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Abstract

HNOs-modified carbon black supported Ni-Au bimetallic nanocatalysts (HCB-Ni-
Au) with different Ni/Au molar ratio were synthesized for hydrogenation of
nitroaromatics. The synergistic effect between bimetallic nanoparticles and HCB, Ni
and Au nanoparticles improved the catalytic efficiency. The reaction mechanism and
pathway investigation exhibited that nitroaromatics were reduced by cleavage of -N=0
bond and azo linkage (—N=N-) and uptake of H from Ni-H and Au-H bonds. Density

functional theory theoretical calculation showed 4-nitrophenol (4-NP) with higher free

energy was easier to be catalyzed. The activation of enthalpy for 65.7 kcal mol

1 which displayed the highest catalytic rate of 2.1055 mi ile, the reaction

rate of 4-NP hydrogenation catalyzed by HCB-Ni&Qu: reachell 1.9617 min, which

was 15 and 38 times higher than that of m monometallic nanocatalyst,
respectively. HCB-Nis-Au: with good & bility could be well reused and
applied in tap, distilled, river, and | rSamples.

Keywords: Bimetallic nanoc@; arbon black; Density functional theory;

Nitroaromatics; Hydro&Q)
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1. Introduction

Nowadays, industrialization has created unprecedented material wealth for us but
brought serious trauma for ecological environment [1-5]. Water pollution is one of the
most important environmental threats because of its universality and high risk [6-13].
Nitroaromatics, including nitrophenols and some of azo-dyes, are dangerous organic
pollutants from industry and agriculture [14-16]. They are widely used in leather, plastic,
pharmaceuticals, pesticides and paper industries and have been considered to result in
significant damage to water environment [17, 18]. Nitroaromatics are difficult to
completely remove owing to the strong photo- and thermal stalflitygagd the resistance

to biodegradation [19]. If accumulated over a long period SR uman body can

be damaged [20]. Therefore, efficient methods are Mygessary to degrade or decolourize

these compounds. In this case, the catalytic h % Bn is considered as the most
effective one because of the strong ope@ilit high efficiency. In addition, the

enols as examples, are useful precursors for

products of hydrogenation, taking arg

the synthesis of drugs, drying a

benefits. ()
Notably, nobl ag’particles like platinum, gold, and silver nanoparticles (Pt,
)

Au, and Ag NPs) ba%d homogeneous and heterogeneous catalysts are well-reported as

9 rrosion inhibitor, which can bring economic

highly efficient catalysts for the hydrogenation of nitroaromatics [21-25]. However, the
high price of them inevitably restrict the industrial production and wide application [26-
29]. In this case, the bimetallic combination with transition metal is a good choice to
solve this problem, and the catalytic efficiency can be enhanced because of the
synergistic effect between different metals [30, 31]. On the other hand, some supports
like carbon materials and metallic oxides are gained much attention because they can
form hybrid nanostructures with metal NPs, thus controlling the size of metal particles

3
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and enhancing the stability and catalytic activity because of synergistic effects [32-37].
For example, Das et al. [38] synthesized a Ag NPs decorated magnetic polypyrrole
nanocomposite without the addition of reductive agent or stabilizer for highly efficient
reduction of 4-nitrophenol (4-NP) and organic dyes. Recently, Fu et al. [39] and Nguyen
et al. [40] both used graphitic carbon nitride as support to deposit Au NPs for the
catalytic reduction of nitrophenols and obtained excellent catalytic activity and stability.
In this case, carbon black (CB), as one kind of carbon material, is good candidate for
the support of metal NPs due to its turbostratic structures with high conductivity and
surface area, excellent chemical and mechanical stability, as as its low cost and
easy availability.

According to our previous report, CB has pleniy of pore sductures and is easy to

aggregate, which provide hierarchical porous stru §1]. This is beneficial for the

adsorption of nitrophenols and dyes, wh es to the catalytic reaction. As for

the CB supported Au catalyst, the n transfer from CB to Au NPs also
improves the catalytic eff|C|en er, the low content of oxygen-containing
groups on the surface ofCB(j ecreases the amount of anchored Au NPs. Besides,
the weak hydr I|CIO) limits the application of Au/CB catalyst in water
environment. In thi¥Case, some researchers enhanced the surface properties of CB by
modifying or doping [42, 43]. Although there are many reports studied the modified
carbon materials supported noble metal catalysts for the hydrogenation of
nitroaromatics, they just simply reported the catalytic efficiency of these catalysts. The
reaction mechanism and pathway are lack of investigation. Meanwhile, considering the
catalysts exhibited different catalytic hydrogenation efficiency towards different

nitroaromatics, most of reports explained it intangibly or theoretically. As one kind of

new technique, the density functional theory (DFT) theoretical calculation has been
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widely used to explain experimental phenomenon and guide the design of experiment
in recent years, while it was rarely used for the study of nitroaromatics hydrogenation.
Thus, further investigation on the hydrogenation of nitroaromatics with the assistant of
both experimental operation and theoretical calculation is necessary.

Hence, we successfully prepared HNOs-modified CB supported bimetallic Ni-Au
nanocatalysts (HCB-Ni-Au) for highly catalytic hydrogenation of nitroaromatics and
creatively combined experimental results and DFT theoretical calculation to investigate
the reason for different catalytic efficiency of different nitroaromatics. The mechanism,
possible pathway, and catalytic efficiency were studied. In addion, the comparison of

HCB supported monometallic Au and Ni nanocatalysts WwagaRrod{s he comparison
on the characteristics of CB and study for thqgeffects oM catalytic activity by
modification or doping was also conducted. %sicochemical properties of
prepared catalysts were detected by tra %ctron microscopy (TEM), X-ray

diffraction (XRD), specific surfaCtQa orosity (BET), X-ray photoelectron

spectroscopy (XPS), Hz-tempe®

coupled plasma optical em@pectrometer (ICP-OES), and Electron paramagnetic

grammed reduction (H-TPR), inductively

resonance (EPR) glhe qstaline structure of HCB-Ni-Au nanocatalyst before and after
reaction was studieeither. The universality and practical application of as-prepared
HCB-Ni-Au as well as the ions and pH effects were further conducted. The combination
of experiment and theoretical calculation can better consider the intrinsic properties of
pollutants and provide guidance for highly efficient removal of them in water
environment.

2. Experimental

2.1. Preparation of HCB-Ni, HCB-Ni-Au, and HCB-Au nanocatalysts

The synthetic process of HCB-Ni-Au nanocatalysts is shown in Scheme 1. Typically,
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pristine CB was firstly washed with water and ethanol for several times and dried in
oven for 12 h before use. To improve the hydrophility and adsorptivity of metal NPs,
2.0 g of CB and 200 mL concentrated HNO3z were mixed in a 250 mL conical flask. The
mixture was heated at 85 <C with continuously stirring for 12 h. The resulting HCB was
diluted and washed with ultrapure water until neutral, and finally dried for further use.

The synthesis of HCB-Ni catalyst is as follows: 200 mg of HCB was mixed with 75
mL of EG and sonicated for 30 min for further dispersion. Subsequently, a certain
amount of NiCl,-EG solution (1-5 mL, 24.26 mM) was added drop by drop and
vigorously stirred for 15 min. Then, 25 mL of NaOH (1 M) was%ollowed by the
gradual addition of 5 mL of N2H4 H20. The mixture was 4gn the water bath
and heated to 80 <C with stirring. After reaction at  <C for 2 ™ the resulting HCB-Ni

nanocatalyst was separated by filtration, washed m anol and water for several

times and finally dried in an oven at 60 th

The preparation of different prop Q B-Ni-Au bimetallic nanocatalyst was

proposed on the basis of HCB- !@ Typically, 200 mg of as-prepared HCB-Ni
was added into 100 mL of adequately dispersed by ultrasonic treatment for 30
min. Then, the s n(}as heated at 90 <C with thorough stirring and 0.5 mL of
HAuUCI4 solution w& added into the suspension, followed by quick addition of 200 piL
of NoHs H>0. After the reaction of 3 h, the resulting HCB-Ni-Au bimetallic
nanocatalyst was filtered, washed with ethanol and water for several times and finally
dried in an oven at 60 <C. The molar ratio of Ni and Au is from 2:1 to 10:1, in which
the catalysts were denoted as HCB-Niz>-Au: to HCB-Niw-Aui respectively. The
preparation of HCB-Au was as the same with the procedure of Au reduction in HCB-
Ni-Au preparation (HCB was used to replace HCB-NI).

2.2. Catalytic test
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To study the catalytic activity of prepared HCB-Ni-Au nanocatalysts, reduction of
phenols and azo dyes with NaBH4 was proposed at ambient temperature. 4-NP served
as the model target. The catalytic activity of HCB supported monometallic Au, Ni and
HCB supported bimetallic Ni-Au nanocatalysts (HCB-Ni-Au) was performed as the
procedure of 4-NP hydrogenation by HCB-Ni-Au. Typically, 4-NP (50 mL, 0.2 mM)
was freshly prepared and HCB-Ni-Au catalyst (5 mg) was added under continuous
stirring for 30 min to reach the adsorption-desorption equilibrium. A certain amount of
NaBH; (50 times over 4-NP) was added with stirring. 3 mL of solution was taken at
specified time intervals and filtered through a 0.22 pm filter rane. The catalytic
performance was evaluated by measuring the solution o ! trometry. After
reaction, the catalyst was removed by filtration angQ washed Wh ultrapure water and
ethanol for several times, then reused for 8 times. piion, the catalytic activity of

HCB-Ni-Au nanocatalyst on other phen n&@zolyes like 2-nitrophenol (2-NP), 3-
nitrophenol (3-NP), methyl orange ( &rome black T (EBT) and Congo red
(CR) was explored as the same u 4-NP reduction in ultrapure water by HCB-
Nis-Auz (5 mg) and NaBW@es over 4-NP). Finally, the catalytic activity of HCB-
Ni-Au nanocatal gt on'Qiffernt water sources including tap water, distilled water, river
water, and lake waty{ (collected from convenience store, our laboratory, Hsiang River
(Changsha, China), and Lake of Peach, respectively) was investigated. These samples
were firstly filtered through a 0.22 pm syringe filter to remove impurities. Secondly,
the UV-Vis spectra were proposed to determine the background concentration of 4-NP.
Finally, these samples were spiked with standard solution of 4-NP (0.2 mM). The
catalytic activity was performed as the reduction of 4-NP in ultrapure water by HCB-

Nis-Au1 (5 mg) and NaBHs (50 times over 4-NP). Three parallel experiments were

carried out for all procedure.
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Scheme 1. The synthetic process of HNOs modified CB supported Ni-Au bimetallic
nanocatalysts.
3. Results and discussion
3.1. Characterization of catalysts
In order to explore the crystal structures and chemical comgoSi#NXRD studies of

prepared nanocatalysts were carried out. As shown in Fig. ¢ffraction pattern of

HCB shows two characteristic peaks at 24.5<and 438 which are attributed to the (002)
and (101) plane reflection of carbon materi her well-defined diffraction

peaks of HCB-Au located at 38.0< 44.0 6 i 7.7°and HCB-Ni located at 44.4<

51.7<and 76.37are due to the (111)

Au (JCPDS 04-0784) and t
(JCPDS 04-0850) resp

reflectlon for HCB is broad and weak and that of (101)

(220) and (311) crystal plane reflections of

2 ®) and (220) crystal plane reflections of Ni

ith the deposition of both Au NPs and Ni NPs, the
characteristic pea
plane is not display®l. This may be because the deposition of Au NPs and Ni NPs
weakens the internal structure order of HCB and the peak of Au in (200) covers the
(101) plane of HCB. Interestingly, the peak of Au (111) becomes narrow and the
intensity of that increases. This is possibly because the size of Au NPs decreases and
more Au NPs are deposited due to the presence of Ni NPs. Meanwhile, the peak
intensity of Ni (111) increases because of the peak overlap with Au (200). In addition,

with the increasing molar ratio of Ni and Au, the characteristic peaks of HCB (002)

reflection is broad and weak, the peaks of Au (111) are decreased and that of Ni NPs

8
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are increased accordingly (Fig.1b). These results prove the successful deposition of

both Ni NPs and Au NPs on HCB and the increasing content of Ni.

a (ZUU) * E b Au (420%) (111)
“2 11 \|||(1m(200) o 104 Ou(fé? AUQ1U\LN o e T
HoBNA L 4 A em @
_ :ﬂuﬂw S AT S PN A
Ehoov o LT v NS W R
7 . 3 I
5 i S 6:1 i NPT,
b= i 11 (200) £
£ |HCB-Au Ay (220) @11 £
; - . L3 Ly 51 o e J
4:1 .
""" 2:1 e AL }
10 2I0 SIO 4I0 5|(] 5‘0 7‘0 80 10 ZIO Sll) 4I0 5I0 ESIO 7IE) 80
20 (degree) 26 (degree)
Fig. 1. XRD patterns of (a) HCB, HCB-Au, HCB-Nis and HCB4#®-Au1 nanocatalysts;
(b) HCB-Ni-Au bimetallic nanocatalysts with different mglar\\io iand Au (2:1-
10:1).
The morphology and microstructure of HCB H HCB-Ni, and HCB-Nis-Auz
bimetallic nanocatalyst were mvestlgate racterlzatlon As exhibited in Fig.

2a, HCB has an approximately spherj st e with the size of 30 nm. The crystal
plane (002) with the lattice spa m is due to the plane between two single
graphene layers in HCB (Fj 2f) analysis of HCB-Au and HCB-Nis nanocatalyst
indicates that A NP@H NPs are successfully deposited on HCB (Fig. 2b-c)
respectively. The N reSolution TEM (HR-TEM) images showed in Fig. 2g-h clearly
suggests the lattices of Au NPs and Ni NPs with spaces of 0.236 nm and 0.208 nm,
0.248 nm and 0.178 nm, which are attributed to the (111) plane of Au NPs and (111),
(110) and (200) planes of Ni NPs. After the deposition of both Au NPs and Ni NPs, the
TEM and HR-TEM images show that spherical Au NPs and irregular Ni NPs are well
anchored on the surface of HCB (Fig. 2d-e). The mapping images and Energy
Dispersive X-ray spectroscopy (EDX) of HCB-Nig-Au; suggest C, N, O, Ni and Au

elements in here (Fig. 2i-j and Fig. S1). Interestingly, it is found that more Au NPs are



195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

formed in HCB-Nis-Auz and the size of that is much smaller than Au NPs formed in
HCB-Au (Fig. S2). As shown in Fig. S2b and d, the mean size of Au NPs in HCB-Nie-
Auz is below 12 nm, while it in HCB-Au is about 28.16 and 31.10 nm. We speculate
that the presence of Ni NPs may be conducive to the formation of Au NPs crystals and
lead to smaller size of Au NPs. This may be attributed to the hydrogen spillover
phenomenon between Au and NiO [44, 45]. In addition, Au NPs in HCB-Nig-Au; seem
to prefer growing near the Ni NPs, and some of them even deposit on the edge of Ni
NPs. This is possibly because metal Au tends to contact with Ni to form Ni-Au
nanocomposites in the presence of Ni NPs [46]. It is well know t Au NPs are easier

to form with oxygen-containing materials and can firmly agac urface of them
because of the Au-O bond [47-49]. In this paper, thegg are also and Ni(OH) present
because the surface atoms on Ni NPs can be easily%d in air with the existence of

v%’ the Ni NPs. Another interesting
N

an promote the reduction of residuary

water (XPS data). Thus Au NPs may b

thing is that the formation process o

p@ al of Au®*/Au (1.8 V) is higher than that of

Ni*/Ni (-0.246 V) [50, 51@ormed Au nuclei can further induce the reduction of

Ni2*/Ni by the el ror@}r process (equation 1-2).
2T +

Ni%* to Ni° because the redox

2AW° + 3NiZ* — 3N (1)

AUt +e — Au° (2)

10
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Fig. 2. TEM and HRTEM images of HCB (a and f), HCB-Au (b and g), HCB-Nis (c
and h) and HCB-Nis-Au: (d and €); STEM and mapping of HCB-Nig-Auz nanocatalyst
(iand ).

The XPS spectra of CB, HCB, and HCB-Nie-Au: presented in Fig. 3a illustrate that
C and O are the primary elements in here. The fitted C 1s spectra are shown in Fig. 3b.
There are four peaks located at 284.73, 285.38, 287.7, and 290.00 eV in CB, which
are assigned to the sp?, sp® carbon, C=0 bond and z-7* transition loss, respectively [42].
However, two peaks contributing to C-N and C(=0)O bonds (around 286.8 and 289.2

eV) show up in HCB and HCB-Nis-Auz [52, 53]. The content is very low in CB

and is much higher in HCB (Fig. 3c). Simultaneously, a c exists in HCB

(Fig. 3d). This benefits from the modification of HOs, whictNerings plenty of O and

introduces the doping of N. This is conducive to t @ sition of Au and Ni NPs. The

global XPS spectrum also shows the ele S iind Au in HCB-Nis-Au; (Fig. 3e).
The high-resolution spectra of Au 4f g &o main peaks at 84.54 and 88.19 eV,
which are typical values of Au i oXgation state (Fig. 3f). Besides, a peak at 90.45
eV assigned to the Au(lll) (@ﬂ)’;n state is observed, which means the Au(l11) has not
been reduced co ete@ Ni spectral feature in HCB-Nis-Au1 contains metallic Ni,
Ni oxide and Ni roxide (Fig. 3g). Generally, a complex structure with intense
satellite signals adjacent to the main peak is observed in the Ni 2p spectrum. The peaks
located at 852.77 eV is attributed to metallic Ni, the intense doublet located at 856.20
and 861.76 eV is ascribed to Ni?* in NiO [54]. The second doublet located at 873.70
and 880.00 eV is because of the Ni?* in Ni(OH).. It is noteworthy that the peaks of NiO

and Ni(OH)2 are not shown in XRD patterns and this is possibly because the resulting

NiO and Ni(OH)2 are amorphous.

11
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Fig. 3. XPS survey spectra (a) and high-, pectra for C 1s (b) and O 1s (c) of
CB, HCB, and HCB-Nis-Auz; XP

HCB-Nig-Auz; XPS surveyé%e)

Ni 2p (g) of HCB-Nis gen adsorption-desorption isotherms (h), BJH pore

psolution spectra for N 1s (d) of HCB and

¥nd high-resolution spectra for Au 4f (f) and

1.
size distribution opore pore size distribution (inset of i) of CB, HCB, and
HCB-Nis-Aus.

The surface area and pore size distribution of CB, HCB, and HCB-Nis-Au; were
measured by BET. The nitrogen adsorption-desorption isotherms of them follow the
typical IUPAC type IV pattern with a Hz hysteresis, suggesting the existence of
mesopores in them (Fig. 3h). In the meantime, plenty of micropores exist in CB and it
decreases slightly after the modification of HNOs3, while decreases apparently after the

deposition of Ni and Au NPs. BJH pore size distribution and micropore pore size

distributions of CB, HCB, and HCB-Nis-Au: were further measured. The results

12
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demonstrate that the main pore size contributions of CB are macropore of 108.61 nm
and micropore of 0.73 nm (Fig. 3i). This suggests there is also macropore structure in
CB. However, the modification process by HNO3 changes the pore size contribution,
which reduces the contribution of macropore and micropore and enhances the
contribution of mesopore (Table S1). It can also be demonstrated by the results of the
specific surface area analysis in which the external surface area of CB increases from
155.94 to 179.01 m? g%, the microporous area decreases from 75.17 to 34.09 m? g%,

and the total pore volume and average pore size decrease from 0.82 to 0.64 cm® g* and

26.85 to 13.19 nm respectively. After the deposition of mono Ilic Ni, Au NPs or
even bimetallic Ni and Au NPs on HCB, the BET surfaceqgga xternal surface
area, microporous area, and total pore volume are gmost all ddcreased. However, the

average pore size of them are increased, which @ because the deposition of

metallic NPs brings some new pores in I or between the metallic NPs and
HCB. Interestingly, the deposition o &Jone increases the microporous area.
One of the possible reason is th t 8Small size of Au NPs entered the macropore
or mesopore of HCB dur@osition, which reduced the size of macropore or
mesopore. Anot p@ reason is the small size of Au NPs also brings some
micropores.

The H>-TPR of prepared nanocatalysts was used to determine the interaction between
active component and the effect of the activation process on the reaction of
hydrogenation. The H>-TPR measurements carried out for CB, HCB, HCB-Au, HCB-
Nie and HCB-Nis-Auz are shown in Fig. S3 and the Hz consumption values of different
peaks for them are exhibited in Table S2. There are two reduction peaks ranging from

400 to 500°C and 600 to 700°C for the H2-TPR test of CB and HCB, which are caused

by the reduction of surface oxygen and methanation process of carbon [44]. After the
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modification of CB by HNOs;, the intensity of reduction peaks increase with an
increasing Hx consumption and the peak around 600 to 700°C shifts to lower
temperature, which benefit from the doping of N and the increase of surface reactive
oxygen. This also demonstrates the modification by HNOs improves the oxygen content
of CB. After the loading of Au NPs, the TPR profile of HCB-Au shows that the
reduction peaks further shift from 659.1 and 483.1°C to 649.0 and 452.6°C due to the
cooperation of Au activating HCB. On the other hand, HCB-Nig shows two stages on
the TPR profile. The two peaks located at 433.9 and 533.5°C are assigned to the
reduction of NiO strongly interacting with carbon. This result igsirggg to the findings
reported by zhou et al. [55]. At the meantime, the increas sumption of the

peak at low temperature also demonstrate the enh®@gcement between monometal and

0 Ps into HCB-Nig catalyst
changes its property. As the TPR profile @'AU1 showed, two unsolved peaks
co-locate with the maximum of Hz ¢ tion, which is associated with the reduction

of the same species of HCB-Ni@/ On the contrary, the relative proportions of

the two peaks have b(@@i The two peaks all become broad, the first peak

carbon support. Interestingly, the introducti

increases in inte ts to lower temperature around 373.8°C while the second

peak obviously decr®ses in intensity and shifts to higher temperature around 543.1°C.
These results suggest that the introduction of Au NPs facilitates the reduction of NiO,
strongly interacting with the support. This finding coincides well with the study
reported by Mierczynski et al. [44].

3.2. Catalytic performance for hydrogenation of nitrophenols

The catalytic performance of as-prepared monometallic and bimetallic nanocatalysts
was investigated in the catalytic hydrogenation of 4-NP by NaBH4 as model reaction.
The absorption peak of 4-NP with ultrapure water in the UV-Vis spectra locates at 317

14
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nm, and shifts at 400 nm with the addition of NaBH4 (Fig. S4). The color of 4-NP also
changes from light yellow to bright yellow (pictures inset of Fig. S4). This change is
caused by the formation of nitrophenolate ions in alkaline solution because the pKa of
4-NP is around 7.2 [40, 56]. In addition, the color does not change even for a month,
which demonstrates the hydrogenation reaction cannot be triggered only in the presence
of NaBH4. However, after the addition of a small amount of HCB-Nis-Auz bimetallic
nanocatlysts (5 mg), the absorption peak of 4-NP decreases rapidly while a new peak
at 298 nm increases and the color changes to colorless subsequently, suggesting the

generation of 4-AP (Fig. S4 and Fig. 4). In the hydrogenation gfaction, the amount of

NaBHj is 50 times over than the amount of 4-NP (molar as reported by

Wunder et al.[57], the hydrogenation reaction can bggescribed

the pseudo-first order
kinetics. The catalytic performance can be assess

and the value of it is depicted as the foll@on [48]:

k= -In (C/Co)lt

e apparent rate constant, k,

®)
where t is the reaction time, Co + Me the concentration of 4-NP at the beginning

and at the reaction with diﬁ@ me, the values are related to the absorbance of 4-NP

tra@tively.

——0.00 min

for the UV-Vis s

3.0

a 4-NP 0.25 min b
——0.50 min i
43 —— 0.75 min 100 " HCB-Ni-Au, k=1.9617 min”!
——1.00 min \

— 1.50 min .

Omin —— 3-00min 0.75 \

-
Q_ 050+
%)

0.25 \

Absorbance

SN\ HCB-Ni-Au, \.\
0.0 — 0.00 ]
4-AP i
T T T T T T T g T T T T T T T
250 300 350 400 450 500 550 0.0 0.5 1.0 1.5 20 25 3.0
Wavelength (nm) Time (min)

Fig. 4. UV-Vis spectra changing (a), plot of C¢/Co, —In (C+/Co) and pseudo-first-order

kinetics fitting (b) for the hydrogenation of 4-NP by HCB-Nis-Au:r bimetallic
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nanocatalyst versus the reaction time.

In order to investigate the catalytic performance of prepared bimetallic nanocatalysts,
a series of HCB-Ni-Au bimetallic nanocatalysts with different ratio of Ni and Au (2:1-
10:1) are prepared and used for the hydrogenation of 4-NP. As shown in Fig. S5, with
the increase of Ni/Au ratio, the catalytic activity of HCB-Ni-Au increases. Especially,
the hydrogenation of 4-NP by HCB-Nis-Auz is almost complete within three minutes
and HCB-Nis-Au: shows the highest catalytic activity with the k of 1.9617 min™.
However, when the ratio increases over 6:1, the activity decreases inversely. This is

possibly because large amount of Ni NPs reduce the pore str%ofh HCB. On the

other hand, higher amount of Ni NPs may trend to aggre e anchor sites
of HCB are not enough to disperse them completelyglMeanwhil®the content of Au NPs

may reduce. The corresponding reaction rate const nd normalized reaction rate

constants (knor = k/m, where m is the dos nojatalysts) are summarized in Table

S3. As comparison, the hydrogenatio y HCB, HCB-Nis and HCB-Au in the
presence of NaBHs was propo own in Fig. S6, HCB shows no catalytic
activity for the hydrogenatl@ P. HCB-Nig and HCB-Au show obvious catalytic
activity for the @on of 4-NP with the k of 0.1345 and 0.0511 min*

respectively. Althooh the catalytic activity of noble-metal nanocatalysts like Au-based
catalysts is always higher than Ni-based nanocatalysts, the activity of HCB-Nie here is
much higher than HCB-Au due to the high content of Ni. Nevertheless, the activity of
the HCB-Ni-Au bimetallic nanocatalytsts is much higher than both HCB-Nie and HCB-
Au. The activity of HCB-Nis-Au; is over even 14 and 38 times higher than HCB-Nis
and HCB-Au. This also demonstrates that the synergistic effect of Ni and Au play

important role for the hydrogenation of 4-NP, which greatly enhances the catalytic

activity. When compared with other reported studies, HCB-Nis-Au1 exhibits high
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catalytic performance of 4-NP hydrogenation (Table S4). Additionally, the
hydrogenation of 4-NP by HCB-Nis-Aur without NaBHs was investigated. As
illustrated in Fig. S7, the absorption peak of 4-NP located at 317 nm only has slight
decrease and no new peak at 298 nm has shown up in the absence of NaBHa, illustrating
the hydrogenation reaction can be processed only in the presence of both Ni or Au-
based nanocatalysts and NaBHa.

The contents of Ni and Au in prepared nanocatalysts were measured by ICP and the
results are exhibited in Table S3. The measured and theoretically calculated values of
them are close, which means the well deposition of Ni and on HCB. This also
suggests the introduction of more O and doping of N by 3 &fation contribute
to the anchoring of metal NPs, which is conducig to the imwrovement of catalytic

activity. However, further increasing the ratio of m Au, the difference between

measured and theoretically calculated v -Ni-Au nanocatalysts is clearer.

Interestingly, with the increase of ne@® the content of Au increases in the
beginning, while decreases whe proves the content of Ni. This suggests the
presence of Ni NPs contrib{ges t@the formation of Au NPs. Nevertheless, the oxygen-

and nitrogen-co

'nin@,os in HCB are not enough to further anchor more Ni and
with the previous results.

3.3. Catalytic performance of different nitroaromatics

To further explore the general applicability of prepared HCB-Nis-Au1 bimetallic
nanocatlyst, the catalytic hydrogenation of other nitroaromatics was proposed. The
catalytic performances like reaction time and reaction rates, as well as the molecular
formulas and color changes of them are shown in Table S5. As observed from Table
S5, all of the nitroaromatics can be catalyzed by HCB-Nis-Auz in 10 min and the color

of them also changes to colorless, indicating a complete hydrogenation of them. The
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UV-Vis spectra of 2-NP, 3-NP, MO, EBT, and CR show the absorption peaks at 414 nm,
393 nm, 466 nm, 613 nm, and 492 nm respectively, which decreased gradually with the
proceeding of catalytic reaction. The catalytic rate constants of them follow the order:
MO > 4-NP > EBT > 2-NP > 3-NP > CR. In this case, the catalytic rate constants for
hydrogenation of nitrophenols follow the order of 4-NP > 2-NP > 3-NP is in good
agreement with the reported papers [40, 58], which is mainly related to the inductive
effect, conjugation effect, steric effect and/or molecular hindrance of nitrophenols to
penetrate into the catalysts. To explain this phenomenon, DFT-computed relative Gibbs

free energy of nitrophenols (2-NP, 3-NP, and 4-NP) are shown % The AG of 3-

NP is the lowest, which means the molecular geometry stragiu IS more stable

than the others. Hence 3-NP is supposed as the refeggnce substdce (AG is supposed to

be 0 kcal mol™?) to calculate the relative free energ P and 4-NP. The calculated

AG of 4-NPand 2-NPis2.3and 1.1 kcal&% suggests the molecular geometry

d 3-NP, indicating 4-NP is easier to be

structure stability of 4-NP is lower th
catalyzed by HCB-Nig-Au1. Th rageLion rates of nitrophenols follow the order of

4-NP > 2-NP > 3-NP, whiclgwellgonforms to the experimental results.

4-NP 2-NP 3-NP
AG = 2.3 kcal/mol AG = 1.1 kcal/mol AG = 0.0 kcal/mol

LS

d

Fig. 5. DFT-computed relative Gibbs free energy profiles and structure model of 2-NP,
3-NP, and 4-NP. Energies are in kcal mol™.
In general, the catalytic activity in nitroaromatics hydrogenation with complicated

structure is lower than that with simpler structure. In this study, the catalytic rate of
18
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EBT is lower than the catalytic rate of 4-NP, while that of MO is much higher than the
others. As described by Arrhenius equation (equation 4) [59],

Lnk=InA—(E4/RT) 4)
where A is the Arrhenius constant, Ea is the activation energy, R is the general gas
constant, and T is the temperature in Kelvin scale, the catalytic rate is determined by Ea
and will decrease with the increase of the value of Ea when R and T are the same. In
this study, Ea of the theoretical hydrogenation reaction process was calculated by a
series of DFT calculation. Relative activation of enthalpy (ArH) is calculated to
represent Ea, in which R and T are the same. The values of A\H %ogenation of 4-

NP, MO, EBT, and CR are -126.9, -65.7, -76.2, and -1 1 respectively,

which indicates the hydrogenation reaction is spontqueous (FigNéa, c-e). Generally, the
catalytic rate is theoretically assessed by the absolu® w »of AiH (JArH|). Itis indicated

that the higher the value of |A/H| is, the & eJnergy is required for the reaction
te

proposing, which suggests the reacti wer. In this study, the values of |A/H]|
for hydrogenation of 4-NP, MO% CR follow the order of CR > 4-NP > EBT >
MO, which suggests the re@a es should follow the order of MO > EBT > 4-NP >
CR. This calcul reQqut f@ the reaction rate of EBT and 4-NP is opposite with the
experimental result8As shown in Fig. 6a and d, the hydrogenation of 4-NP proceeds
by three mole of Hz, while hydrogenation of EBT needs two mole of Hz. Hence, the
ArH for 4-NP hydrogenation proceeded by two mole of H> to generate INT1 was
calculated (ArH1’, Fig. 6b). Result shows that AH1” is -74.8 kcal mol™ and the |AH1’|

is higher than that of EBT hydrogenation. It indicates the catalytic rate of 4-NP is higher

than that of EBT, which is good consistent with the experimental results.

19



417

418

419

420

421

422

423

424

425

426

427

428

429

430

OH OH OH OH

+ 3H2 + 2H2
a —_— AH; = -126.9 keal/mol b — AHy' = -74.8 keal/mol
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+ 2H, H3C,
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O

SOgNa
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N= SOB%
N
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e XD

Fig. 6. The theoretical hydrogenation r% ocess and corresponding activation

enthalpy (A/H) for 4-NP (a-b), MO (d), and CR (e).

3.4. Effect of pH and inorgtl%’on he catalytic performance
N

The effect of pHon t activity of HCB-Nis-Auz for hydrogenation of 4-NP
was proposed. T% P solutions was adjusted by 0.1 M HCI and NaOH and
the initial pH of 4-WP in ultrapure water is about 5. As displayed in Fig. 7, the
hydrogenation of 4-NP by HCB-Nig-Auz is highly dependent on pH values, in which
lower pH provides higher catalytic activity. With the increase of pH values from 3-9,
the catalytic activity decreases from 2.7140 min? to 0.7001 min™. In order to
investigate the reason for this phenomenon, the pHep of HCB-Nis-Au1 was measured.
As shown in Fig. S8, the Zeta potential of HCB-Nis-Au1 goes from positive to negative

with the pH increases from 1.5 to 9, which means the pHep of is about 2. This further

illustrates that the surface of HCB-Nig-Aus is negatively charged at pH > 2. In other
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words, the surface of HCB-Nie-Auz is more and more negatively charged from 3 to 9.
Since the hydrogenation of 4-NP by HCB-Nis-Au: with excess NaBH4 follows the
Langmuir-Hinshelwood kinetics and adsorption is the first step, negatively charged
BH4 is not easily adsorbed onto the surface of HCB-Nig-Auz at high pH due to the
electrostatic repulsion, resulting decreased catalytic efficiency for hydrogenation of 4-
NP. In addition, it is reported that the pKa value of 4-NP is about 7.2, which means that
4-NP would primarily present in cationic state when the solution pH < pKa [40].
Therefore, the adsorption of 4-NP with cationic state on the surface of negatively

charged HCB-Nie-Aur would increase under acidic conditin{, :iesulting in highly
C

enhanced catalytic efficiency. This explains the increase ciency of 4-NP

hydrogenation as the pH decreases, and indicates gat adsorp®n plays an important

role in the catalytic performance for 4-NP hydroge @

Inorganic ions always coexist with orgagic rgal water body and may affect the
catalytic activity of HCB-Nig-Auz in &plicaﬁon. Fig. 7 displays the effect of
different ions on the catalytic e

shown in Fig. 7c, the prese@

4-NP and only 2QRo of §NPYs reduced to 4-AP within 3 min, while over 90% of 4-NP

d reaction rate of 4-NP by HCB-Nis-Auz. As

3 significantly inhibits the catalytic efficiency of

is reduced in the pr&ence of other ions. This is possibly because the presence of CO3*
consumes the proton (H) of H20O, produces HCO3 and H.CO3 and increases the pH of
4-NP (equation 5-6). On one hand, the consumption of H* inhibits the hydrolysis
reaction of NaBHa to produce activation hydrogen (i.e. H" radical species) (equation 7),
thus lowering the catalytic efficiency. On the other hand, the increase of pH weakens
the adsorption of 4-NP, which further limits the catalytic activity of HCB-Nis-Aus.
Interestingly, the addition of CI" slightly accelerates the catalytic efficiency with the k

of 2.0285 min, while the presence of SO4* obviously limits the catalytic efficiency
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with the k of 0.9709 min™t. The results are in good agreement with the findings reported
by Nguyen et al. [40]. In addition, the addition of Ca?* and Mg?* has ignorable effect

on the catalytic efficiency with the reaction rates of 1.9602 min™ and 1.9381 min™

respectively.
CO05~ +H,0 & HCO; + OH™ 5)
BH; + 2H,0 — BO; + 8H' ™
8 3.0
7 a! b
6] 5 ’ 254
— °] ’ ‘ | 20+
Q4 Y - =
3} g B
£ 34 P o . . PH=3K=2.7140m!n7’ = 151
' R A pH=4 k=2.1746 min”
: / o : gH:E K:I.%W 2:2 es of reaction rate
e BRI
®  pH=8 k=0.8484 min"’
*  pH=9 k=0.7001 min’

T T T T T
4 5 [ 7 8

lank k=1.9617 min” T d
CI  k=2.0285 min’

¢ SO, k=09709 min’
4 CO; k=0.1082min”
" k=1.9381 min’
+ Ca' k=1.9602 min”

c/c,

— : .
15 20 25 30 35 40
Time (min)

Time (min)
Fig. 7. Plots of -In (C¢/Co) versus reaction time (a) and changes of reaction rate (b) for
the catalytic hydrogenation of 4-NP by HCB-Nig-Au; under different pH; Plots of Ci/Co
(c) and -In (Ci/Co) (d) versus reaction time for the catalytic hydrogenation of 4-NP by
HCB-Nis-Au; with different ions, including CI-, SO4%, COs*, Mg?* and Ca?* (0.1 M).

3.5. Application of real water samples

The catalytic efficiency application on real water is very important for one catalyst.

In this case, hydrogenation of 4-NP loading on distilled water, tap water, river water
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and lake water was proposed to assess the practicability of HCB-Nis-Auzi. The UV-Vis
spectra of these samples were detected firstly to confirm the initial concentration of 4-
NP and then the concentration of 4-NP was adjusted to 0.2 mM. As shown in Fig. S9,
the absorption peaks of these water samples with 4-NP in UV-Vis spectra are all present
at 400 nm and the colors of them are bright yellow, due to the pH values of them are
higher than the pKa of 4-NP (Table S6). In addition, after the addition of HCB-Nig-Auz
and NaBHj4, a nearly complete conversion of 4-NP in all water samples is observed
within 7 min, and the catalytic rates follow the order of distilled water > lake water >
tap water > river water (Fig. 8). It is reported that the presengf of dissolved oxygen
(DO) may consume NaBH4 and reduce the catalytic ic ]. Hence, the

concentration of DO in these samples was detecigd. As dispsyed in Table S6, the

concentration of DO in distilled water is higher tha ers, but the catalytic rate of
distilled water is the highest. To further i i19¢e is phenomenon, the concentration
of CI', SO4*, COs%, Mg?* and Ca®" in &es was further detected. Results show
that there is no CI', SO+%, and C a nd in distilled water, while a certain amount
of CI" and SO4> was found@r samples. As mentioned above, the presence of CI°
and SO.% can seggrateWac@lerate and inhibit the catalytic activity of HCB-Nis-Aus.
In this case, the congntration of CI" in tap water, river water and lake water is close and

low but the concentration of SO+ in river water is much higher than the others. It is

reasonable that the catalytic rate of river water is the lowest.

23



491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

—=— distilled water a b
tap water 5
—a— river water

L
0.8 ' v— lake water
1o 4+
v
X T

0.4
\ AN \‘ 2 ]

SN - -

024 \\ \ = distilled water k=1.0457 min
. ~ 14 tap water k=0.7264 min”'
1 Tt s riverwater  k=0.5863 min”
. E
0.0 ——= . . v lake water  k=0.8210 min”
T T T T T T T T T T T T T T T

0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Time (min) Time (min)

Fig. 8. Plots of C/Co (a) and -In (Ci/Co) (b) versus reaction time for the hydrogenation
of 4-NP by HCB-Nig-Auz in distilled water, tap water, river water, and lake water.

3.6. Stability and recyclability

To investigate the stability and recyclability, HCB-Nis- sed in 8 repeated
injections of 0.2 mM 4-NP. It is obvious that a neayg complete conversion of 4-NP to
4-AP by HCB-Nig-Auy and NaBH4 can be rapj ed in 3 min and only 5% of

catalytic efficiency decreases after 8 cycof ghuous usage (Fig. 9). Additionally,

the crystal phase composition and s analysis for HCB-Nis-Auy after 8 cycles
at

were also examined. The anal s@i

crystal phases of C, Nii ang@ Au NPs (Fig. 10a). Analysis of XPS spectra also

terns confirms the occurrence of the same
demonstrates tha tal composition and valence state of these elements in
HCB-Nis-Au; after lgaction is similar to that of the virgin HCB-Nie-Auz. Interestingly,
in high-resolution spectra for Au 4f, the peak of Au(lll) oxidation state at 90.45 eV
disappears and the peak of Au® is higher and broader in HCB-Nig-Aus after reaction.
This is possibly because the presence of NaBH4 reduces Au(I11) to Au®. In addition, the
contents of Ni and Au measured by ICP are 12.51% and 0.56% respectively after 8
cycles, which just has a small loss compared with the virgin HCB-Nis-Aus. In general,
the above results illustrate HCB-Nis-Aui bimetallic nanocatalyst is structurally stable
with high catalytic efficiency and good recyclability.
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3.7. Possible mechanism for the hydrogenation of nitroaromatics by HCB-Nis-Aus
bimetallic nanocatalyst

According to the kinetics studies and relevant literatures, the mechanism for the
hydrogenation of nitroaromatics by HCB-Nis-Auz bimetallic nanocatalyst is proposed
on the basis of the Langmuir—Hinshelwood mechanism. As displayed in Scheme 2,
using 4-NP hydrogenation as example, the hydrogenation process by HCB-Nis-Au
bimetallic nanocatalyst usually includes three steps: 1) 4-NP is adsorbed to the catalyst
surface; 2) amounts of H* radical species are produced by NaBH4 reacts with H.0 and
then they transfer to Ni and Au surface to form a nickel and gold sdride complex (i.e.,
Ni-H and Au-H); 3) the hydrogen transfers from Ni-H and to NP. To further

understand the reaction mechanism, EPR measurement with 5N\g™imethylpyrroline N-

oxide (DMPOQ) as spin trapper was proposed to de ate the presence of H' radical
species and Ni-H and Au-H bonds. As displ @g. S10a, a high signal intensity of
nine-line surface plasmon resonance rum is observed in the field of 3460-

; lution of 4-NP + HCB-Nis-Aui + DMPO.
The spectra are composed mplet of 1:2:1 triplets with aq = 22.57 G and an =
16.62 G, which suggefts tb%juction of large amount of H" radical species [40].

Besides, no signal ted without NaBH4, which means the H" radical species are

3560 G when NaBH4 was adde

mainly generated by NaBH4 (0 min). However, with the reaction processed versus time,
the signal intensity is higher than the beginning. This demonstrates the presence of
HCB-Nis-Auz bimetallic nanocatalyst facilitates the production of H" radical species
and formation of metal-H bond. As the previous papers, we have demonstrated the
existence of Au-H bond in the hydrogenation of 4-NP. Thus, to prove the generation of
Ni-H bond, the EPR measurement in the presence of HCB-Nis monometallic
nanocatalyst was also proposed. The results are similar with the measurement in the

presence of HCB-Nis-Au1 bimetallic nanocatalyst (Fig. S11), but the signal intensity is
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lower than that of HCB-Nie-Aus bimetallic nanocatalyst in 2 min, which demonstrates
the generation of Ni-H bond (Fig. S10b).

To investigate the possible pathways of 4-NP and azo dyes (MO, CR, and EBT)
degradation by NaBHs and HCB-Nie-Auz, the degradation products were detected by a
liquid chromatography-mass spectrometry (LC-MS). The LC-MS spectra of 4-NP and
corresponding products during catalytic reaction (0, 1, and 2 min) are shown in Fig.
11a. In Fig. 11a, a peak is observed at 138 m/z, ascribed to the molecular formula of
CsHsNOgz, namely 4-NP. After 1 min of catalytic reaction, a new peak at 108 m/z shows
up corresponding to the molecular formula CeH7NO, which me%eneraﬁon of 4-
AP. Further, another two peaks at 122.1 and 124.1 m/z asgd

rresponding to

the molecular formula CsHsNO2 and CsH7NO2qwWhich ma¥ be attributed to the

generation of 4-nitrosophenol and hydroxylami
pathway of 4-NP degradation by HCB-Ng posed in Fig. 11b. Typically, the
—N=0 bond of 4-NP is attacked by &molecule of H20 is lost from 4-NP to
form 4-nitrosophenol. Subsequ@ =0 bond of 4-nitrosophenol is cleaved and
2H are added to form —NH@b)n . Finally, the -N=0 is further attacked by 2H and

4-NP is generate fte@ another molecule of H20. This pathway is similar with

yratives. Thus, the possible

the reported papers 9, 61]. As shown in Fig. S12a, the main signals of LC-MS spectra
over MO degradation are located at 172.179 and 136.184 m/z, suggesting the possible
products of CsHsNO3S™ and CgH12N>. This also indicates the -N=N- bond in MO was
possibly attacked by H* to form —NH., thereby inducing the degradation of MO (Fig.
S12b). The LC-MS spectra of CR degradation show two peaks at 237.25 and 184.228
m/z, which indicates the probable generation of C10HoN2SO3™ and C12H12N2 (Fig. S13a).
Similar with the possible pathway of MO degradation, the degradation of CR is due to

the break of -N=N- bonds (Fig. S13b). In addition, the possible degradation pathway
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of EBT is similar with that of 4-NP and MO, in which it mainly depends on the cleavage

of -N=0 bond and azo linkage (—N=N-) to obtain -NH> (Fig. S14).
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Fig. 11. LC-MS spectra of 4-NP and correspondingQoducts during catalytic reaction

(@) and possible pathway of 4-NP degradation% y HCB-Nis-Auz (b).
In this study, the high catalytic eﬁi& repared HCB-Nig-Au1 bimetallic

> of synergistic effects: 1) the support and

nanocatalyst can be attributed to tw
metal NPs; 2) Ni NPs and A P'F@r t'® synergistic effect between HCB and metal

NPs, firstly, HNO3z mog rings large amount of oxygen-containing groups and

N-doping, which to the improvement of hydrophilcity and dispersion of Ni

NPs and Au NPs, asWvell as the stability of HCB-Nis-Auz. Secondly, the modification
by HNO3s makes the hierarchical porous structure of CB become uniform, which is
conductive to anchoring metal NPs on the surface, hence promoting the contact between
nitroaromatics and active sites of HCB-Nis-Auz. Thirdly, HCB with strong n—n stacking
interaction provides strong adsorption of nitrophenols and dyes and fast electron
transfer from HCB to Ni NPs and Au NPs, thus causing higher local electron densities

and faster uptake of electron by nitrophenols and dyes. The catalytic activity is further

improved. On the other hand, the introduction of oxygen-containing groups and N-
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doping is also beneficial to the adsorption of nitroaromatics, thus reducing the reaction
time and promoting the catalytic efficiency.

For the synergistic effect between Ni NPs and Au NPs, it can be attributed to the
following aspects. Firstly, the surface and size effects for nanometer-sized Ni and Au
ensure them have better phase stability. The formation of smaller size of Au NPs with
higher effective surface area owing to the presence of Ni NPs improves the catalytic
activity of HCB-Nig-Auy as it is widely-reported that the catalytic activity proportional
to the total surface metal NPs [48, 62]. Secondly, the difference of electronegativity
between Au (2.54) and Ni (1.91) can induce electron transfer frgm Ni to Au leading to
the generation of electron poor and rich regions on the binggfa e. The creation

of electronic effect between Ni and Au would gause highes electron uptake and

increased electron transfer between target molecul aRgsult in high catalytic activity
of HCB-Nis-Au [50]. Thirdly, a strong ry€licffect could be observed from the
strong coupling of SPR of Au and &ochemical reduction potential of Ni,
further enhancing the catalytic ht ]. Most importantly, the presence of Ni-H
and Au-H bond plays syn@o e in the hydrogenation of nitroaromatics, which
further promotes gqe cRglyti activity of HCB-Nig-Auz. In general, the prepared HCB-
Nis-Auz bimetallic Nnocatalyst overcomes the disadvantage of prepared monometallic

nanocatalysts and provides high stability and catalytic activity for nitroaromatics

hydrogenation.

29



605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

NaBH,+H,0

NaBH,+H,0
@ NiNPs @ AuNPs e Oatom @ Natom H atom
Scheme 2. Mechanism for hydrogenation of 4-NP by HCBRN{ 1 the presence of

NaBHa.

4. Conclusion

In this study, HCB-Ni-Au bimetallic atglysts with different Ni/Au molar ratio

were successfully synthesized % fficient hydrogenation of nitroaromatics.

Modified CB with N-dopin@

as support for a ori@al NPs. The as-prepared HCB-Nis-Auz exhibits superior

ant oxygen-containing groups is good candidate

catalytic efficiency Rr the hydrogenation of nitroaromatics and the reaction for typical
nitroaromatics follows the order of MO > 4-NP > EBT > 2-NP > 3-NP > CR. Besides,
the catalytic activity for 4-NP is highly dependent on the initial pH of solution and
anions concentration in reaction system. The reaction rate of 4-NP hydrogenation
catalyzed by HCB-Nis-Aus reaches 1.9617 min, which is 15 and 38 times higher than
that of Ni and Au monometallic nanocatalyst respectively. HCB-Nis-Au1 with good

structural stability can be well reused and exhibits good catalytic activity on real water
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application. The mechanism, possible pathways, and catalytic efficiency of
nitroaromatics hydrogenation were creatively investigated by combining DFT and
some characterization techniques. The synergistic effect of Ni and Au on HCB with
high catalytic efficiency overcomes the disadvantages of low catalytic efficiency of Ni-
based nanocatalyst and high price of Au-based nanocatalyst and results in low usage of
catalyst (5 mg) and NaBH4 amount (10 mM). It provides a promising strategy for
catalytic conversion in the field of water environment remediation. The combination of

experiment and theoretical calculation technique is becomin %‘ul strategy for

today's science.
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