AC catalysts were used to absorb the
dyes. As shown in Fig. S12, the characteristic peaks of MO, CR and EBT
decreased slightly within 30min and the color remained unchanged.
After the additional of NaBH4 serving as hydride source, the corre-
sponding peaks of MO (465 nm), CR (496 nm) and EBT (615 nm) de-
creased rapidly (Fig. S13A-C) with the decolorization of solutions (Fig.
S11). Simultaneously, the new peak at around 250 nm appeared, in-
dicating the new colorless compounds were formed. The new peak of
the colorless compounds might be attributed to the two sides of the
cleavage azo bonds or their derivatives [54]. As shown in Fig. S13D,
the rate constants were calculated to be 1.0244, 1.3722 and
0.5642min−1 for MO, CR and EBT, respectively. The degradation rate
of MO and CR was much faster than that of EBT, which can be ascribed
to their different adsorption abilities of Au NPs/CTS/AC towards these
azo dyes and different structure formulas of azo dyes [32,55]. Never-
theless, the Au NPs/CTS/AC catalysts exhibited remarkable catalytic
activity towards various azo dyes.

3.4.2. Catalytic hydrogenation pathway for azo dyes
To further confirm the degradation process of azo dyes (MO, CR and

EBT) and composition of colorless compounds, the degradation pro-
ducts were analyzed by liquid chromatography-mass spectrometry
(LCeMS). For the hydrogenation of MO, the main signals at m/z 172.12
and 137.02 could be found in LCeMS spectra (Fig. S14A). The m/z
172.12 and 137.02 were attributed to the molecular formula of
C6H6NO3S− and C8H12N2 (Fig. S14B), respectively. It indicates that the
eN] bond on the original MO molecule was split by catalytic hydro-
genation, resulting in the decolorization of solutions. For the hydro-
genation of CR, the main signals at m/z 326, 221.16 and 184.03 were
observed in LCeMS spectra (Fig. S15A), which were corresponded to
different probable intermediates such as C16H12N3O3S−, C10H8NO3S−

and C12H12N2 [56]. As shown in Fig. S15B, the eN]Ne bonds of CR
molecular were gradually split to aromatic intermediates with small
molecular weight by catalytic hydrogenation. Similar to the hydro-
genation of MO and CR, the hydrogenation pathway of EBT was de-
picted in Fig. S16. These results indicates that the decolorization of azo
dyes was related to the hydrogenation of eN]Ne to eNHeNHe and
then the cleavage of eNHeNH bonds [32,54].

4. Conclusions

In summary, the Au NPs/CTS/AC catalysts were prepared via a
green synthesis, in which CTS not only acted as a mild reductant and a
linker between AC and Au NPs, but also stabilized Au NPs, preventing
their aggregation. The size distribution and morphology of Au NPs on
CTS/AC could be conveniently controlled by adjusting the addition

dosage of HAuCl4. For the model catalytic hydrogenation of 4-NP by
NaBH4, the Au NPs/CTS/AC catalysts exhibited much better catalytic
performances than other Au NPs catalysts recently reported in terms of
the catalytic activity (reaction completed within 7min 40 s), reaction
rate constant (0.6994 min−1) and TOF (202 h−1). In addition, the
catalysts exhibited high catalytic activity in various environmental
water samples and in the presence of various inorganic salt, indicating
the satisfying application potential. The catalysts also exhibited well
generality in the reduction of various substituted nitrophenols (2-NP, 3-
NP, 4-NP and 2, 4-DNP) and azo dyes (MO, CR and EBT), and showed
good recyclability with the catalytic performance remained 90% within
7min 40 s over six recycles. This work provides a green pathway for the
synthesis of Au NPs-based catalysts and the as-prepared catalysts ex-
hibit a great potential in real-world environmental purification appli-
cations for nitrophenols hydrogenation.
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