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ARTICLE INFO ABSTRACT

Activated coke (AC) exhibits excellent properties with a graphite-like layer crystallite structure and possesses
mesopore and macropore structures, which can reduce the influence of internal diffusion on the general rate of
adsorption and catalytic process greatly. In this work, AC was served as a support for gold nanoparticles (Au NPs)
anchoring to prepare Au/AC catalysts via a facile synthesis using ascorbic acid as a mild reducing agent. The
morphology and structure of catalysts were characterized by XRD, TEM, FTIR, and XPS analysis. Our experiment
results showed that the abundant functional groups on the surface of AC play a vital role in the immobilization of
Au NPs. Au/AC was employed as a highly efficient catalyst with a rate constant of 0.1916 s~ * for the reduction of
4-nitrophenols by NaBH,4. Au/AC was also tested for the catalytic reduction of other nitrophenols (2-nitrophenol
and 2,4-dinitrophenol) and azo dyes (congo red, methyl orange and erichrome black T), demonstrating that Au/
AC exhibited superior catalytic efficiency compared with other Au NPs catalysts. The catalysts showed good
reusability, with conversion of 84% in the reduction of 4-NP in 20 s after six cycles. The Au/AC with high TOF
has potential to be a workable and efficient catalyst in industrial applications. Present study not only provides a
facile preparation route of catalysts using AC as a promising support, but also sheds light on the understanding of
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mechanism of the synergistic effect between Au NPs and AC towards the reduction of nitrophenols.

1. Introduction

Noble metal nanoparticles (MNPs) in catalytic applications have
received significant interest because the nanoparticles possess unusual
physiochemical properties with large number of exposed metal atoms,
which greatly enhance the catalytic activity [1-5]. Gold nanoparticles
(Au NPs) with features of high specific surface area, less prone to metal
leaching and self-poisoning are one of the most inspiring developments
in catalysis field [5-8]. Among all the Au NPs-catalyzed reaction, cat-
alytic reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by
NaBH, has been used widely as model reaction to test its catalytic ac-
tivity, since 4-NP exhibits high toxicity and stability for a long time in
water, causing harm to ecosystem [9-13]. And most importantly, the
generated aminophenol is known to be an important intermediate
chemical in many industries as well as easier to be mineralized and
removed compared to the nitrophenols [14]. However, Au NPs suffer
from serious stability problems such as aggregation in practice due to
their high surface energy, eventually losing of their intrinsic activity

[15-17]. In addition, considering facile catalyst recovery and recycling,
immobilizing Au NPs on the surface of solid supports (e.g. silica, metal
oxides and polymer) is regarded as an efficient approach for preventing
aggregation of Au NPs and warranting high catalytic activity [18-21].
However, the stability of mentioned solid supports is compromised in
some chemical environments of high or low pH solutions, resulting in
the inability to achieve highly distributed Au NPs and dissolution of
solid supports [22-24]. Thus, it is desirable to find a rational support
with high stability to enhance the catalytic activity and efficiency of Au
NPs.

Activated coke (AC), as a kind of carbon-based material, exhibits
excellent properties with graphite-like layer crystallite and possesses
appreciable environmental and economic benefits owing to its better
mechanical strength, easier regeneration and lower cost compared with
other carbon-based materials [25-27]. AC with mesopore and macro-
pore structures can reduce the influence of internal diffusion on the
general rate of adsorption and catalytic process greatly [22,28-30],
which is different from microporous activated carbon. In addition, with
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abundant functional groups, AC could provide the active sites and is
beneficial for MNPs anchoring and dispersion [31,32]. Moreover, AC
possesses a graphite-like layer crystallite structure and flourishing hole
structure, leading to high adsorption ability via m-mt stacking interac-
tions and thus facilitating the interface reaction with organic com-
pounds, which could enhance the catalytic efficiency [33-35]. There-
fore, AC can be considered as a promising, suitable and novel support,
particularly, in catalytic applications.

To date, AC has been used as a carrier for supporting CuO-CeO,,
MnO,-CeO, mixed oxides for fuel gas desulfurization, denitrification
and mercury removal [31,36-38]. However, to the best of our knowl-
edge, few papers thus far have reported on the utilization of MNPs
decorated on AC and on their application of catalytic activity for or-
ganic transformation in wastewater treatment. In this regard, ideas of
Au NPs supported on AC for the application in catalytic reaction of
organic compounds are encouraged. The presence of abundant amount
of oxygen-containing groups and thiol group endows its hydrophilic
character and provides sufficient reactive sites for Au NPs anchoring,
which is beneficial for catalytic reaction [28,39]. And, the good con-
ductivity of AC can favor the electron transfer between Au NPs and AC
[28]. It is well documented that electron transfer effect can conduce to
negative shift in Fermi level of Au [16]. What’s more, the utilization of
AC as supports can expand its application in wastewater treatment in
view of low cost of AC. On one hand, AC is able to prevent Au NPs from
aggregation, warranting high catalytic activity. On the other hand, the
synergistic effects between decorated Au NPs and AC were supposed to
play the vital role in enhancing catalytic activity. Hence, using AC as a
support for Au NPs anchoring seems to be a potential approach to
fabricate a novel catalyst with enhanced catalytic activity for organic
transformation in wastewater treatment.

Herein, taking full advantage of AC, we prepared Au/AC catalysts
via a facile and one step method employed ascorbic acid as a mild re-
ducing agent. The Au/AC catalysts were characterized by XRD, TEM,
FTIR and XPS. The catalytic performance of Au/AC was investigated in
the reduction of 4-NP in the presence of NaBH,, with the rate constant
evaluated in accordance with pseudo-first-order kinetic reaction under
different Au loading amounts, catalyst dosage and NaBH, concentra-
tion. Besides, Au/AC was tested for the reduction of other nitrophenols
such as 2-nitrophenol (2-NP), 2,4-dinitrophenol (2,4-DNP) and re-
ductive degradation of azo dyes, including congo red (CR), methly or-
ange (MO) and erichrome black T (EBT). The reusability of catalysts
was tested up to six cycle run in the catalytic reduction of 4-NP. In
addition, the feasible mechanism was discussed for the catalytic re-
duction of nitrophenols.

2. Experimental
2.1. Materials

Virgin activated coke (AC) used in the experiment is commercial
cokes from Clear Science Technology Co., Ltd. (Shanghai, China). AC
was washed with ultrapure water for several times and dried 12h at
60 °C in an vacuum oven before grated with ball mill and sieved to 200
mesh size for further use. Hydrogen tetrachloroaurate hydrate
(HAuCl,-4H,0), sodium borohydride (NaBH,), ascorbic acid (AA), 2-
nitrophenol (2-NP), 4-nitrophenol (4-NP), 2,4-dinitrophenol (2,4-DNP),
Methyl orange (MO) were purchased from Sinopharm Chemistry
Reagent Co., Ltd. (Beijing, China). Congo red (CR) was purchased from
Yuanhang chemical plant (Shanghai, China). Erichrome black T (EBT)
was obtained from Shanpu Chemistry Reagent Co., Ltd. (Shanghai,
China). All chemicals were of analytic reagent grade and used without
further purification.

2.2. Preparation of Au/AC

Au/AC catalysts with different Au loading amount (1, 2, 3mL of
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1 wt% HAuCl4-4H,0) were synthesized by a facile one-step method and
labeled as Au/AC-x (x = 1, 2, 3), respectively. For the typical synthesis
of Au/AC-1, 0.4 g of AC was added to 200 mL of ultrapure water under
ultrasonicating for 0.5h to obtain AC suspension. Then, 1mL of
HAuCl,4-4H,0 (24.28 mM) was added with stirring for 0.5 h. After that,
10 mL of ascorbic acid (0.1 M) was injected drop by drop into the above
solution under stirring. Further, the reaction mixture was allowed for
stirring for 24 h under ambient environment. The resulting black pro-
ducts were collected by filtration and washed with ultrapure water for
several times, and then dried overnight at 35°C in vacuum oven for
further use. Similar synthetic procedure was applied for preparation of
Au/AC-2 and Au/AC-3 catalysts with different Au loading amount.

2.3. Catalytic reduction of nitrophenols and azo dyes

The catalytic activity of as-prepared catalyst Au/AC for nitrophenols
reduction in the presence of excess sodium borohydride was studied by
UV-Vis spectrophotometer in a 3 mL quartz cuvette. In a typical pro-
cedure, 30 mL of 4-NP aqueous solution (0.2 mM) was taken in a cuv-
ette followed by adding 15mL of freshly-prepared NaBH, solution
(0.1 M). Then, 9mg of catalyst was added into the cuvette. 3 mL ali-
quots were collected followed by the solid-liquid separation, then the
absorbance of samples was immediately monitored at different time
intervals using a UV-Vis spectrophotometer in a scanning range of
200-800 nm. In addition, the catalytic reduction of 2-NP and 2,4-DNP
were carried out following the same procedure. The similar procedure
was applied for examining the performance on catalytic degradation of
azo dyes (CR, MO and EBT). All the experiments were carried out under
ambient experiment. The reusability of catalyst was examined via Au/
AC separated by centrifugation after completely catalytic reduction of
4-NP in the first run.

2.4. Characterizations

UV-Vis spectrophotometer was recorded from 200 to 800 nm on a
UV-2700 spectrophotometer (SHIMADZU (JAPAN) Co., Ltd.). The X-
Ray diffraction (XRD) patterns were collected using a XRD-6100
powder diffractometer (SHIMADZU (JAPAN) Co., Ltd.). Transmission
electron microscopy (TEM) and high-resolution TEM (HRTEM) were
carried out using a transmission electron microscope Tecnai G2 F20
(FEI USA), attached with selected area electron diffraction (SAED) to
observe the morphology and composition of the samples. Scanning
transmission electron microscope with high-angle annular dark-field
detector (HAADF-STEM) was used to record the elemental mappings.
Fourier transform infrared spectroscopy (FT-IR) studies were conducted
using FTIR-8400 S IRprestige-21 (SHIMADZU (JAPAN) Co., Ltd.), re-
corded from 4000-400cm™! at a resolution of 2cm™!. The X-ray
photoelectron spectroscopy (XPS) measurements were performed on K-
Alpha 1063 spectrometer (Thermo Fisher Scientific, UK). The Au
loading amount was determined by inductively coupled plasma atomic
emission spectrometry (ICP-OES, Perkin-Elmer Optima 5300DV, USA).

3. Results and discussion
3.1. Characterization of Au/AC catalyst

The XRD measurements were conducted to identify the phase purity
and crystallite structure of virgin AC and as-prepared catalysts. As
shown in Fig. 1, the characteristic diffraction peaks of AC appeared at
20 = 26.66°, indicating AC possesses a graphite-like layer crystallite
structure with hexagonal lattice [30]. The peak intensity at 26.66° de-
creased with increase of AC loading amount. The increase of Au loading
amount may occupy more grain boundaries and affected the interplanar
spacing of AC [31,40], thus leading to a decrease of crystalline quality
of AC. The above results could also be inferred that the interaction may
exist between Au and AC, as demonstrated as follows in TEM, FTIR and
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Fig. 1. X-ray diffraction patterns of virgin AC and Au/AC catalysts with dif-
ferent Au content.

XPS. What’s more, the peak at nearly 29.4° corresponding to AC was
also detected over virgin AC. Interestingly, compared with the virgin
AC, the peak at 29.4° disappeared in XRD pattern of AC that reacted
with AA only. This indicates the synthesis process has an influence on
the crystallinity of activated coke. As reported by Costanzo et al., the
oxidation or reduction of ascorbic acid would affect the hydrogen
bonding of hydrogen and oxygen atom [41,42], thus resulting in a
decrease of crystalline quality of AC. Besides, the minor peaks at 20.8°,
38.9° and 59.89° were ascribed to the presence of trace quantity of si-
lica, aluminum and calcium as shown in Fig. S1B, which was corre-
sponding with previous report that these elements were inert for the
catalytic reaction [43]. In each pattern of catalyst with different Au
loading amount, the crystallite structure of Au NPs was confirmed by
the presence of diffraction peaks at 38.18°, 44.38°, 64.52°, and 77.54°,
corresponding to the diffraction of the (111),(200),(220)and (311)
lattice plane for Au(0) crystals, respectively (JCPDS NO. 04-0784). The
XRD patterns of catalysts matched the face-centered-cubic (fcc) nature
of Au NPs [16]. With the increment of Au loading amounts, the in-
tensity of scattering peaks heightened, which could be attributed to the
growth and formation of larger Au NPs as the Au loading amounts in-
creasing [16].

In order to study the morphology and microstructure of the virgin
AC and obtained Au/AC, TEM measurements were performed (Fig. 2).
By the morphology image of virgin AC as indicated in Fig. 24, it is clear
that virgin AC contains some wrinkles composed by some thin layers
with relatively smooth and planar surfaces. As revealed from Fig. 2B,
the Au NPs were dispersed uniformly on the stacking AC layers. From
Fig. 2C and D, it could be observed that Au NPs with a size smaller than
5 nm existed in AC, with interplanar spacing of 0.235 nm corresponding
to the (1 11) crystal planes. This was because the pore structure of AC
restricted the growing of Au NPs adsorbed into the AC. As shown in
Fig. 2E, HRTEM image reveals distinct lattice fringes with an inter-
planar spacing measured to be 0.235nm and 0.205 nm, corresponding
to the (111) and (200) crystal planes of fcc Au, respectively. More-
over, the SAED pattern was inserted in Fig. 2E, displaying the char-
acteristic rings for the (111), (200), (220) and (31 1) planes of fcc
Au. Both results confirm the polycrystalline structure of Au NPs sup-
ported on AC and are in good accordance with the XRD results. Besides,
the SEM images of Au/AC-3 in Fig. S2A further displayed that there
were Au NPs dispersed on the surface of AC. Base on the Figs. 2C, D,
S2B and C, the particle size of Au NPs supported on AC was counted for
at least 200 nanoparticles, which would make the size distributions
more representative and accurate. Fig. 2F shows the presence of dis-
persed Au NPs with a diameter of 14.9 * 10.8 nm. In addition, to
further confirm the elemental distribution and chemical composition of
Au/AC-3, HAADF-STEM image and EDS spectrum were carried out (Fig.
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S1). The HAADF-STEM image shows a clear luminance of Au NPs, re-
vealing homogenous distribution of Au NPs on AC. The presence of Au
element confirmed the synthesis of Au NPs. These TEM images further
indicate the successful preparation of Au NPs supported on AC as well,
and illustrate Au NPs dispersed well on AC surface.

FTIR measurements were performed to further obtain valid in-
formation of functional group about virgin AC and Au/AC-3 catalyst. In
the region of 3600-3200 cm ~ !, the most pronounced broad and intense
band around 3421 cm ™! was due to the overlapping of —OH as ex-
hibited in the FTIR spectrum of activated carbon or a displaced amino
group [38,44]. And the band located at 2362 cm ™! was assigned to the
vibration of C=O0 [45]. The peaks at 1635 and 1445 cm ™! corre-
sponded to the skeletal vibrations stretching of aromatic C=C [19]. The
peak at 1037 cm ! represented a stretching vibration of C—O or pri-
mary alcohols[46]. In addition, the peaks at 670-872 cm ™! represented
out of plane bending vibrations of the C—H bonds [38]. It can be seen
from the FTIR spectrum of Au/AC-3 that after the deposition with Au
NPs on AC, some adsorption peaks drifted, appeared and disappeared.
The attenuated peaks at 3421 and 1445cm™! indicated that the
amount of O—H bonds decreased after active sites of AC were occupied
by Au NPs. In addition, the shift of the band at 2626, 2362 and
1635 cm ™! may be accounted for the interaction of Au NPs with hy-
droxyl groups of AC [47]. The gradual variation in this band region of
900-700 cm ™! was owing to Au—O bonds stretching vibration. These
variation and vibration indicated the reduction of oxygen-containing
groups [48]. However, on account of the weak dipoles exhibited by S-H
groups, the thiol group in FTIR is invisible under current conditions
[49]. Fig. 3 indicates that the surface functional groups in AC contain
oxygen-containing functional groups such as hydroxyl and carboxyl,
possessing hydrophilic property in solvents which may favor catalytic
reaction [39,50].

The XPS was employed to further analyze the composition and
surface-functional groups of prepared catalysts. As shown in Fig. 4A,
the binding energies (BE) of about 530, 284 and 163 eV indexed to O 1s,
C 1s and S 2p, respectively. As shown in Fig. 4B, in the high-resolution
XPS spectrum of Au 4f region, the peaks of Au 4f;,» an Au 4fs,, peaks
were observed at 84.2 and 87.9 eV respectively, with a gap of 3.7 eV
between two peaks [51]. It should be noted that the typical char-
acteristic peaks of Au(Ill) were absent in the spectrum, illustrating the
almost completed reduction of the small amount of Au(IIl) to Au(0) in
the reaction system [51]. The O 1s spectra of Au/AC-3 and AC are
shown in Fig. 4C. The photoelectron line of about 531.8 and 532.9 eV
were attributed to oxygen in carboxylate/carbonyl (O—C=0/C=0)
and in the epoxy/hydroxyl (C—OH) of the AC [52,53]. It has been found
that the shifting BE of O 1s ascribed to O—C=0/C=0 and C—OH were
occupied by Au NPs, revealing the oxygenated functional group like
hydroxyl were reduced during the preparation of catalysts, and Au NPs
occupied the sites of these functional groups [54]. The claim was fur-
ther verified by the C 1s spectra of Au/AC-3 and AC in Fig. 4D. The C 1s
spectra could be deconvoluted into five components corresponding to
sp2 carbon (284.6 eV), —CONH (285.1 eV), C—0O—C (286.6 V), C=0
(287.7 eV) and O—C=0 (288.8eV) [28,46,54,55]. They were attrib-
uted to the presence of carboxylate, carbonyl and hydroxyl functional
groups of AC. Obviously, after AC loaded with Au NPs, the peak in-
tensity of oxygenated functional groups (C—C, C=0) decreased (Table
S1), which was assigned to the formation of Au NPs on these functional
groups [48]. The peak of C-O-C showed a slight shift compared with the
virgin AC, owing to the galvanic displacement reaction between ca-
techol groups and Au NPs [56]. Thus, the XPS measurements validate
the presence of sulfur-containing and oxygen-containing groups in AC
surface.

3.2. Catalytic reduction studies of nitrophenols

Before checking out the catalytic nature of synthesized catalysts Au/
AC, it has to check whether self-hydrolysis of NaBH, reduces the 4-NP
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and the support material AC catalyzes the reduction of 4-NP. For these
reason, two control experiments were performed in which the reduc-
tions of 4-NP were investigated in the presence of NaBH, and
AC + NaBH,. After the additional of NaBH, in the 4-NP, the color of the
mixture aqueous turned to bright yellow rapidly, indicating the 4-NP
was converted into nitrophenolate anion (C¢H4NO3 ™). As shown in Fig.
S3, the initial maximum absorbance at 400 nm indexed to the 4-NP in
the natural and alkaline conditions. The maximum absorbance peak of
the mixture solution centered at 400 nm over reaction time within
20 min in the absence of catalyst wherein excess NaBH, was used ex-
clusively, indicating the reduction does not occur by the self-hydrolysis
of NaBH, [57]. This can be ascribed to that there is a kinetic negative
barrier and mutual repulsion between BH,~ and 4-NP [58]. On the
other hand, the absorbance peak at 400 nm also decreased slightly
within 20 min but no peak appeared at 298 nm in the control

581

experiment in the presence of virgin AC + NaBHy, indicating the cat-
alytic reaction did not proceed at all and AC has adsorption ability
towards 4-NP. Nevertheless, it should be point out the adsorption ef-
ficiency is modest. Thus, the adsorption effects of AC towards ni-
trophenols can be ignored.

In order to study the catalytic performance of synthesized catalyst,
catalytic reduction of 4-nitreophenol in the presence of excess sodium
borohydride was carried out. The convincing evidence for reduction of
4-NP came from time-dependent UV-Vis absorption spectra. Fig. 5A
provides time-dependent UV-Vis absorption spectra of 4-NP catalyzed
by 9 mg of Au/AC-3. The absorbance peak at 400 nm quickly decreased
and disappeared within 20s. Simultaneously, a new peak appeared at
298 nm, accompanied with an increase intensity of the peak over re-
action time, which was assigned to the formation of 4-aminophenol. In
order to confirm the product, the determination of 4-AP was recorded
with UV-Vis absorbance spectra (Fig. 5B). Moreover, the isosbestic
points at 313 nm also provided evidence to the catalytic reduction of 4-
NP yields 4-AP without any byproduct [59]. As the initial concentration
of NaBH, (0.1 M) was excess with respect to the concentration of 4-NP
(0.2 mM), the reduction can be treated as pseudo-first-kinetic. The re-
duction rate of 4-nitrophenol was calculated using the following
equation:

— In(Ci/Co) = ~In(A/Ao) = Kapy

wherein C; is 4-NP concentration at reaction time t, and Cy is the initial
concentration of 4-NP, and the rate constant kg, is the first order
constant, determined by a liner plot of In(C./Cy) versus reaction time.
Liner relationships between In(C./Cy) and reaction time t was shown in
Fig. 5A, and the rate constant k,,, was calculated as 0.1916 s~ " for the
reaction. As presented in Table 1, it is obvious that the catalytic per-
formance of Au/AC-3 was comparable or even superior when compared
with other Au-based catalysts supported by other materials. It is well
documented that the high catalytic activity of Au NPs is owing to their
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Fig. 4. XPS survey spectra (A) of Au/AC-3 catalyst; High-resolution XPS spectra of Au 4f (B), Ols (C) and C 1s (D) of Au/AC-3 and AC.

highly dispersed and nanosized properties, which is corresponding to
the above characterization of Au/AC. In the cases of other loading
amounts of the Au catalysts, the catalytic reduction of 4-NP was per-
formed under similar conditions. The catalytic reduction of 4-NP
completed within 50, 30 and 20, respectively. For apparent compar-
ison of rate constant kg, of different Au loading amounts catalysts, the
C/Cp and In (C/Cy) versus reaction time were plotted in Fig. 6A and B.
The rate constant kg, was 0.0737, 0.1347, and 0.1916 s~1, respec-
tively. As expected, the rate constant k,,, was proportional to the
concentration of the HAuCl, solutions, indicating that the catalytic ef-
ficiency increased with the increased loading amounts of Au NPs on AC.
It is obviously shown in Fig. S4 that with the lower Au loading amounts,
the sparse distribution of Au NPs resulted in the low catalytic activity.

In Au/AC-3 catalyst, Au NPs were well dispersed on AC, with the better
surface morphology, which relates to the higher catalytic activity. This
result is in well consistent with previous studies, demonstrating that the
catalytic activity is proportional to the quantity of nanoparticles [60].
Furthermore, the Au content determined by ICP-OES was about 1.37 wt
%, 2.45wt% and 3.49 wt%, corresponding to Au/AC-1, Au/AC-2 and
Au/AC-3, respectively. According to the previous research, the turn-
over frequency (TOF: moles of 4-NP reduced by per gram of Au NPs per
second) has been calculated to estimate the catalytic efficiency of cat-
alysts in our research [61,62]. TOF was calculated to be 0.287, 0.268
and 0.282 mol-g ™ s, for the case of Au/AC-1, Au/AC-2 and Au/AC-3,
respectively. It is higher than those of Au NPs catalysts recently re-
ported. Thus we have a workable and efficient Au/AC catalyst with
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Fig. 5. Time-dependent UV-Vis absorption spectra of the reduction of 4-NP catalyzed by Au/AC-3 (A) and plot of In(C/Cy) versus the reaction time (B).
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Table 1

Compaision of the catalytic performances of Au/AC with the reported AuNPs catalysts supported on orther materials for the reduction of 4-NP
Catalysts Supported materials Catalyst dosage (mg) Time (s) Kgpp (1073571 Knor s71g™H) Ref.
Au/AC” Activated coke 9 20 191.6 21.3 This work
Au3-Cu1/rGO" Graphene Oxide 0.1 30 96 960 [63]
Ag-Au-rGO" Reduced grapheme oxide 0.1 360 3.47 34.7 [6]
Au/GO* Graphene Oxide - 45 107.97 - [64]
GO-Fe304“-Au NPs Graphene Oxide 0.02 100 0.322 16.1 [19]
Au@CMK-3-0° Mesoporous carbon 75 300 7.75 0.103 [65]
Au/g-CsN,f g-C3N, 1 600 5.936 5.936 [16]
CNFs®@Au core-shell network Carbon nanofibers 0.1 300 5.42 54.2 [66]
Au@PZS@CNTsh Carbon nanotubes 0.3 960 1.78 5.93 [67]
AuNPs/Chitosan Chitosan 50 67 0.561 0.011 [61]
Au/MgO' magnesium oxide 15 150 7.6 0.507 [68]
2 AC, activated coke.

> rGO, reduced graphene oxide.

¢ GO, graphene oxide.

4 GO-Fe;04, graphene oxide-Fe;0, nanocomposite.
¢ CMK-3-0, oxidized mesoporous carbon.

f 8-C3N,, Graphitic carbon nitride.

& CNFs, carbon nanofibers.

" PZS@CNTs, polyphosphazene functionalized carbon nanotubes.

! MgO, magnesium oxide. ky,,, the rate constant normalized with the catalyst dosage (kqpp/the mass of catalyst, sTlg™h
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Fig. 6. C;/Co (A) and In(C/Co) (B) versus the reaction time for the reduction of 4-NP catalyzed by different Au loading amounts catalysts, respectively.

relatively high TOF, which is important to the value of a catalyst in
industrial applications.

According to the Sabatier principle, the interaction between sub-
strate and catalyst should be optimum with regard to the higher cata-
lytic activity [69]. Thus, the effect of the catalyst dosage on the re-
duction of 4-NP was also investigated under identical conditions. It can
be seen from Fig. 7A, the rate constant k., increased intensively with
the catalyst dosage increasing until the catalyst dosage was 9 mg. This

can be ascribed to the more availability site of active catalytic surfaces
with the increase in catalyst dosage [70]. However, the rate constant
kqpp increased slowly as the catalyst dosage increased from 9 to 12 mg.
When the dosage was over 9mg and reached 12mg, the increasing
amount of rate constant k,,, was very small, from 0.1916 to 0.2210s™*.
This could be ascribed to that the reactants were saturated that even
more availability sites of active catalytic surfaces could not further
enhance the reaction rate at the same initial concentration of 4-NP [71].
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Fig. 7. The effect of catalyst dosage (A) and NaBH, concentration (B) on the catalytic reduction of 4-NP catalyzed by Au/AC-3.
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Fig. 8. Time-dependent UV-Vis absorption spectra of the reduction of 2-NP (A)

and 2,4-DNP (B) and In(C./C,) versus the reaction time (C) for the reduction of
4-NP, 2-NP and 2,4-DNP catalyzed by Au/AC-3, respectively.

For the balance of the highest rate and minimum catalyst dosage in the
concept of economic friendly, the catalyst dosage of 9 mg was used with
the current experimental conditions. Moreover, the study of the opti-
mization of the NaBH, concentration was also investigated. With the
initial NaBH, concentration increasing, the concentration of ni-
trophenolate anion increased (Fig. S5). Similarly, the catalytic effi-
ciency of Au/AC catalysts tends to increase upon addition of more
NaBH,. Fig. 7B shows that the rate constant k,, increased intensively
by increasing the NaBH,4 concentration, and increased slowly after the
NaBH, concentration of 0.10 M. Therefore, the optimum NaBH,4 con-
centration was 0.10 M for the catalytic reduction in the study.
Furthermore, the catalytic reduction of other nitrophenols (2-NP
and 2,4-DNP) was investigated to confirm the catalytic activity. The
time-dependent UV-Vis absorption spectra of 2-NP and 2,4-DNP is
presented in Fig. 8A and B. In natural and alkaline conditions, the
distinct bands of 2-NP and 2,4-DNP were 415 and 359 nm, respectively
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Fig. 9. Six cycling reduction curves of 4-NP catalyzed by Au/AC-3 in the pre-
sence of NaBH,.

[72]. Then, the intensity of their absorbance peak gradually decreased
within 40's and 50 s, accompanied with decolorization upon the addi-
tional of Au/AC-3 catalysts. As shown in Fig. 8C, we found that Au/AC-
3 exhibited high catalytic activity with excellent yields towards other
nitrophenols regardless of the position of the substituents. When the
reduction of 4-NP, 2-NP and 2,4-DNP was catalyzed by Au/AC-3, the
rate constant Kk, was 0.1916, 0.1399 and 0.1229s™*, respectively. It
can be concluded that the catalytic activity of reduction of 4-NP showed
a better activity than that of 2-NP and 2,4-DNP, which may related to
the substituent positions [73]. Nonetheless, the Au/AC catalyst exhibits
magnificent catalytic activity towards various nitrophenols.

The reusability of the catalyst was also investigated with the re-
duction of 4-NP. After completely catalytic reduction of 4-NP in the first
run, the Au/AC could be easily separated by centrifugation from reac-
tion solution, and then washed three times and dried for the further use
in next cycle of the reduction of 4-NP. As shown in Fig. 9, the con-
version of 4-NP to 4-AP was 84% in 20 s after six cycles. Thus, the Au/
AC still exhibited good catalytic activity after six cycles without sig-
nificant loss of active sites, owing to the supporting effect of AC. It
should be noted that although novel catalyst with superior catalytic
performance has been developed, the method for addressing the pro-
blem of weight loss after each cycles and higher catalytic activity
should be focused on further study. Hence, more experiments will be
carried out to address above issues in our further research.

3.3. Feasible mechanism for reduction of nitrophenols

It has been widely accepted that the catalytic reduction of ni-
trophenols in the presence of NaBH4 obeys the classical Langmuir-
Hinshelwood model on account of the surface catalysis of catalytic re-
duction reactions [74]. Based on the experimental data, a feasible
mechanism for the reduction of nitrophenols catalyzed by Au/AC was
proposed in Scheme 1: (i) BH4 ™ is adsorbed on to the catalytic surface,
then generating BO,- by the self-hydrolysis of NaBH,. Meanwhile,
BH, reacts with Au NPs, transferring active hydrogen species to form
the active surface-hydrogen Au-H [69,75]. (ii) From Fig. 5, it can be
speculated that there is an induce time for 4-NP adsorption, which is in
good agreement with the results that the concentration of 4-NP de-
creased at the initial but the concentration of 4-AP was no significant
increase. Thus, 4-NP would adhere reversibly to the surface of Au/AC
owing to the adsorption of AC [75]. Simultaneously, the active surface-
hydrogen transfers to the nitro groups —NO,, attacking —NO, to reduce
to form corresponding amino groups with the electron transferring from
BH,; ™ to —NO, [19]. It has been reported that the catalytic reduction is
owing to electron transfer between the NaBH, and the —NO, when
there is direct contact between the Au NPs and —NO,, [19,76]. (iii) The
generated aminophenol compounds were desorbed from the surface of
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Scheme 1. Possible mechanism of catalyst preparation and catalytic reduction of 4-NP.

Au/AC.

In summary, it can be concluded that Au/AC exhibits high catalytic
activity towards the reduction of nitrophenols, which can be postulated
that such high catalytic activity of Au/AC is ascribed to these factors:
(1) It has been well documented that Au NPs can be easily bonded to
the sulfur atom on the surface of AC [49], guaranteeing the relative
tight combination of Au NPs and AC. Besides, with electron-rich feature
of other abundant oxygen-containing groups, the AC as support is in
favor to anchor and disperse Au NPs firmly through complexing or
electrostatic interaction, which is vital in using metal nanoparticles
catalyst in organic transformation [28,46,64]. (2) AC can promote the
adsorption of reactants, which provides a higher concentration of ni-
trophenols near to Au NPs on AC. This could provide more opportunity
for nitrophenols molecules to expose onto active sites of the catalysts
and thus accelerate the reaction kinetics [28,64]. (3) AC possesses a
graphite-like layer crystallite structure, which is beneficial for the ad-
sorption of 4-NP via m-nt stacking interactions. This can shorten the
distance between 4-NP and Au NPs supported on AC. Besides, the
electrical conductivity of AC is in favor of the electron transfer during
reaction. (4) Previous research has shown that the high catalytic ac-
tivity also can be attributed to the use of a weakly binding agent as-
corbic acid in the synthesis and the large defect to volume ratio of the
Au NPs [77,78]. Furthermore, the nanosized Au NPs with a higher
redox potential value, are beneficial for accelerating the electron
transfer in the catalytic system and consequently lower the kinetic
negative barrier for the reduction [61]. It is concluded that the well-
dispersed and nanosized Au NPs, the synergistic effects of the good
adsorption capacity and electrical conductivity of AC as well as large
defect to volume ratio may be responsible for the high catalytic per-
formance of the Au/AC catalysts.

3.4. Degradation of azo dyes

Azo dyes, as a kind of toxic and hard-biodegraded industrial pol-
lutant containing one or more azo bonds (—N=N-), are hazardous to
environment at low concentrations and carcinogenic to human [79,80].
Thus, we extended the Au/AC catalysts to catalytic degradation of azo
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dyes to further investigate the catalytic performance of Au/AC. In this
study, three kinds of azo dyes including CR, EBT and MO have been
chosen as substrates. All the catalytic conditions of these azo dyes were
same to that of 4-NP and the convincing evidence for degradation of azo
dyes came from time-dependent UV-Vis absorption spectra.

As shown in Fig. S6, the initial maximum absorbance of CR, EBT and
MO was at 495, 526 and 465 nm [81]. After the as-prepared Au/AC-3
was tried on CR, EBT and MO adsorption, the characteristic peaks in the
corresponding UV-Vis spectra of CR, EBT and MO decreased within
initial 15 min (Fig. S6A, C and E). With continuously stirring for an-
other 15 min, these solutions achieved the adsorption equilibrium, with
the adsorption efficiency of 30%, 35% and 12% for CR, EBT and MO,
respectively. Especially, the adsorption efficiency of MO by Au/AC-3
was 32% at first 15min and then decreased to 12% until equilibrium
was achieved. Besides, the BET surface area (Sggr), pore volume, and
average pore size of Au/AC-3 were determined to be 21.383m?g™ !,
0.0938cm®g~! and 17.55nm (Table S2). It validates that Au/AC-3
possesses low adsorption ability [82].

Then, the reductant NaBH, was added to the above solution for
triggering the catalytic degradation. As we can see from Fig. S6B, the
characteristic peaks at 344 and 495 nm ascribed to the CR decreased
rapidly over reaction time. However, a new peak at 250 nm occurred
with the decolorization of solutions within several seconds (Fig. S7).
After reaction, there was almost no absorbance at 344 and 495 nm, and
the absorbance at 250 nm was maximized, confirming that the removal
of CR and the formation of intermediates were caused by catalytic
degradation [83]. Similarly, the characteristic peaks of EBT and MO
disappeared accompanied with the decolorization within several sec-
onds after adding the Au/AC-3 catalysts (Fig. S7), while the new peaks
at 240 and 258 nm were emerged corresponding to the produced in-
termediates of EBT and MO (Fig. S6D and E) [84,85].

To sum up, the characteristic peaks of azo dyes decreased and the
color of these solutions was decolorization during the reaction. Besides,
new peaks were formed in the UV- range, suggesting azo dyes was in-
deed degraded, instead of just being absorbed by Au/AC-3 and the
—N=N-— bonds of azo dyes was broken down by Au/AC-3 [84]. The
emerging absorption at about 250 nm appeared simultaneously with
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—N=N- cleavage, indicating that there were newly produced colorless
compounds [71]. These peaks were originated from the absorption from
aromatic intermediates, which may ascribed to the two sides of the
cleavage azo bond or their derivatives, corresponding to the results in
previous reports [83,84]. Thus, the most of azo dyes were removed by
the catalytic degradation by Au/AC-3. As is well-known, adsorption
process can play a critical role on the removal of pollutants, including
catalysis [19]. Compared with other study of catalytic degradation of
azo dyes, the reductive degradation efficiency of Au/AC catalyst is
obviously superior to that of other catalysts (Table S3). These results
confirm the high reductive degradation activity towards various azo
dyes of our catalyst. However, as shown in Fig. S8 the catalytic effi-
ciency was different for the three azo dyes with the rate constant kg,
followed the order by MO (0.1863 s™1 > EBT (0.1197s™ 1) > CR
(0.0692 s~ 1), attributed to the molecular formula and size, as well as
the electrical feature of dyes [86]. The structural formulas of these dyes
are given in Fig. S7, it can be concluded that with the fewer azo bonds
and simpler molecular, the azo dyes could be degraded more easily. The
structural formula of MO and EBT possesses single azo bonds, while CR
contains a couple of azo bonds, causing that MO was reductive de-
graded more easily within 30s. A speculated reason is that the less
steric hindrance of dyes with the simpler molecular structural and ea-
sier electrostatic attraction between catalyst and dyes can promote
these dyes to expose on the catalytic active sites, thus accelerating the
catalytic degradation [86].

4. Conclusions

In this study, a facile one-step method was developed to prepare a
novel Au/AC catalyst. Au NPs with a diameter of 16 + 6 nm were
supported on the surface of AC. The Au/AC catalyst exhibited excellent
catalytic performance for the reduction of 4-NP with the rate constant
Kgpp Of 0.191657 ", The catalyst also manifested remarkable catalytic
activity for the reduction of other nitrophenols and degradation of azo
dyes. It was found that the catalytic performance was comparable or
even superior to that of some other Au-based catalyst. This could be
attributed to the abundant oxygen-containing functional groups and
thiol groups on the surface of AC, promoting the Au NPs firmly an-
chored and dispersed on AC. The AC in this study is an excellent sup-
porting material and beneficial for the catalytic reaction. In addition,
the synergistic effect of nanosized Au NPs, the good adsorption capacity
of AC and large defect to volume ratio could enhance the catalytic
activity. The catalyst exhibited good stability and the catalytic perfor-
mance remained 84% over six recycles. Considering the low cost of AC,
facile preparation method and excellent catalytic performance, Au/AC
catalysts seem to have potential to serve as an efficient catalyst for the
reduction of nitrophenols and azo dyes, as a pretreatment for waste-
water treatment in diversified applications.
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