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A B S T R A C T

In this study, four kinds of porous carbon materials were used as supports to anchor gold nanoparticles (AuNPs)
for catalytic reduction of nitroaromatics and 4-nitrophenol (4-NP) was employed as a model material. Results
identified that carbon black (CB) restricted-Au catalyst (Au/CB) provided large specific surface area, small
AuNPs size, and low cost, which showed highly catalytic activity for 4-NP reduction. Besides, with the increase
of Au loadings, the catalytic activity of Au/CB was enhanced and the 1.2 wt% of Au loading exhibited the best
catalytic activity with the high rate of 0.8302min−1 and the turnover frequency of 492.50 h−1. Universality and
real water application demonstrated that the as-prepared Au/CB catalyst was promising candidate for other
phenols and azo dyes reduction and had great potential for practical application. Furthermore, after ten cycles,
Au/CB still retained satisfying stability and activity. These results suggested that the larger specific surface area
and smaller particle size attributing to the porosity of CB were conducive to improving the catalytic activity of
Au catalysts. This design shows high potential of hierarchical porous carbon materials for highly catalytic re-
action in many fields, especially the water purification.
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1. Introduction

Nowadays, human is facing the severe threat of environmental
pollution since the rapid development of industrialization, especially
the water pollution (Li et al., 2018; Cheng et al., 2018; Xu et al., 2012;
Yi et al., 2019; Wang et al., 2018; Li et al., 2019). The pollutants enter
into plants and animals through water circulation and finally accumu-
late in human body, which can induce serious body damage (Lai et al.,
2016; Gong et al., 2017; Xue et al., 2018; Luo et al., 2019; Yang et al.,
2018). Nitroaromatics, mainly generated from industry and agriculture,
are known as the hazardous and toxic pollutant (Abazari et al., 2019).
In particular, 4-nitrophenol (4-NP) as a kind of typical nitroaromatic is
considered as one of the most common pollutant in environmental
water and industrial wastewater (Song et al., 2019; Guo et al., 2018). It
is highly toxic and can result in liver, kidney, central nervous system,
and blood system damage (Abdullah et al., 2019; Hu et al., 2018).
However, these pollutants are difficult to remove because of the high
structural stability. Thus, it is important to develop efficient method to
remove them from water.

As one kind of stable and non-toxic nanoparticles, gold nano-
particles (AuNPs) have been widely used in many fields especially en-
vironmental protection due to its excellent properties (Ciriminna et al.,
2016; Liu et al., 2018; Qin et al., 2017; Scurrell, 2017; Ai et al., 2019).
Particularly, the outstanding performance in catalysis of it with small
size has gained tremendous interests, especially in the catalytic reduc-
tion of 4-NP (Fu et al., 2017; You et al., 2017). In this case, the high
toxic 4-NP, one kind of “Priority Pollutant” listed by the USEPA, is ef-
ficiently converted to less toxic 4-aminophenol (4-AP) under mild re-
action conditions, which reduces the risk of environmental pollution
(Soğukömeroğulları et al., 2019; Fu et al., 2019a). On the other hand,
the product of 4-AP plays important industrial roles on the preparation
of drugs, dyes, corrosion inhibitors, and photographic developers,
which brings huge economic benefits (Zhou et al., 2018). However,
colloidal AuNPs are easy to aggregate because of its high surface energy
and always need protective agent in the preparation process (Lai et al.,
2017; Qiao et al., 2017; Lai et al., 2015). It is obvious that the catalytic
activity will be limited and the energy consumption will increase. Thus,
it is necessary to develop an effective way to retain the high dispersity
and catalytic activity of AuNPs.

With this respect, heterogeneous Au catalysts have been developed
(Cho, 2003). The reusability of AuNPs has also been improved. Si-
multaneously, how to further enhance the catalytic activity has become
another topic. In this case, previous reports proposed some feasible
approaches: (1) decrease the particle size and narrow the size dis-
tribution to improve the catalytic activity (Barrett et al., 2016; Guo
et al., 2016); (2) introduce bimetallic or multi-metallic NPs to make use
of the synergetic effect generated by these metals (Song et al., 2015;
Xiao et al., 2016); (3) introduce porous structure to restrict AuNPs and
enhance the adsorption of 4-NP (Sahoo et al., 2015). Porous carbon
materials are good candidates because of their excellent adsorption
capacity, good thermal and chemical stability, and admirable me-
chanical properties (Huang et al., 2018; Xiong et al., 2019; Lai et al.,
2018; Zhou et al., 2019). Among them, hierarchical porous carbon
black (CB), like Vulcan XC-72, has been widely used for the supports,
sensors, energy storage or commercial applications due to the ad-
vantages of turbostratic structures with high surface area and con-
ductivity, excellent chemical and mechanical stability (Zeng et al.,
2018; Chen et al., 2017; Ali et al., 2017; Zhang et al., 2019). Particu-
larly, its properties of low cost and easy availability provide alternative
for cost reduction. Besides, there are also many papers have in-
vestigated the electrochemical performance of CB-supported metal NPs
(Hameed and El-Sherif, 2015). However, to our knowledge, few of them
have mentioned the catalytic reduction of nitroaromatics by CB-sup-
ported catalysts in the presence of NaBH4.

It is reported that pristine CB is difficult to anchor metal ions or
metal NPs because of the low content of oxygen-containing groups on

the surface (Xia et al., 2018; Xia et al., 2016). Therefore, most of papers
have investigated the property of modified CB via acidification or
doping (Hou et al., 2018; Zhao et al., 2014). Nevertheless, investigation
on the performance of pristine CB as support is also interesting. Because
pristine CB is easy to aggregate and there are abundant pore structures
in CB in spite of pristine CB contains low content of oxygen-containing
groups, which might be beneficial to restrict the growing of AuNPs in
the pore. In addition, aggregated CB may provide hierarchical porous
structure, including micro, meso and macro pores, which result in large
surface to volume ratio, reduced diffusion resistance, and enhanced
transport diffusion (Ng et al., 2018). Thus, smaller AuNPs can be dis-
persed in CB, the activity, stability and usability would be enhanced
also. In addition, CB can provide strong adsorption ability of CB for
nitrophenols and dyes due to the π–π stacking interaction and abundant
pore structures. The fast electron transfer from CB to AuNPs may cause
higher local electron densities and hence enhance the uptake of electron
by nitrophenols and dyes. The catalytic activity of Au/CB may can be
improved either. Therefore, it is of great importance to investigate the
property of pristine CB as support for Au catalyst and the contribution
of pore structures to that of the catalytic activity.

In this study, CB restricted Au catalyst was prepared by a simple
polyols method, which using ethylene glycol (EG) as the dispersing
agent of CB and reducing agent of AuNPs. The reduction of 4-NP by
NaBH4 was employed as a model reaction to investigate the catalytic
performance of Au/CB catalyst. As comparison, three kinds of typical
and well-investigated porous carbon materials, including multi-walled
carbon nanotubes (MWCNTs), Activated Cokes (ACk), and activated
carbon (AC) were used to anchor AuNPs (Au/C) for the reduction of
nitroaromatics. Various technologies, including transmission electron
microscopy (TEM), X-ray diffraction (XRD), X-ray photoelectron spec-
troscopy (XPS), Fourier transform-infrared spectroscopy (FT-IR), scan-
ning electron microscopy (SEM), inductively coupled plasma optical
emission spectrometer (ICP-OES), N2-Brunauer–Emmett–Teller (BET),
and Electron paramagnetic resonance (EPR), were used to characterize
the property of these catalysts and to gain insight into the mechanism of
the catalytic reaction. The crystalline structure of the prepared Au/CB
catalyst before and after reaction was characterized either. The uni-
versality and real water application of as-prepared Au/CB were further
proposed.

2. Experimental section

2.1. Preparation of carbon supported Au catalyst

Preparation of Au/CB catalyst was accomplished using the polyols
method (Navalon et al., 2013). Typically, 200mg of commercial Vulcan
XC-72 CB was suspended in 80mL of EG and sonicated for 30min. EG
served as dispersant and reducing agent. Afterwards, the mixture was
heated up to 85 °C under regular vigorous stirring and a moderate
amount of HAuCl4 solution (10 g·L−1) was added to achieve the re-
quired Au loading (from 0.5 to 2.5 wt %). The mixture was further
stirred for 4 h to obtain AuNPs and then filtrated and washed by water
and ethanol for several times. Finally, the as-prepared catalyst was
dried in an oven at 60 °C before use. Other carbon supported Au cata-
lysts including Au/ACk, Au/AC, and Au/MWCNTs were prepared with
the same procedure.

2.2. Catalytic reduction performance

To investigate the catalytic activity of prepared Au/C catalysts, re-
duction of phenols and azo dyes with NaBH4 was performed. All the
catalytic process were proposed as the procedure of 4-NP reduction by
Au/CB. Firstly, 50mL of 4-NP (0.5mM) was freshly prepared and 10mg
of aforementioned catalyst was added under continuous stirring for 1 h
to achieve the adsorption-desorption equilibrium. Then, different
amount of NaBH4 (the molar amount is 100, 200, 250, 300, 350, 400
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times over 4-NP, respectively) was added into the mixture with stirring.
The catalytic progress was evaluated by taking 1mL of the reaction
mixture at specified time intervals and diluted five times with ultrapure
water. The diluted reaction mixture was measured by UV–vis spectro-
metry. After reaction, the catalysts were removed by filtration and
washed with water and ethanol, then reused for 10 times. The catalytic
performance of Au/CB on real water, including bottled water, tap
water, lake water, and river water (collected from convenience store,
our laboratory, Lake of Peach, and Hsiang River (Changsha, China),
respectively), was carried out. The catalytic progress was performed as
the reduction of 4-NP in ultrapure water. All the results were achieved
by three parallel experiments.

3. Results and discussion

3.1. Characterization of Au/CB catalyst

The morphology and microstructure of pure CB and Au/CB catalyst
were verified by the TEM characterization. As shown in Fig. 1a and b,
CB has a typically spherical morphology with the size about 30 nm and
tends to aggregate because of the high surface energy and van der
Waal’s forces (Hou et al., 2018). The crystal plane (002) of graphite
with a lattice space of 0.34 nm is marked with yellow lines in Fig. 1c,
which represents plane between two single graphene layers in CB
(Bagavathi et al., 2016). The analysis of the as-synthesized Au/CB
catalyst shows that AuNPs are uniformly dispersed on CB with the
average size of 2.5 nm (Fig. 1d–f). The high resolution TEM image ex-
hibited in Fig. 1f clearly suggests a lattice of AuNPs with a space of
0.236 nm that can be attributed to the (111) plane of AuNPs, which
indicates the successful deposition of AuNPs.

The comparison of XRD analysis for CB and Au/CB catalyst before
reaction and after several cycles is depicted in Fig. 2. It is observed that
the characteristic peaks in the pattern of CB at 25.0° (d= 0.36 nm) and
43.2° (d =0.20 nm) are attributed to the (002) and (101) plane re-
flection of carbon materials. After deposition of AuNPs, the well-de-
fined diffraction peaks of Au/CB located at 38.3, 44.4, 64.6, 77.6, and

81.8° are indexed to the (111), (200), (220), (311), and (222) crystal
plane reflections of Au (JCPDS 04-0784), respectively. However, the
characteristic peak of (002) reflection is broad and weak and that of
(101) plane disappears. This is because the deposition of AuNPs
weakens the internal structure order of CB. This also proves the suc-
cessful deposition of AuNPs in CB. Meanwhile, after several cycles, all
of the crystal plane reflections of Au still exist, but the intensity of peaks
has decreased. This implies there may be some AuNPs losing after
several reaction cycles.

The XPS spectra of CB, Au/CB, and Au/CB after several cycles were
used to determine the elemental composition and chemical state of
them. As illustrated in Fig. 3a, the XPS survey spectra demonstrate that
there were C and O as the primary elements. The contents of O were
very low and the Au in Au/CB before and after several cycles was un-
conspicuous. While in Fig. 3b, the high-resolution spectra for Au 4f of
them are measured. The Au 4f7/2 and 4f5/2 peaks are observed at 84.7,

Fig. 1. TEM and HRTEM images of CB (a–c) and Au/CB catalyst (d–f).

Fig. 2. XRD plots of CB, Au/CB 1.2 wt% catalyst before and after catalytic re-
duction reaction.
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88.4, 84.5, and 88.2 eV of Au/CB before and after several cycles re-
spectively, which are typical values of Au in zero oxidation state (Fu
et al., 2019b). Besides, a new peak at 86.6 eV assigned to the Au(III)
oxidation state in Au/CB before catalytic reaction is observed. This may
be because cationic Au species were formed and stabilized on the sur-
face of CB by hydroxyl groups for the formation of Au-O interfacial
bonds (Zhao et al., 2018). After reaction, the intensity of Au 4f7/2 and
4f5/2 peaks are much lower than that of the one before reaction. This
may be because the part of AuNPs on the surface of CB were lost after
several cycles. The fitted C 1s spectra of them are exhibited in Fig. 3c.
The peaks at 284.78, 285.5 and 290.0 eV are assigned to the sp2, sp3

carbon and π-π* transition loss of CB, respectively. The peaks located at
287.7 eV of CB and 287.2 eV of Au/CB are attributed to the C]O, but
the content is low.

The characteristic FT-IR spectra of CB and Au/CB catalyst with
different Au loadings are shown in Fig. 3d. They all show a series of
peaks at about 1014, 2813 and 2887 cm−1, corresponding to the
stretching vibration and bending vibration of C–H from the alkane
group. The peaks at 1518, 1554, and 1637 cm−1 are assigned to the
CeC stretching vibration. The rest peaks located at about 2358 and
3438 cm−1 are responsible for the C]C stretching vibration and OeH
stretching vibration of the hydroxyl group. However, although AuNPs
do not show a characteristic absorption band in the FT-IR spectrum, the
peak of OeH stretching vibration of Au/CB is smoother than CB and
stronger and stronger with the increase of Au loadings, which indicates
the strong interaction of Au and CB (Lu et al., 2017).

The nitrogen adsorption-desorption isotherms and pore size dis-
tribution of CB and Au/CB 1.2 wt% in the range of micropore, mesopore
and macropore are showed in Fig. 4a and b. All apparent curves follow
the typical IUPAC type IV pattern with a H3 hysteresis, suggesting the

presence of mesopores and macropore. Interestingly, the BJH pore size
distribution further reveals that the main pore size contributions of
them are macropores of 108.61 and 114.38 nm (Fig. 4b). In addition,
the micropore pore size distribution suggests that there are also mi-
cropores and the main micropore size contributions are 0.73 and
0.75 nm for CB and Au/CB (inset of Fig. 4b). According to the TEM
analysis, the pore of dispersed CB is micropore. Hence, the mesopores
and macropore in CB may be because of the aggregation of dispersed
CB. Interestingly, the main size contribution of CB is changed from
micropore to macropore after the deposition of AuNPs. The calculated
porous properties of CB and Au/CB with different Au loadings are
summarized in Table S1. Results indicated that there were distinct
hierarchical porous structures in them. Large specific surface area and
hierarchical porous structure were beneficial for the adsorption of or-
ganic molecules, resulting in improved catalytic performance of Au/CB.
Furthermore, the deposition of Au decreased the specific surface area,
pore volume, and average pore size, indicating the pores of CB were
blocked by Au. It is reasonable to suppose that AuNPs were restricted in
the porous channel of CB.

3.2. Catalysis properties of Au/CB

The catalytic performance of as-prepared Au/CB catalysts was ex-
plored in the catalytic reduction of 4-NP by NaBH4 as a model reaction
at ambient temperature. The absorption peak of 4-NP in the UV–vis
spectra located at 317 nm, and shifted at 401 nm in the presence of
NaBH4 (Fig. S1). The color also changed from light yellow to bright
yellow with the addition of NaBH4 and it did not change even for a
month (inset of Fig. S1). This change is because of the formation of
nitrophenolate ions in the alkaline medium of NaBH4, which confirms

Fig. 3. XPS survey spectra (a), high-resolution spectra for Au 4f (b), and C 1s (c) of CB, Au/CB 1.2 wt% before catalytic reduction reaction and after several cycles. (d)
Characteristic FT-IR spectra of CB (inset a) and Au/CB catalyst with different Au loadings (0.4, 0.88, 1.20, 1.34, and 1.39 wt% inset b–f).
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that the catalytic reduction was not triggered when only NaBH4 was
present. However, with the addition of a small amount of Au/CB
(0.2 g L−1), the absorption peak of 4-NP decreased and a new peak at
301 nm increased subsequently. The color changed from bright yellow
to colorless, suggesting the production of 4-AP. During the whole re-
duction process, the amounts of NaBH4 were much higher than that of
4-NP. Hence, the pseudo-first order kinetics can be used to describe the
reduction process (Qin et al., 2019a). The performance of as-prepared
catalysts can be evaluated by the apparent rate constants (kapp) ac-
cording to Eq. (1) (Que et al., 2015).

kapp=−ln (Ct/C0)/t (1)

where C0 and Ct are the concentration of 4-NP at the initial time and
different reaction time (t), they can be replaced with the absorbance of
4-NP (namely A0 and At). In this respect, the catalytic performance of
different Au loadings was investigated. The corresponding kapp for Au/
CB with different Au loadings are listed in Table S2.

It is worth noting that the calculated loadings of Au are 0.5, 1.0, 1.5,
2.0, and 2.5 wt% respectively. However, the measurement contents of
them by ICP-OES are 0.4, 0.88, 1.2, 1.34, and 1.39 wt%, which are
lower than the theoretical values. One of the reason may consist in the
relatively low amount of oxygen-containing groups in CB, which limits
the ability to anchor metal NPs on the surface (Ali et al., 2017). With
the increase of Au amount, the deposition sites of CB are plateaued,
leading to the loss of AuNPs. Another possible reason is that AuNPs are
reduced partially, resulting from the loss of HAuCl4. In any case, with
the increase of Au loadings, the catalytic activity of Au/CB is increased.

Au/CB with 1.2 wt% exhibits the highest catalytic activity with the kapp
of 0.8302min−1 (Fig. 5). As the loadings increase sequentially, the
activity of Au/CB tends to decrease inversely. It is possibly because
larger amount of AuNPs reduced the porous channel of CB, decreasing
the specific surface area, pore size, and pore volume of catalyst, thus
limiting the adsorption of 4-NP (Table S2). In addition, the turnover
frequency (TOF) of Au/CB with different Au loadings was further cal-
culated to evaluate the catalytic efficiency of as-prepared Au/CB cata-
lysts. As exhibited in Table S2, the TOF of Au/CB with 1.2 wt% loading
is much higher (492.50 h−1) than the others, implying it exhibits better
catalytic performance compared to the other loadings. Besides, this
work shows good catalytic performance when compared with other
previous reports (Table S3).

It is necessary to investigate the effect of NaBH4 concentration be-
cause this reduction reaction was triggered by NaBH4. To investigate
the influence on catalytic performance with different amounts of
NaBH4, the molar amount of NaBH4 for 100, 200, 250, 300, 350, and
400 times over 4-NP was added to trigger the catalytic reduction. As
indicated in Fig. S2, the kapp increased significantly with the increase of
NaBH4. However, over 300 times of NaBH4, the rates of rise reached the
maximum because the reactants were saturated and the rate could not
be improved even with more NaBH4. This phenomenon is similar to the
reported paper (Gupta et al., 2014). Hence, in this paper, the con-
centration of NaBH4 was chosen as 300 times over the amount of 4-NP,
namely 150mM.

Fig. 4. Nitrogen adsorption-desorpton isotherms (a), BJH pore size distribution (b), and micropore pore size distribution (inset of b) of CB and Au/CB 1.2 wt%
catalyst.

Fig. 5. Time-dependent UV–vis absorption spectra of 4-NP catalyzed by Au/CB 1.20 wt% catalyst (a). Plots of ln(Ct/C0) versus reaction time and pseudo-first-order
kinetics fitting of Au/CB with different Au catalysts (b).
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3.3. Catalytic performance of other Au/C catalysts

ACk and AC are both biomass charcoals with abundant porous
structure and huge specific surface area. MWCNTs are widely used in
environmental remediation. In order to explore the performance of
porosity on Au catalysts for catalytic reduction, these four kinds of
porous carbon materials were employed as supports to anchor AuNPs.
The reduction of 4-NP by these catalysts were also proposed as com-
parison. The UV–vis spectra and pseudo-first-order kinetics fitting plot
at suitable intervals are illustrated in Fig. 6. With the addition of cat-
alysts, 4-NP was reduced completely about 10, 30, and 14min for Au/
MWCNTs, Au/ACk, and Au/AC respectively. As expected, the catalytic
activity of Au/CB is much higher than the others and the reducing rates
follow the order of Au/CB > Au/MWCNTs > Au/AC > Au/ACk with
the values of 0.8302, 0.4031, 0.3067, and 0.166min−1. In this case, the
XRD of Au/CB, Au/MWCNTs, Au/ACk, and Au/AC was measured as
comparison. As shown in Fig. S3a, the characteristic peaks of XRD re-
presenting the (111), (200), (220), (311), and (222) crystal plane re-
flections of Au are observed in all of these catalysts, which means
AuNPs were successfully deposited. The peak intensity of Au/CB is
higher than the others, contributing to the highest catalytic activity.
Interestingly, the peak intensity of Au/AC is higher than Au/MWCNTs,
while the catalytic activity of Au/MWCNTs is better. To explain this
phenomenon, the TEM of them was further measured. As obviously
observed in Fig. S3b–d, AuNPs are successfully deposited on MWCNTs,
ACk, and AC, but the AuNPs in Au/AC are aggregated obviously. It is
reported that the catalytic activity of AuNPs were higher with the
smaller particle size when the loading amount was the same (Panigrahi
et al., 2007). Thus, the aggregated AuNPs in Au/AC drastically de-
creased the catalytic activity. Besides, the particles are well dispersed in
Au/MWCNTs and the size of AuNPs in it about 5 nm is much smaller
than the others. Thus, it is reasonable that the catalytic activity of Au/

MWCNTs is higher than Au/AC and Au/ACk. Even so, it is important to
remark that the catalytic activity of Au/MWCNTs is still lower than Au/
CB because the size of AuNPs in Au/CB is smaller than Au/MWCNTs.
On the other hand, the BET surface area of MWCNTs is about
110m2 g−1, which is much smaller than CB, hence limiting the ad-
sorption of 4-NP and further decreasing the catalytic activity.

3.4. Test of universality, stability, and practical application

In order to illustrate the universality of Au/CB catalyst, the catalytic
reduction of other typical phenols and azo dyes, including 2-ni-
trophenol (2-NP), 3-nitrophenol (3-NP), 2, 4-dinitrophenol (2, 4-DNP),
Congo red (CR), methyl orange (MO), and Erichrome Black T (EBT), by
Au/CB with 1.2 wt% loading was also proposed with the same proce-
dure of 4-NP reduction. The UV–vis spectra and pseudo-first-order ki-
netics fitting parameters of them are provided in Fig. 7 and Table S4.
The results suggest that these compounds can be well reduced and the
catalytic rate follows the order of MO>4-NP>2-NP>3-NP>2, 4-
DNP > EBT > CR with catalytic rates of 1.2869, 0.8302, 0.4599,
0.4459, 0.4287, 0.4085, and 0.3652min−1, respectively. The results
are highly corresponded with the reported papers (Xia et al., 2016; Qin
et al., 2019b). It also demonstrates that this Au/CB catalyst can be used
widely. Interestingly, the 2, 4-DNP with NaBH4 shows two absorption
peaks at about 258 and 360 nm in the UV–vis spectrum. The two peaks
at 258 and 360 nm decrease gradually with the addition of Au/CB and
two new peaks appear at 276 and 442 nm, which indicates the forma-
tion of 2, 4-dinitrophenolate intermediate. With the further increasing
of reaction time, the peak at 442 nm decreases and a new peak at
300 nm appears. The color of 2, 4-DNP also changes from yellow to pale
orange and colorless during the whole reaction process. These results
indicate the formation of 2, 4-diaminophenol and are in well agreement
with the previous reports (Gerelbaatar et al., 2018; Karakas et al.,

Fig. 6. Time-dependent UV–vis absorption spectra of 4-NP catalyzed by Au/MWCNTs (a), Au/ACk (b), and Au/AC (c). Plots of pseudo-first-order kinetics fitting by
Au/MWCNTs, Au/ACk, Au/AC, and Au/CB (d).
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2017).
To investigate the stability and reusability, the Au/CB was reused to

reduce 4-NP about 10 cycles. As exhibited in Fig. 8, the Au/CB shows
continuous decrease of catalytic activity within the first several re-
cycles, but still reveals a high catalytic efficiency of 4-NP reduction.
After the third cycle, the activity of Au/CB tends to be stable. It may be
because the loss of AuNPs on the surface decrease the catalytic activity,
while the AuNPs inside remain stable catalytic activity for 4-NP re-
duction. Combining the results of XPS and XRD for Au/CB before and
after several cycles, we speculate that AuNPs on the surface may be
easy to loss but AuNPs restricted in the pore channels are stable and can
provide good catalytic activity.

On the other hand, the catalytic performance on real water samples
is very important. On this basis, reduction of 4-NP by Au/CB with
1.2 wt% loading on bottled water, tap water, lake water, and river
water was performed. Obviously, 4-NP can eventually be completely
reduced in these samples (Fig. 9), and the catalytic rates are 0.4480,
0.3613, 0.2800, and 0.1303min−1 for river water, bottled water, lake

Fig. 7. Time-dependent UV–vis absorption spectra of 2-NP, 3-NP, 2, 4-DNP, CR, EBT, and MO reduced by Au/CB catalyst.

Fig. 8. Reusability of 4-NP reduction by Au/CB for 50min over 10 cycles.

L. Qin, et al. Journal of Hazardous Materials 380 (2019) 120864

7



water, and tap water, in which the catalytic activity on tap water is the
lowest one. This is possible because there are disinfectants or plenty of
dissolved oxygen (DO) which can consume NaBH4, leading to limited
catalytic activity. In this case, the concentration of ClO−, Cl−, and DO
in these samples were detected. As shown in Table S5, the concentra-
tions of ClO- and DO in tap water are higher than the others, especially
the ClO− is not found except in the tap water. This results verify the
speculation that the catalytic activity of Au/CB in real water is highly
connected with the concentration of ClO− and DO. However, the con-
centration of DO in lake water is the lowest, but the activity is lower
than the river water. This may be because of the presence of Cl- in lake
water, which will poison the catalyst, thus reducing the catalytic effi-
ciency. Anyway, the results for real water application reveal that the
prepared Au/CB catalyst has great potential for practical application.

3.5. Mechanistic insight in the reduction of nitroaromatics by Au/CB system

Dispersed CB is spherical but easy to aggregate. According to the
above analysis, we speculated that some CBs were aggregated, resulting
in the formation of macropore and mesoporous. Most of AuNPs were
restricted inside the pores of CB. To verify this speculation, the SEM
images with EDS analysis of Au/CB catalyst were proposed. As observed
from Fig. S4, most of elements on the surface of Au/CB are C and O,
while a very small part is Au. In addition, Au is not even detected in
some places. The low content of AuNPs on the surface of Au/CB catalyst
is similar with the results of XPS. However, the XRD analysis showed
relatively strong diffraction peaks of AuNPs in Au/CB. The TEM images
also demonstrated the presence of dispersed AuNPs. Hence, the possible
mechanism of this reaction is proposed. Due to the excess use of NaBH4

and the calculation of pseudo-first order kinetics, the mechanism of this
reaction can be proposed as the Langmuir–Hinshelwood model. As
shown in Scheme 1 , when nitroaromatics added in the system, they are

Fig. 9. Time-dependent UV–vis absorption spectra of 4-NP reduction by Au/CB on bottled water (a), tap water (b), lake water (c), and river water (d) and the pseudo-
first-order kinetics fitting plots of them (e).
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rapidly absorbed on the surface of CB because of the π-π stacking in-
teraction, which promoting the access of nitroaromatics to AuNPs. In
addition, the strong electron-withdrawing ability of nitro-group in ni-
troaromatics further enhances the π-π stacking interaction between
nitroaromatics and CB (Liu et al., 2010). As the presence of NaBH4, it
reacts with water and plenty of activation hydrogen (i.e. H% radical
species) is released. Subsequently, AuNPs capture the H% radical species
to form Au-H bond. Due to the electronegativity discrepancy between
H% and Au, positively charged N in the nitro-group of nitroaromatics is
attacked by H%. The nitro-group is successfully reduced to nitroso
group, hydroxylamine, and finally turns into the corresponding pro-
ducts. To verify the formation of Au-H bond and identify the role of
AuNPs, EPR with 5, 5-Dimethylpyrroline N-oxide (DMPO) as a spin
trapper was proposed to explore the evolution of H% radical species. As
shown in Fig. S5a, a high signal intensity of nine-line SPR spectra is
observed when DMPO presents in the solution containing NaBH4, 4-
NP+NaBH4, and 4-NP+NaBH4 + Au/CB 1.2 wt%. These spectra are
composed by a 1:1:1 triplet of 1:2:1 triplets with aN= 16.62 G and
aH= 22.58 G, which means there are plenty of H% radical adducts in the
solutions. Simultaneously, no signal is observed in the absence of
NaBH4, which indicates H% radical adducts are mainly produced by
NaBH4. Nevertheless, the intensity of H% radical adducts is higher when
Au/CB is added. This suggests the presence of Au/CB can promote the
generation of H% radical adducts and form the Au-H bond (Abad et al.,
2005; Nguyen et al., 2019). Moreover, the evaluation of H% radical
adducts with time change was also detected (Fig. S5b). At the beginning
of reaction, NaBH4 is the main resource of H% radical adducts. The in-
tensity of H% radical adducts trends to be stable. With time changes, the
intensity increases and finally decreases, which indicates the con-
sumption of H% radical adducts and completion of catalytic reduction.
Since the reduction takes place on the active sites of AuNPs, the re-
duction process is a cycle of H% radical adducts trap and transportation.

In this study, AuNPs are deposited both inside and on the surface of
CB at the first cycle. The high activity of Au/CB with the content of
1.2 wt% can be attributed to the abundant hierarchical porous structure
of CB and the synergistic effect of AuNPs and CB. Firstly, CB has high
specific surface area for restricting Au, which is in favor to improve the
stability. Secondly, the relatively small size and high dispersion of
AuNPs provides more active sites, leading to high catalytic activity.
Thirdly, the strong adsorption ability of CB towards phenols and dyes
makes a higher concentration of targets near to the AuNPs, resulting in
highly efficient contact between the targets and active sites. Most im-
portantly, the property of CB with conductive matrix and

supercapacitance promotes the electron transfer from CB to AuNPs,
causing higher local electron densities and hence enhancing the uptake
of electron by nitroaromatics. Although there are small amount of
oxygen-containing groups on the surface of CB, part of AuNPs are still
anchored on the surface. However, after several cycles, the surface
AuNPs tend to shed from CB and the catalytic activity decreases
slightly. Fortunately, there are plenty of AuNPs may be restricted inside
of CB because of the abundant porous structure. Therefore, the rela-
tively stable and high activity can be achieved.

4. Conclusion

In order to investigate the property of pristine CB as the support for
heterogeneous Au catalyst, an Au/CB catalyst was prepared by a simple
polyols method for nitroaromatics reduction. Different kinds of porous
carbon materials including CB, ACk, AC, and MWCNTs used as supports
to anchor AuNPs were proposed as comparison to explore the con-
tribution of pore structures for the catalytic activity. Results showed
that Au/CB exhibited higher activity and lower cost than others. The
abundant hierarchical porous structures of CB provided strong ad-
sorption ability of nitroaromatics, which resulted in the high catalytic
efficiency. Interestingly, the aggregation of CB provided more pores,
which were beneficial for the AuNPs anchoring. The synergistic effect
between AuNPs and CB further enhanced the catalytic activity. In ad-
dition, this Au/CB catalyst showed good universality, stability, and
practical application. The hierarchical porous structures of CB are
contributed to the high stable and catalytic activity of Au/CB, and be-
cause of the low cost it can be further used in environment field.
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