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Abstract

Herein, chitosan (CTS) functionalized activated coke (AC) is proposed as an
excellent platform for Au nanoparticles (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
0.6994 min-! and turnover frequency (TOF) of 202 h-1. Several effect parameters:

loading amount, environmental water samples and common anions wereNiscussed in

detail. Besides, the pH and dissolved oxygen (DO) in different gipmg water
were measured. The results show that although the c ic ance of Au
NPs/CTS/AC was inhibited in some extent, it could a ively high catalytic

activity in real water samples. In addition, the a hredgatalysts also displayed high

catalytic activity in the hydrogenation of ariousgliTterent substituent nitrophenols and
azo dyes, indicating the generality @ catalgsts, and showed good recyclability with the
catalytic performance remai within 7 min 40 s over six recycles. The
mechanism of green synthetic pathway and catalytic hydrogenation 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.
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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 reactio
compared with other metal NPs [8, 9]. However, the self-aggregation of Au NPs
the high surface energy results in a decrement of catalytic activity. Au NPs
dispersedly anchored on a rational support can efficiently inhibit n and
thus enhance the catalytic activity.

Among numerous materials, carbon-based supp asgraphene, mesoporous

)

due to their chemical stability and

carbon, carbon nanotube, and carbon nitride h umber of advantages over

other supports (e.g. metal oxide, silica, lyme
high mechanical strength [10-13]@The erbon-based Au NPs catalysts have been
proved to be a relatively hig iICMnt catalyst [14]. But these carbon supports are
usually prepared with complex progress, which is relatively expensive [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 mesopore but less
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micropore than activated carbon, which can prevent metal catalysts from jamming and
encourage diffusion of aqueous species into 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 m-n stacking
interaction. 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 sit
[23]. This shortcoming could be overcome by decorating polymers onto the surfac
AC. Meanwhile, as the emphasis of technology is gradually shifting tOards green
synthetic strategy, the utilization of nontoxic, renewable and envj enign
chemicals are required [24-27]. It is highly desired to flnd@s to disperse
Au NPs firmly on AC by enhancing their interactio cO g polymers on AC

surface. @

Chitosan (CTS) is an attractive natu@ymer derived from the deacetylation
of chitin [28]. This nontoxicijty, biogmpat@ility and polycationic biopolymer makes it
appealing for many applica h as drug delivery, metal ion sorption and
biodegradable films [29]. Especially, CTS has been widely used to integrate with metal
nanoparticles 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 stabilization of Au NPs. Thus, the utilize of CTS
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as a reductant for the formation 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 industries, which are harmful to people's health and environment even at
low concentrations [32, 34]. As a consequence, searching for an effective and suita

approach for the efficient removal of nitrophenols and azo dyes is extremely essen

It has been well documented that simple hydrogenation of nitroph®aols to the

corresponding aminophenols could be regarded as the most convegg nvert
organic wastes to value added intermediates. For instance, rod AP could not

only reduce the toxicity, but also serve as availg lates in numerous

\)

a hydride source, as well as the

medications synthesis and photographic [10, 32]. Hence, the
hydrogenation of nitrophenols with N@H4
hydrogenation of azo dyes, have bd@an invaftigated in this work.

In this work, we expect e 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
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water and river water) with the different pH and DO, and inorganic salt toward 4-NP
hydrogenation were taken into consideration 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 ScienceNgechnology

Corporation (China). Chitosan (with 90% degree of deacetylation) from
Pharmacia (Sweden). Analytical grade hydrogen ac@te hydrate
(HAuUCls4H20), sodium borohydride (NaBHa), 2- | ol Y®=NP), 3-nitrophenol

(3-NP), 4-nitrophenol (4-NP), 2, 4- dmnrophe@ L

Congo red (CR) and Erichrome black were purchased from Sinopharm

), Methyl orange (MO),

Chemistry Reagent Co., Ltd, (Beijifg, Chi ) All chemicals were used without further
purification. All solutions we paRed by using ultrapure water (18.25 MQ-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 50 mL ultrapure
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water in ultrasonic bath for 30 min. Then the AC suspension was transferred to a
solution contained 500 mg CTS dissolved in 20 mL of 2 wt% acetic acid solution. The
mixture solution was under ultrasound for 30 min 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 product was dried 24 h at 50°C under vacuum and denoted as CTS/AC.
Au NPs/CTS/AC: The as-synthesized CTS/AC (200 mg) was dispersed in 60
ultrapure water by sonication for 30 min. After that, a certain amount of HAU
solution was added dropwise to aforementioned CTS/AC suspension unde&irring with
speed of 900 rpm, and then the stirring was continued for anot . The
product was collected by centrifugation and thoroughly ed apure water,
followed by drying 24 h at 50°C under vacuum. A s u ®s/CTS/AC catalysts
with different Au content were synthesized vi r edure by varying addition

amounts of HAuUCI, (0.35, 0.7, 1.4, 2.8 §@d 5. , respectively) and marked as Au

NPs/CTS/ACw (x=1, 2, 3,4, and @ively.
2.3 Characterization v

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 spectroscopy (EDS) was used to determine the element

composition. The powder X-Ray diffraction (XRD) spectra were obtained on a 6100
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powder diffractometer (Shimadzu Corporation, Japan). Temperature-programmed
reduction with a mass spectrometry (H2-TPR-MS) was conducted on an AutoChem |1
2920 (Micromeritics, USA). 100 mg samples were purge treated under a pure He flow
(50 mL min~1) at 300<C for 2 h, and then cooled down to 50 <C and treated under Hzo/He
mixture (with a ratio of 1:9, 50 mL min-1) for 1 h. Finally, it was heated (10<C min-1)
from room temperature to 800<C in a flowing H2/He mixture (with a ratio of 1:9, 50
mL min-1). Meanwhile, the mass spectrometry signals with m/z of 30, 44 and 18 we

recorded to detect the masses of NO, CO2 and H20 molecules, respectively. X-

photoelectron spectroscopy (XPS) spectra were conducted on Al radiation
spectrometer (Thermo Scientific, UK). Inductively coupled plas Ission
spectrometry was applied to determine the Au amount cata erkin-Elmer
Optima, USA). Zeta potential was measured using izE®Nano-ZS (Malvern).
Electron paramagnetic resonance (EPR) spectra @ d with Bruker EMX-A300
spectrometer (Germany) with a resondlice frgguency of 9.77 GHz. The UV-Vis
absorption spectra were recordeq@ via 4 UV-2700 spectrophotometer (Shimadzu
Corporation, Japan). The h ewrmance liquid chromatography (HPLC) was
conducted-using—_by Agilent 1260 with a C18 (5 pm, 250 x 4.6 mm) column—_heated
and the mobile phase was water/methanol (60/40, v/v) under a flow rate of 0.8 puL/min.
2.4 Catalysis procedures

The catalytic activity of Au NPSNPs/CTS/AC for the hydrogenation of 4-NP was

carried out under laboratory condition as described below. In a typical reaction, 5 mg
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of Au NPs/CTS/AC was added to 50 mL 4-NP (0.2 mM). The mixture solution was
stirred for 30 min to reach the adsorption-desorption equilibrium. Then, 0.0757 g of
NaBHa (Cs-np/Cnasha = 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 filtration with 0.45 pm 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-
3-NP, 2, 4-DNP, MO, CR and EBT was also conducted under the same conditions:
cycling test, the catalysts were collected via centrifugation, washed by u ure water
for several times and then dried in vacuum at 50°C for 24 h for the, C reused.
3. Results and discussion
3.1 Characterizations

The comparison of FT-IR spectra provides on verifying the successful
synthesis of CTS/AC composites and the @oordingtion interaction between Au NPs and
CTS/AC composites. Fig. 1A shqgved te FT-IR spectra of pristine AC, CTS/AC
composites and Au NPs/CTS istine AC spectrum, the peaks at 2362 and 1635
cm ! were ascribed to the C=0 vibration and skeletal vibrations from AC [18]. The
peaks at 660-880 cm-! were caused by plane bending vibrations of C—H bonds [19]. In
the case of CTS/AC, the peaks at 2146 and 1908 cm could be assigned to the
C—N/N-H groups. The new peaks at 1642 and 1549 cm-! were caused by the amide |

(~CONH stretching vibration) and amide 11 (-NH bending and C-N stretching), which

10
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demonstrated the successful synthesis of CTS/AC composites [30]. The decreasing
peaks at 800-600 cm ! 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 21
cm® corresponding to N-H disappeared, indicating that a large number of Au
occupied the N-H group of CTS/AC. Meanwhile, the gradual variatio the band
region of 800-520 cm could be noticed due to Au-N and Au ching

vibration [36]. The results illustrated that Au NPs inter wit ydroxyl and

amino groups of CTS/AC.

—AC
——CTS/IAC
Au ,\IPS‘(ZTS'A(‘(L)

A

% Transmitttance

AuNPSICTS/AC,, AuNPS/CTS/AC,,
— AuNPS/CTS/AC, —— AuNPs/ICTS/AC,
AuNPSICTS/AC,,

T T T T T T T T
3600 2700 1800 900 3600 2700 1800 900

‘Wavenumber (cm") Wavenumber (cm™)

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.
The morphology and size distribution of synthesized catalysts were recorded by

TEM. Fig. 2A-B showed a typical low-magnification TEM images of pristine AC and

11
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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 dispersion 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/AS

surface make it an appropriate support for Au NPs anchoring. The existence of Au

associated with Au lattice appear obviously. The distinct lattice frin € ined
to be 0.235 nm and 0.204 nm, which was corresponded t Amnd Au (220)
oriented lattice planes of Au NPs [37]. Fast Fourier T ( was calculated for

the HRTEM image of Au NPs shown in Fig. 2@ consistent with the crystal

structure of Au NPs. Q

12
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Fig. 2. TEM images of (A) pristine AC, (B) CTS/AC composites,

and (D) HRTEM images of Au NPs/CTS/AC. The insets ar rresponding

to the Au NPs crystals.

XPS was further used to elucidate the surf @' es gUPports (AC and CTS/AC)
and catalytically active Au-containing sifcies (@u NPS/CTS/ACw4). Fig. 3 displayed

the core energy level XPS spectra @ C 154N 1s, O 1s and Au 4f. In C 1s spectra of all

Ly W

samples, the five specific sign erwcorresponded to C—C (284.6 eV), C-OH (285.1

LI W\

eV), C-N (286.6 eV), N-C=0 (287.7 eV) and C-0 (288.8 eV), respectively. Compared
\ii_

C 1s spectra of CTS/AC with AC, the peaks intensity of C—N and N-C=0 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 C—OH decreased, which might be related to the occupation of CTS
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on the oxygen-containing groups of AC surface [30]. In the C 1s spectra of Au
NPs/CTS/AC), the peak intensity of C-OH and N—-C=0 decreased. In N 1s spectra of
CTS/AC, the peaks at 400.0 and 401.8 eV were attributed to N—(C)z and N-H, 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 between Au NPs and CTS/AC
supports. Furthermore, it can be concluded that the nitrogen terminals in the N—H ser
as the anchor for Au NPs on CTS/AC [38, 39]. In addition, compared O 1s spectr

Au NPs/CTS/AC with CTS/AC composites, the peak at 531.7 eV shiftir®&o a higher

binding energy 532.2 eV has also been observed, further verijg action

between Au NPs and supports. In the high-resolution sp of ¥ the peaks at
and 8687.9 eV were ascribed to Au 4f7;2 and Au 4fs, Ili 0 (the peak-to-peak
distance is 3.6-7 eV). The formed Au® is owing igNgeducibility of hydroxyl and
amino groups on CTS/AC surface [40]. Ifadditign, the distinct additional peaks on the
high binding energy side could @éd to the oxidation states of Au* (green
devolution) and Au3* (orange %n) [41, 42], indicating the partial reduction of
HAuCI4 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 Au-O interfacial bonds [42] and played a positive role in the

hydrogenation of 4-NP [40].

14
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Fig. 3. Comparative core energy level XPS of (A) Au NPs/CTS/AC), (B) CTS/ n
(C)AC.

Further X-ray-diffractionXRD studies were conducted to comparg

nature of AC, CTS/AC and Au NPs/CTS/AC. As shown in Fig. D pattern of

2°, which could

pristine AC showed a strong intense diffraction peak cenfer

be ascribed to hexagonal lattice of a graphite-liki I@a

minor peaks centered at 20.9°, 50.1° and > WEe gifributed to the trace quantity of

2
llite structure [17]. The

inert element silica [43], which wasg i he EDS spectra of AC (Fig. S1A). In
the XRD pattern of Au NPs eaks at 26 = 38.2°, 44.4°, 64.6° and 77.8°
were attributed to face-centery cubic (fcc) Au of (111), (200), (220) and (311),
respectively, corresponding to the standard values in XRD card of Au (JCPDS No.04-

0784).
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57 [Fig. 4. X-ray diffraction spectra of (a) pristine AC, (b) CTS/AC and ( u
58  NPS/CTS/AC).
259 The H2-TPR was conducted to explore the reduction behavior of t % ted Au
260  NPs catalysts. For pristine AC, as shown in Fig. 5A, the appear, n@j signal was
261  observed in the temperatures of 300-780°C. To further dha thgpresults, the mass
262  spectrometry detection was conducted to record the 0 %@ cts (NO, COz and H20)

263  during TPR test. The mass spectra (Fig. big¥S1) showed that NO, CO2 and

264 HO were generated in the tempera, 0 0°C. The formation of NO and CO>
265  could be ascribed to the dec it] part of AC from the leaching of N, O and
266  the decomposition of a part ofQA\C network. It is in well agreement with the result
267  reported by Truszkiewicz et al [44]. It is known that before the TPR test, the sample
268  would be purge treated under a pure He flow for 2 h, which was aimed at the removal
269  of moisture in sample. Hence, the formation of H20 in the temperatures of 500-600°C,
270  which might because the H> reacted with surface oxygen species or lattice oxygen [17].

271 Therefore, the TCD signal in the temperatures of 500-600°C could be ascribed to the
16
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decomposition of a part of AC from the leaching N, O and the decomposition 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 decomposition of a part of AC from the leaching of N, O and the
decomposition 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 Au*

Au®, corresponding to the previous results elicited by XPS analysis. It can fur

illustrate the interaction between Au NPs and CTS/AC, and the presenc oxidation

state Au species on CTS/AC supports. Besides, it is interesting t TCD
signal around 500°C appeared when Au loading amoun re%@ile the TCD

CO e attributed to the
reduction of surface oxygen groups during t& Au-0 on the CTS/AC
surface [45]. In addition, when the Au Io@unt increased, the TCD signal in the

temperatures of 500-600°C shiftedq@o lov@r temperature. It could be ascribed to the

signal was absent in a relatively low Au loading a

hydrogen spillover, i.e. the a igrated to the neighboring supports after H»
dissociation on the Au surface. Subsequently, it promoted 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



293  Au NPs and thus generates more active surface species, which is conducive to form the
294  Au-H intermediates in the 4-NP hydrogenation and important for enhancing catalytic

295  performance [17].

A B 4
i
AuNP/CIS/AC,, !
E
-~ -
= 3 AuNP/CTS/AC T
= 5 ©
~ ot Jeonamsemrp s e
z &
2 S | AUNPICIS/AC,
g E
£ E
AuNP/CTS/AC,,

T T T T T T T T T T
120 240 360 430 600 720 100 200 300 400 500
D>

()(50 700
296 Temperature (°C) Temperature (°C) \
297  Fig. 5. H>-TPR profiles of (A) pristine AC, CTS/AC and Au NPs/C % B) Au
298  NPs/CTS/AC with different Au loading amounts. @

%99 3.2 Catalytic performance of Au_NPs/CTS/AC Ta r nitrophenols
300 hydrogenation

301  3.2.1 Catalytic activity for 4-NP hydroge&el reaction

302 The catalytic activity of the asg#pal Ps/CTS/AC catalysts was evaluated

303 through the catalytic hydr P as a model reaction. Pristine AC and
304  CTS/AC were also used for conWgarison. As shown in Fig. S3A, after adding NaBH4 to
305 the 4-NP with a color changing from light yellow to yellow green, 4-nitrophenolate ions
306  were formed which showed a strong absorbance at 400 nm. The hydrogenation of 4-NP
307 was negligible in the presence of NaBHs without any catalyst, indicating no

308  hydrogenation occurred for 4-NP during reaction time of 1 h because of the kinetic

309  barrier. Only about 14% adsorption occurred in the presence of AC, while almost 7%
18
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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 showed 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
hydrogenation 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-

was recorded with UV-Vis absorption spectra (Fig. S3B), demonstrating there was

byproduct during hydrogenation of 4-NP. Considering NaBHs was irQgxcess (Ca-
np/CnaeHa=1/200), this reaction kinetics could be assumed as pseud

with a rate constant kgpp of 0.6994 min! (Fig. 6B). ad he catalytic

hydrogenation was analyzed by the HPLC technique, h shOWred the retention time

of standard 4-NP solution (0.2 mM) and 4-AP ) W€ standardized as 7.03 min
and 5.22 min, respectively. And the pealascri 0 4-NP disappeared and the peak
ascribed to 4-AP appeared at the fiRgl stagg@of reaction. Hence, the conversion of 4-NP

was determined as 100%. Bas standard curve from HPLC chromatograms, the

yield of 4-AP was determined as 98%.
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Fig. 6. (A) Time-dependent UV-Vis absorption spectra and (B) plots of C/Co and -In
(Ci/Co) versus time of the hydrogenation of 4-NP catalyzed by Au NPs/CTS/ACa).
3.2.2 Effect of different Au loading amounts

In order to optimize Au NPs/CTS/AC catalysts, we have investigatgd the effect o

Au loading amounts on the catalytic activity. The catalytic activity in 4-NP

hydrogenation over Au NPs/CTS/AC catalysts with differen digg amount is
shown in Fig. 7 and Table S2. With the increase of Au loa¥i ot from 0.0014 wt%

to 2.5033 wt%, the catalytic activity initially increase %

en decreased. As shown
in Fig. SS5A-ED, it can be inferred that N egpancement of catalytic activity
be ascribed to the increased effegy sites. Then, as the loading amount
increased to 2.5033 wt%, th S ggregated into large size distribution owing
to the excessive Au loading amdgnt, 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), the appropriate Au loading

amount lead to relatively small size distribution, which could provide more effectively
20
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active sites for 4-NP hydrogenation. Hence, the Au NPs/CTS/AC4) 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/AC4) 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 reaction with the
optimum catalyst Au NPs/CTS/ACu). The TOF of the catalyst in our study is 202 h

which is comparable or even superior to the catalysts recently reported. Besides,

properly investigate catalytic activity and compare with other catal\s recently
reported, Table S3 lists the reaction time, the rate constant and N ed rate
constant with regard to the catalysts dosage and Au loadin ount | as the TOF
of the optimum catalyst Au NPs/CTS/ACwu). It C enwmiat our catalyst Au
NPs/CTS/AC 4 exhibits comparable or even s %c performance and TOF

v@uor ed.
e !

when compared with other catalysts pre

A 1.04 < *
i P . .
'y s
0.8 L * »
4 g
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fk/ L
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0.6 o 34 -
o ~ & CTS/AC
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—— Au NPSICTS/AC ¥ AuNPSICTS/AC,
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Fig. 7. (A) C/Co and (B) -In (C/Co) versus reaction time for the hydrogenation of 4-NP

over Au NPs/CTS/AC with varying loading Au amounts, respectively.
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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 solvent to dissolve 4-NP as reaction solution to study the catalytic
hydrogenation of 4-NP using Au NPs/CTS/ACu) and check whether the prepared
catalyst could maintain the high catalytic activity in real water samples. Fig.
displayed that the catalytic hydrogenation of 4-NP could be conducted over
NPs/CTS/AC) under various environmental water and the rate cons Kapp Was
0.6994, 0.5728, 0.2707 and 0.1753 s corresponding to ultrapure r, lake
water and river water, respectively.

Nonetheless, the various hydrogenation rates g Au NPs/CTS/ACw)

indicated that the catalytic performance w & In some extent and the
hydrogenation rate of 4-NP in river wat@@ was ge lowest. The various catalytic rate
may be the result of the different wiger corfition such as pH value, DO and co-existent
ions [46]. Although the mixt n would be alkaline after the final addition of
NaBHj4, the amount of 4-NP adsorbed onto the surface of Au NPs/CTS/AC4) catalysts
was different before the addition of NaBHg4, thereby affecting 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/AC4) was at about pH 7 (Fig.
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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/AC4) 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

NPs/CTS/AC) catalysts surface. In addition, previous studies have reported

dissolved oxygen (DO) would outcompete 4-NP for reductant NaBH4Qg., oxygen
dissolved in water would consume some NaBHa, leading to a alytic
activity [37, 47]. Besides, the DO of lake water and rive ter asured to be

3.06 and 6.12 mg/L, indicating there was less competi 4 between DO and

4-NP in lake water, and thus more NaBHs w3 RO hydrogenation of 4-NP.

This can explain that the catalytic hydroggnationgactivity of Au NPs/CTS/AC ) in lake
water was better than that in river Rgater. fereby, the effects of DO and pH made the
catalytic activity decrease in r 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 hydrogenation of

nitrophenols in wastewater treatment in environmental water samples.
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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% and CI- with different content exist in different
environmental water samples. Thus, it is necessary to investigate their effects on the
hydrogenation of 4-NP, to further explain the results of various hydrogenation rate of
4-NP under different water samples. Herein, Na2SO4, NaCl and Na,COs were added

explore the detail effects on the catalytic hydrogenation of 4-NP.

Fig. 8B displayed the results of 4-NP hydrogenation in the presee of above

common anions at a concentration of 0.5 mM. The catalytic effi with
these anions could reach 100% within 18 min (Fig. S9) an corggg@fding order of
the hindering effect of these anions was as follow;, - > S04, A slight

negative effect could be found in the presence @ he rate constant of 0.4140
min-L, It was consistent with the result th@o igher SO.2 content in river water
(Table 1), it had no influence onghe cefylytic activity of Au NPsS/CTS/ACw4. The
obvious negative effects we in the presence of CO3s? and CI-. It could be
speculated that CO32- was prone to combine with hydrogen ions to produce HCOs2 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

HCOs and OH- can accelerate the hydrolysis rate of NaBH4 thereby resulting in
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hydrogen release [48], which can be ascribed to the attack of negative hydrogen ions in
NaBH4 by positive hydrogen ions in the HCOs and OH-. The excessive hydrogen
production would result in the release of H from reaction solution and consumption of
a large number of hydrogen resource, thereby inhibiting the catalytic rate in some
degree. Especially, the existence of CI- retarded the reaction rate, which was different
from the result reported by Doong et al [46]. It could be ascribed to the catalyst
poisoning caused by CI- [37]. Besides, the competitive adsorption between Cl- and

NP on the surface of the catalyst could lead to the negative effect of 4-NP hydrogenal

[46], which explained the lower catalytic activity in river water with higlR&content of

Cl-. In addition, the Zeta potentials of the reaction solution in of Au

NPs/CTS/AC) and above anions were tested to illustrat ere een various

reaction condition and listed in Table 2, with the fol rde®S042 > CO32 > CI-.
The Zeta potential (-10.19 +£1.47 mV) in the e 042 were closer to that (-

10.04 +£1.31 mV) of the reaction condi

n witgout any anions. In contrast, the Zeta

potential (-0.11 +0.04 mV) in th@gpresefce of Cl- decreased, further to testify the

negative effect with the lower ntials.
A . B .
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442  Fig. 8. (A) Catalytic hydrogenation of 4-NP in ultrapure water, tap water, lake water
443  and river water; (B) Effect of inorganic salt (SO4%, CI- and CO32) on the hydrogenation
444  of 4-NP by Au NPs/CTS/AC). [4-NP] = 0.2 mM; [NaBH4] = 0.04 M; [All inorganic
445  salt] = 0.5 mM; m (Au NPs/CTS/ACs) =5 mg.
446  Table 1 The dissolved oxygen (DO), pH value and common anions content in different
447 water matrix.
Water matrix Ultrapure water Tap water Lake water River wi
DO (mg/L) 7.29 6.48 3.06 6.1
pH value 6.73 7.05 7.54 7.79
S04 (mg/L) - 17.2 14. 2.5
Cl- (mg/L) - 0.058 .o% 0.084
448  Table 2 Zeta potentials of the reaction solution in t ce 01 Au NPs/CTS/AC)
449  and different common anions. @

450

451

452

453

454

455

Common anions None NaCl NaxCO3

Zeta potential (mV) -10.04 +1. 19 +1.47  -0.11 +0.04 -6.97 +0.78

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

To further study the scope and generality of as-prepared Au NPsS/CTS/ACq)
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
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that all the nitrophenols could be degraded efficiently catalyzed by Au NPs/CTS/AC)
in a relatively 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 n proceeds upon the addition of Au
NPs/CTS/ACw). The color of all reactant mixture varied from their natural color to
colorless (Fig. S11), indicating the hydrogenation finished completely. The catalytic
efficiency was different with the rate constant kapp in the order by 4-NP (0.6994 min-1

3-NP (0.3989 min™1) > 2-NP (0.3781 min™t) > 2, 4-DNP (0.2654 min). It coul

ascribed to the molecular orientation of nitro-substituent [46]. The negat charged

O atoms on 4-NP ions can be delocalized throughout the benzene ri RCOgE more
resonance-stabilized than those of 2-NP and 3-NP [49, 50 ad@e number of
nitro-substituent also have an impact on determining ivITYOT nitrophenols [37].
Hence, 4-NP showed a better reactivity than th %P and 2, 4-DNP.

3.2.6 Recycling stability of catalyst Q

The recycling stability of catafgsts is@key issue in practical applications. The Au

NPs/CTS/AC(4) was reused in the same process to estimate its catalytic

stability. As displayed in Fig. 9A, the catalytic activity of Au NPs/CTS/AC4) has no
apparent deactivation even 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 7 min
40 s. The XRD spectra in Fig. 9B showed that the diffraction peaks corresponding to

metallic Au® enhanced slightly, which could be ascribed to the reduction of a small
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amount of Au* and Au3* species to metallic Au®in the presence of the reductant NaBHa.
Besides, the XPS results (Fig. 9C-D) displayed that although a small part of Au* and
Au3* species were reduced to metallic Au® 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
Au® was difficult in comparison of the reduction of isolated Au* and Au3* species [42].
In addition, NaBH4 preferentially participated in the catalytic hydrogenation of 4-

resulting in that few NaBH. participated in the reduction of Au* and Au3* spec

Hence, the used catalysts had no obvious change in the chemical states r catalytic

reaction, indicating the stability of catalysts. In comparison to Au cently

reported and previous research in our group, the stabi of /CTS/AC is

improved noticeably [37]. Therefore, the presence 0 ffectively improve

the stability of Au NPs on account of positive ela undant reactive hydroxyl

and amino functional groups of CTS.
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492  Fig. 9. (A) Recycling test for the catalytic hydrogenation mM, 50 mL) by
493  Au NPs/CTS/ACa) (5 mg). (B) XRD spectra, (C and (D) high-resolution
494 spectra of Au 4f of catalysts before and af; tic jydrogenation.
495 3.3 Mechanism of synthesis of Au / and 4-NP hydrogenation
496 Based on the aforem d , the mechanism of the synthesis of Au
497  NPs/CTS/AC and 4-NP hydrodgnation catalyzed by Au NPs/CTS/AC catalysts was
498  proposed (Scheme 1). It can be seen that the reaction conditions of preparation and
499  catalytic hydrogenation is green owing to 100% toxicity chemical-free, the utilization
500 of natural polymer with biocompatibility and reaction under mild condition (room
501  temperature).
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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 +52.5 mV 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
FT-IR results. Hence, the functional groups on CTS and AC surface could also be
driving force for the synthesis process. In addition, the entangled poly chains of
CTS was beneficial for the interaction between CTS and AC [36]. 1on of

HAUCI4, plenty hydroxyl and amino groups on surface of ere dto Au (1),

thus leading to the formation of Au NPs. It can be by®e phenomenon that
the surface concentration of N-H species decreormation in XPS spectra,
providing evidence that Au NPs might b@by nitrogen terminals of N-H species
in the composites [38]. This_is confgstent ith the observation from the FT-IR spectra
of Au NPs/CTS/AC. It has be omed 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)-Besides+ The surface of CTS/AC was

positively charged owing to the plenty amino groups of CTS, while Au NPs are
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generally negatively charged without capping agents. Thus, CTS/AC could immobilize
Au NPs through complexing or electrostatic interaction, preventing the aggregation of
Au NPs [29]. (iii) In the synthetic process, the high agitation speed of 900 rpm was
beneficial to the formation 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

NPs/CTS/AC). As shown in Fig. 10A, no obvious EPR signal was detected in

absence of Au NPs/CTS/ACs) or NaBHa4, but the signal that consisted of
of 1:2:1 triplet was detected in the presence of NaBH4, which |
DMPO-H adduct by comparison with previous studies [4 in@hat the BH4

Q

the intensity of DMPO-H signal enhanced in eseNgg of Au NPs/CTS/AC() +

would generate the H- radical adducts via dissociatigQ

NaBHy, illustrating the DMPO-H addudqgs mosiglikely came from the abstraction of
hydrogen of the active sites Au NPR[46]. fased on the Langmuir-Hinshelwood model
reported by Ballauff et al., B ace with Au NPs to form Au—-H intermediates via
the dissociation of B—H bond [51]. Thus, the presence of Au NPs would assist the
dissociation of B-H bonds and hence promote the abstraction 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

hydrogenation of nitrophenols to the corresponding amine (Fig. 10B). After H- radical
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attack to the nitro group, the Au* species could be regenerated, continuously forming a
new Au-H intermediates to complete the catalytic hydrogenation [52].

The Au NPs/CTS/ACw) exhibits enhanced catalytic activity for nitrophenols
hydrogenation. Combining the EPR results and XPS analysis of Au NPs/CTS/ACas), it
can be inferred that one of the reasons is the presence of oxidation state of Au (Au* and
Au?"), which would accelerate the electron transfer from a hydride (H-) source (BH4")
to nitrophenols in the hydrogenation process, in which corresponding amine is t

product of the six electron reduction of 4-NP [14]. And the existence of Au* and A

agents [40], enhancing the catalytic activity of the Au N
well-known that the well-dispersion of Au NPs wou teS®e catalytic activity.
Hence, another reason is related to the plenty @* | amino groups on CTS/AC

surface, which can promote an improv@ dispgsion of the Au NPs in appropriate

loading amount and thus prgvide e effetive active sites.
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3.4 Catalytic performance of AuNPs/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 (—
N=N-) 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/AC4) catalysig.
Firstly, the Au NPs/CTS/AC catalysts were used to absorb the dyes. As shown in

S12, the characteristic peaks of MO, CR and EBT decreased slightly witf§g 30 min and

the color remained unchanged. After the additional of NaBHa serving as qpurce,

the corresponding peaks of MO (465 nm), CR (496 nm) a 5 ) decreased

rapidly (Fig. S13A-C) with the decolorization of solutj Fi . Simultaneously,
the new peak at around 250 nm appeared, indicajg e lorless compounds were
formed. The new peak of the colorless ¢ u gt be attributed to the two sides

of the cleavage azo bonds or their@ 4]. As shown in Fig. S13D, the rate
constants were calculated to , 1.3722 and 0.5642 min-1 for MO, CR and EBT,
respectively. The degradation ra® 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]. Nevertheless, the
Au NPs/CTS/AC catalysts exhibited remarkable catalytic activity towards various azo

dyes.
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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 products were analyzed by liquid
chromatography-mass spectrometry (LC-MS). For the hydrogenation of MO, the main
signals at m/z 172.12 and 137.02 could be found in LC-MS spectra (Fig. S14A). The
m/z 172.12 and 137.02 were attributed to the molecular formula of CeHsNOsS- and
CsH12N2 (Fig. S14B), respectively. It indicates that the —-N=N- bond on the origi

MO molecule was split by catalytic hydrogenation, resulting in the decolorizatio

solutions. For the hydrogenation of CR, the main signals at m/z 326, 221.and 184.03

probable intermediates such as CisH12N303S-, CioHsN g @2 N> [56]. As
shown in Fig. S15B, the -~N=N- bonds of CR gradually split to
aromatic intermediates with small molecular wi C ic hydrogenation. Similar
to the hydrogenation of MO and CR, the @ydroggnation pathway of EBT was depicted
in Fig. S16. These results indicatefgthat ti decolorization of azo dyes was related to
the hydrogenation of -N=N- H-— and then the cleavage of -NH-NH- 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
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morphology of Au NPs on CTS/AC could be conveniently controlled by adjusting the
addition dosage of HAuCls. For the model catalytic hydrogenation of 4-NP by NaBHg,
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 7 min 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 applicati
potential. The catalysts also exhibited well generality in the reduction of vari
substituted nitrophenols (2-NP, 3-NP, 4-NP and 2, 4-DNP) and azo dyes , CR and
EBT), and showed good recyclability with the catalytic perfor 90%
within 7 min 40 s over six recycles. This work provid grrzway for the

synthesis of Au NPs-based catalysts and the as-p,

catysts exhibit a great

potential in real-world environmental puri @7 aMlications for nitrophenols

hydrogenation. Q
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