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Cover Letter

Ms. Ref. No.: APSUSC-D-18-10130
Title: Au nanoparticles decorated on activated coke via a facile preparation for
efficient catalytic reduction of nitrophenols and azo dyes

Journal: Applied Surface Science

Dear Editor, Prof. Franklin Tao, and Reviewer

Thanks for your valuable suggestions and comments on our manuscript entitled "Au
nanoparticles decorated on activated coke via a facile prgfalation for efficient
catalytic reduction of nitrophenols and azo SA\N\ (™%, Ref. No.:

APSUSC-D-18-10130). It is very helpful for us to \gke improvement.

We have read and considered all the comme

%

of my co-authors, 1 would like h detailed list (point by point) of responses
C

gestions carefully, and tried

our best to revise the manuscript accor comments of reviewers. On behalf

to each item of the revie ents. We also highlighted our revisions in the
manuscript in req so t%iewers/Editors could easily identify them. We hope that

the editor and the r&1ewers will be satisfied with our responses to the ‘comments’ and

the revisions for our original manuscript.
Thanks and best regards.

Yours sincerely,

Guangming Zeng



*Highlights (for review)

1. Activated coke (AC) with a graphite-like layer crystallite structure as a promising
support for metal nanoparticles.

2. Au nanoparticles supported on AC for efficient catalytic reduction of nitrophenols
and azo dyes.

3. Mechanism of the synergistic effect between Au NPs and AC towards the reduction

of nitrophenols.
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*Response to Reviewers

Ms. Ref. No.: APSUSC-D-18-10130
Title: Au nanoparticles decorated on activated coke via a facile preparation for
efficient catalytic reduction of nitrophenols and azo dyes

Journal: Applied Surface Science

Dear Editor and Reviewer

Thanks for your valuable suggestions and comments on our article (Ms. Ref. No.:
APSUSC-D-18-10130). It is very helpful for us to make impr ent. We have read
and considered all the comments and suggestions carefull l r best to revise

the manuscript according to the comments of revieMgs. On behalf of my co-authors, |

would like to provide a detailed list (point by, esponses to each item of the
reviewers' comments. We also highlig ur fevisions in the manuscript in red so
that reviewers could easily identﬁé e hope that the editor and the reviewers

will be satisfied with our to the 'comments' and the revisions for our

original manuscrlet Q

Thanks and best regards.

Yours sincerely,

Guangming Zeng



Revisions based on Reviewer
General Comments:
This manuscript brings a study on the catalytic performance of activated coke (AC)
supported gold nanoparticles for the reduction of nitrophenols and azo dyes. The
activities of the catalytic reduction excelled most of the reported catalysts with similar
structures. Texture and surface properties of the catalysts were illustrated by a
comprehensive investigation of combined characterizations including XRD, TEM,
FTIR, XPS. A mechanism was proposed at the same time, Rae e, nonetheless,
some problems should be concerned before the publication S Wrticle.
Response:
We are very appreciated for the reviewer@ e comments and thoughtful

suggestions on our manuscript. ThegUoSEatigh is quite helpful and important to

improve our manuscript. We h the manuscript carefully to make it clearer

than the previous version. W@U IC revisions are presented as follows.

Specific comments:

Comment 1:

What is this "tight interaction” (line 162) exactly? How did this "tight interaction™
decrease the XRD intensities of AC specifically with such a low Au amount? Please
rule out the influence of the synthesis process on the crystallinity of AC instead of the

Au NPs per se.



Response:

Thank you very much for your valuable comments and we highly agree with your
suggestions. To better figure out the implications of the change of diffraction peak, we
have supplemented the XRD spectrum of activated coke reacted with ascorbic acid
only ("AC+AA" in Fig.1 in revised manuscript) and found the peak at nearly 29.4°
disappeared in this spectrum. This indicates the synthesis process has an influence on
the crystallinity of activated coke. The oxidation of ascorbic acid used in our research
(10 mL, 0.1 M) would affect the hydrogen bonding of hydroge oxygen atom,
thus affecting the interplanar spacing and crystallinity of ac oke.

But it's worth noting that the peak at 26.66° was nt in all XRD spectra and the
peak intensity decreased with the increase @ ding amount. It indicates the
loading of Au NPs over activated co ect the activated coke crystallinity.
The increase of Au loading am ccupy more grain boundaries and affected
the interplanar spacing of@e coke, thus leading to a decrease of crystalline
quality of activa 0 ch indicates that Au NPs interacted with activated coke.
Since the ascorbic &id was indispensable in the synthesis of Au NPs supported on
activated coke, it's hard to rule out the influence of the synthesis process on the
crystallinity of activated coke instead of the Au NPs per se. To clarify the results more
clearly, we have revised this part (Line 160-172, Page 9~10 in revised manuscript).
Thanks very much for the advice again.

- (Line 160-165, Page 9) The peak intensity at 26.66° decreased 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 XPS.

(Line 165-172, Page 10) 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 influenc crystallinity of
activated coke. As reported by Costanzo et al., the \Qa n or reduction of

ascorbic acid would affect the hydrogen bondjagof hydrogen and oxygen atom

[41, 42], thus resulting in a decrease of cr@ uality of AC.

References
[31] Y. Xie, C. Li, L. Zhao, J. Zhang,

g, hang, W. Zhang, S. Tao, Experimental study
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Science, 333 (2015) 59-67. Q,ﬂ
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zi, J. Vandevondele, R.G.D. Valle, M. Sprik, Ab initiomolecular
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- (Line 183, Page 11)
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Fig. 1. X-ray diffraction patterns of virgin AC and Au/AC c t%th different Au

content.

Comment 2: @

There seems to be a large amount of sgal rticles from the TEM image (Fig. 2C)
as well as the STEM-HAADF i ' S1A). Considering the widely known fact
that Au NPs with a size I@wan 5 nm generally present little catalytic activity
(Hutchings, G. ( %den future. Nature chemistry, 1(7), 584. Corma, A., &
Serna, P. (2006). CRgmoselective hydrogenation of nitro compounds with supported
gold catalysts. Science, 313(5785), 332-334.), do please provide (S)TEM images with
higher resolution and recount the size distributions. Maybe these small particles are
the actual active species?

Response:

Thank you for your valuable comments. According to your suggestions, we have

supplemented TEM images with higher resolution and SEM images in Fig.2D and



Fig. S2. According to the TEM images with higher resolution (Fig. 2C and 2D, Fig.
S2B and S2C), we have recounted the size distributions based on more than 200 Au
NPs and the size distributions was 14.9 £ 10.8 nm. The Au NPs with a size smaller
than 5 nm accounted for 14%. This was because the pore structure of activated coke
restricted the growing of Au NPs adsorbed into the activated coke.

Besides, we have read more literatures to better understand the relationship between
Au NPs size and active species. As reported by Hutchings, Corma and Serna et al., Au
NPs with the size of 2-5 nm can exhibit higher activity jn ic oxidation of
carbon monoxide, hydrochlorination of acetylene an enation of nitro
compounds. In addition, we also found some intergsgg results that the actual active

species were affected by many factors, such icle size, shape as well as the

apes and sizes and found that the catalytic

reaction system and conditions (temp &1 pressures). For example, Nautiyal et
al. have synthesized Au NPs Wi@

activity was influenced by geir §ape and size. They have demostrated that penta and
hexagonal nanopY’ I(&Q’oit good catalytic activity despite their larger size (80—85
nm) as compared spherical particles. It also can be found that under diferent
catalytic reaction system and condition, the Au NPs with various size can exhibit a
relatively higher catalytic activity to some extent. In the catalytic system of
nitrophenols reduction, Tang et al. have synthesized Au@CMK-3-O with Au NPs size
of 10 nm. Zeng et al. have developed PDA-g-C3N4/Au) catalyst and the Au NPs size
was in average diameter of 26.1 = 4.7 nm. This indicates that Au NPs with about

relatively larger size could also exhibit high catalytic activity in the catalytic system



of nitrophenols reduction. Thus, we briefly summarized the Au NPs size on different

Au-based catalysts in resent research.

Particle size (nm) Kapp (sh Catalytic system Reaction condition Ref

3.1+09 - Oxidation of CO >300°C [1]

25 - Aerobic oxidation of aniline 100°C [2]

11.8 - Oxidation of Volatile organic compounds 354°C [3]

10.5 - Oxidation of glycerol 60 °C [4]

Oxidation
6.7+2.3 - 140°C [5]
of 1,4-butanediol
AU/AC (Activated

1-15 0.035 Selective hydrogenati f 250 °C [6]

9.99 +1.63 0.16 Degradati®gof quinclorac Room temperature [7]

6.2 0.0475 Reductio ‘ ol reduction Room temperature [8]

PVCL-CD-Au
6.0+£0.3 0.025 matic nitro-compounds Room temperature [9]
with various shape
Reduction of nitrophenol Room temperature [10]
and sizes

PDA-g-C3N4/Aug, 26.1 Q Reduction of nitrophenol Room temperature [11]

Au@CMK-3-0 10 Reduction of p-nitrophenol Room temperature [12]
Reference
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(2009) 11302-11303.
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The detailed revisions are presented as

Thanks very much for the advice

follows. Q

- (Line 191-194, Pae&w Fig. 2C and 2D, it could be observed that Au NPs
with a size sm n 5 nm existed in AC, with interplanar spacing of 0.235 nm
corresponding to the (111) crystal planes. This was because the pore structure of
AC restricted the growing of Au NPs adsorbed into the AC.

- (Line 201-205, Page 12) Base on the Fig. 2C, Fig. 2D, Fig. S2B and Fig. S2C, 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 dispersed Au NPs with a diameter of 14.9

+10.8 nm.



- (Line 212, Page 12)

o 0.235 nm
)
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Mag= 1500 K X

Fig. S2. SEM image (A) and TEM images (B and C) of Au/AC-3.



Comment 3:

The statement from line 201~202, as | quote, "As shown in Fig. 3, the spectrum of
AC is similar to the activated carbon”, is confusing.

Response:

Thanks so much for reviewer’s valuable comment. At present, there are many studies
about activated carbon as a support for metal noble nanoparticles anchoring, while a

relatively few studies about activated coke. Activated coke possesses mesopore and

macropore structure, which is different from the active .c&b ith micropore
structure. This can reduce the influence of internal diffu he general rate of
adsorption and catalytic process greatly. Hence utilized activated coke as a

support for Au NPs anchoring for organic tra@ n in wastewater treatment. In
the previous discussion, the comparisgQ 1N@kgted coke and activated carbon aimed
to compare the similar researc ore information about spatial structure of
activated coke. To avoid c@% readership, we have removed the sentence "As
shown in Fig. 3, @ of AC is similar to the activated carbon" and revised the
discussion in the reWsed manuscript (Line 217-223, Page 13). Thanks very much for
the advice again.

- (Line 217-223, Page 13) 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
exhibited 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=0

[45]. The peaks at 1635 and 1445 cm™ corresponded to the skeletal vibrations



stretching of aromatic C=C [19]. The peak at 1037 cm™ represented a stretching

vibration of C-O or primary alcohols[46].

Comment 4:

The 4f5/2 and 4f7/2 are mislabeled in Fig. 4D.

Response:

Thanks so much for pointing out the incorrect picture. We are sorry that we
mislabeled the 4f5/2 and 4f7/2 in Fig.4. We have checked oyr iga ipt carefully to
avoid the similar mistakes in the revised manuscript (Line 15). Thanks very
much for the advice again.

- (Line 265, Page 15)
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Fig. 4. XPS survey spectra (A) of Au/AC-3 catalyst; High-resolution XPS spectra of

0 1s (B), C1s (C) and Au 4f (D) of Au/AC-3 and AC.



Comment 5:

The units of calculated TOF in line 312~313 are mol-g™-s™, while this variable was
defined there as "moles of 4-NP reduced by per mole of Au per hour". Also, the
definition of TOF is more recommended to be a normalization of catalytic conversion
of reactants by the number of surface sites (more accurately, active sites).

Response:

Thanks so much for reviewer’s valuable comments and we highly agree with your
suggestions. In this case, we have read many literatures to understand the
definition of TOF and found it is necessary to figure out t r of active sites in
a catalyst for calculation of TOF. It is difficult to late accurately the active sites

for many heterogeneous catalytic reactions. critical in calculation TOF is

that active sites in heterogeneous cata &dergo agglomeration or re-dispersion

during the catalytic process, r difference between each active sites. In

addition, the determination@ ;Ps dispersion obtained by chemisorption is often
needed for the ba@y T@ulation.

Nonetheless, it can R found that another feasible way for TOF calculation has been
utilized in some studies. For instance, Hu et al. has calculated TOF of all samples
from low to high Au NPs loading amounts are 0.076, 0.21, 0.24 and 0.055 mmol g™

s respectively (J. Mater. Chem. A, 2014, 2, 13471-13478). Zhao has calculated that

TOF of the g-C3N4/Au/P25 Z-scheme system is 259 mmol h™ g™, which is 30 times

higher than that of pristine g-CsN, (Int. J. Hydrogen Energy, 2016, 41(15),

- . Danaia et al. has calculate 0 .03x mol g~ min efinea as
6277-6287). Dandi |. has calculated TOF of 18.03x10™ mol g* min™ (defined



number of moles of produced per gram of catalyst used per min) of Ag NPs/GO

composite catalyst (Tetrahedron Lett., 2017, 58(12), 1170-1175). Based on the

essential aim of the catalytic activity evaluation, this feasible expression is easy to

calculate and can represent the catalytic activity of catalysts. Thus, we utilize this

feasible way to calculate TOF. And we are sorry that we made a mistake in the

expression of TOF. The sentence "moles of 4-NP reduced by per mole of Au per hour"

was corrected by "moles of 4-NP reduced by per gram of Au per second” (Line

327-329, Page 18). Thanks very much for the advice again.

(Line 327-329, Page 18) According to the previo ch, the turn-over
frequency (TOF: moles of 4-NP reduced by p m of Au NPs per second) has
been calculated to estimate the catalytic e@ catalysts in our research [61,

62].

References

[61] Y. Qiu, Z. Ma, P. Hu, Er@n y benign magnetic chitosan/Fe;O,4 composites as
ho

reductant and stabilizer for, Au NPs and their catalytic reduction of 4-nitrophenol,

Journal of Materials Chegig , 4(2014) 13471-13478.
[62] W. Zhao, L. Xie,@ng, Z. Ai, H. Xi, Y. Li, Q. Shi, J. Chen, Enhanced photocatalytic

activity of all-s Q 3N4/Au/P25 Z-scheme system for visible-light-driven H, evolution,
International Journof Hydrogen Energy, 41 (2016) 6277-6287.

Comment 6:

Why did the rate constant become constant (Fig. 7A) with the catalyst dosage more

than 9 mg?

Response:

Thank you for your valuable comments and professional guidance. In our research,

the rate constant kap, increased intensively as the catalyst dosage increased to 9 mg,



while it increased slowly as the catalyst dosage increased from 9 to 12 mg. 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. We have revised this part in the revised manuscript (Line
355-362, Page 20~21). Thanks very much for the advice again.

- (Line 355-362, Page 20~21) However, the rate constant kayp increased slowly as

the catalyst dosage increased from 9 to 12 mg. When the dosage was over 9 mg

and reached 12 mg, the increasing amount of rate consta as very small,
from 0.1916 to 0.2210 s™. This could be ascribed he reactants were
saturated that even more availability sites of gaye catalytic surfaces could not

further enhance the reaction rate at the @ | concentration of 4-NP [71].
For the balance of the highest rat hghum catalyst dosage in the concept of

economic friendly, the ca% ge of 9 mg was used with the current

experimental conditiono

- References
[71] L. Qin, D.

o, G. Zeng, C. Lai, Y. Fu, H. Yi, B. Li, C. Zhang, M. Cheng, C. Zhou,
X. Wen, In-situ d&qosition of gold nanoparticles onto polydopamine-decorated g-CsN, for highly
efficient reduction OF nitroaromatics in environmental water purification, Journal of colloid and
interface science, 534 (2018) 357-369.

Comment 7:
In section 3.4, were the azo dyes degraded or adsorbed? What were these dyes
degraded into? Please provide evidence and references for the statement "It has been

known the disappearance of the color indicates that the azo bonds of the molecules



were reductive degradation from -N=N- bonds to -HN-NH- bonds, forming colorless
products™ in line 444~446.

Response:

Thanks so much for reviewer’s suggestions. According to reviewer’s comment, we
have utilized the as-prepared Au nanoparticles/activated coke-3 (Au/AC-3) catalyst to
adsorb congo red, methyl orange and erichrome black T, and measured BET surface

area. In addition, UV-Vis spectrophotometer was applied to determine the formation

of intermediate products. The results show that Au/AC-3 S relatively low
adsorption ability. Besides, after adding NaBH, to trigge Iytic reaction, the
reaction completed within several seconds, acco jed with the occurrence of the

new characteristic adsorption peaks at abo@ on each UV-vis absorption

spectra. According to previous studiegglne t about 250 nm was originated from

the absorption from aromatic ir@ s, which may ascribed to the two sides of
©

the cleavage azo bond or t ivatives. Thus, it can be concluded that most of azo

dyes were remm‘?@malyﬂc degradation of Au/AC-3. We have revised this

part and supplemen®d relative references in the revised manuscript (Line 460-493,

Page 27~28). The detailed revisions are given below.

- (Line 460-493, Page 27~28) 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, Fig. S6C and Fig. S6E). With



continuously stirring for another 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 15 min and then decreased to 12% until equilibrium was
achieved. Besides, the BET surface area (Sget), pore volume, and average pore
size of Au/AC-3 were determined to be 21.383 m? g, 0.0938 cm® g* and 17.55
nm (Table S2). It validates that Au/AC-3 possesses low adsorption ability [82].

Then, the reductant NaBH, was added to the above splIRi r triggering the

catalytic degradation. As we can see from Fig. S6B, acteristic peaks at
344 and 495 nm ascribed to the CR decr rapidly over reaction time.

However, a new peak at 250 nm occur i e decolorization of solutions

within several seconds (Fig. S7). :&ion, there was almost no absorbance

at 344 and 495 nm, and t ce at 250 nm was maximized, confirming

that the removal of @1 the formation of intermediates were caused by
catalytic deﬁt@]. Similarly, the characteristic peaks of EBT and MO
disappeared ac§mpanied with the decolorization within several seconds after
adding the Au/AC-3 catalysts (Fig. S7), while the new peaks at 240 and 258 nm
were emerged corresponding to the produced intermediates of EBT and MO (Fig.
S6D and Fig. S6E) [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 indeed 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 -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 playagsical role on the

removal of pollutants, including catalysis [19].
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- (Supporting information, Line 21, Page 4)
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Fig. S6. Time-d e Vis absorption spectra of the absoption of CR (A), EBT

(C) and MO(E) byWAU/AC-3; Time-dependent UV-vis absorption spectra of the
reductive degradation of CR (B), EBT (D), MO (F) catalyzed by Au/AC-3.
- (Supporting information, Line 32, Page 6) Table S2. Physical parameters of

AU/AC-3 obtanied by N, adsorption-desorption analysis.

Average pore

Sample BET surface area (m® g™?) Pore volume (cm® g™)
size (nm)

Au/AC-3 21.383 0.0938 17.55




Comment 8:

The phrasing and grammar of this article could benefit from some polishing to
eliminate mistakes like "prolong time" (line 41), "NPs was dispersed” (line 306), "was
easily separated by easily centrifugation” (line 367). Words should be chosen more
carefully. More examples are not listed.

Response:

Many thanks for your suggestions, which are of great importance to improve our
manuscript. According to your suggestions, we have polishedgh ole manuscript
carefully to eliminate any grammar error and typos. Some ailed revisions are
list as follows.

1) (Line 10~13, Page 2) "Activated coke (A@ Ing excellent properties with a

graphite-like layer crystallite sgct ssesses mesopore and macropore

structures which can reduc y ce of internal diffusion on the general rate

of adsorption and catalfgtic pgocess greatly." was revised to "Activated coke (AC)
exhibits excﬁtﬁq’lties with a graphite-like layer crystallite structure and
possesses mesofpre and macropore structures, which can reduce the influence of
internal diffusion on the general rate of adsorption and catalytic process greatly."
2) (Line 13~15, Page 2) "In this work, we used AC as a support for gold
nanoparticles anchoring to prepare Au nanoparticles/AC catalysts via a facile
synthesis using ascorbic acid as a mild reducing agent." was revised to "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."
3) (Line 17, Page 2) "experimental” was revised to "experiment”.
4) (Line 20, Page 2) "were" was revised to "was".
5) (Line 27, Page 2) "shed" was revised to "sheds".
6) (Line 34, Page 4) "owing to™ was revised to "because".
7) (Line 41, Page 4) "shows" was revised to "exhibits".
8) (Line 41, Page 4) "a prolong time" was revised to "a long time",
9) (Line 86, Page 6) "enhancing" was revised to “enhanced". %
10) (Line 96, Page 6) "were" was revised to "was".

11) (Line 107, Page 7) "perchased" was revised to gchased".

12) (Line 125, Page 8) "activities" was revise@: ity".

13) (Line 126, Page 8) "were" was rey &s
14) (Line 126, Page 8) All t?% " in previous manuscript was revised to

"UV-Vis".

15) (Line 179, P a1 Fch” was revised to "matched".

16) (Line 181, Page§0) "heightens” was revised to "heightened".

17) (Line 181, Page 10) "can" was revised to "could".

18) (Line 181~182, Page 10) "turn into larger nanoparticles” was revised to
"formation of larger Au NPs".

19) (Line 190~191, Page 11) "As revealed from Fig. 2B, the Au NPs are uniformly
distributed on the stacking AC layers." was revised to "As revealed from Fig. 2B,

the Au NPs were dispersed uniformly on the stacking AC layers."



20) (Line 197~198, Page 11) "Moreover, the SAED pattern as indicated in Fig. 2F,
displays the characteristic rings for the (111), (200), (220) and (311) planes of fcc
Au." was revised to "Moreover, the SAED pattern was inserted in Fig. 2E,
displaying the characteristic rings for the (111), (200), (220) and (311) planes of
fcc Au.”

21) (Line 227, Page 13) "indicates" was revised to "indicated".

22) (Line 231, Page 13) "is" was revised to “was".

23) (Line 242, Page 14) "index" was revised to "indexed". %

24) (Line 244, Page 14) "are" was revised to "were"

25) (Line 246, Page 14) "are" was revised to "wereg

26) (Line 249, Page 14) "are" was revised to @

27) (Line 255, Page 15) "can" was rey \opuld".

28) (Line 257, Page 15) "can be@ ed to "were".

29) (Line 260, Page 15) "dggreasg” was revised to "decreased".

30) (Line 260, P as revised to "was".

31) (Line 262, Page\5) "“which might be attributed™ was revised to "owing to".

32) (Line 270, Page 16) "materials" was revised to "material”.

33) (Line 273~275, Page 16) "After the additional of NaBH, in the 4-nitreophenol,
the color of the mixture aqueous turned to bright yellow rapidly which means the
4-nitreophenol was converted into nitrophenolate anion (CsH4NO3")." was revised

to " 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¢HsNO3)."
34) (Line 276, Page 16) "indexes" was revised to “indexed".
35) (Line 282, Page 16) "decreases" was revised to "decreased".
36) (Line 282, Page 16) "appears™ was revised to "appeared"”.
37) (Line 294, Page 17) "is" was revised to “was".
38) (Line 297, Page 17) "provide" was revised to "provided".

39) (Line 298, Page 17) "was used excess" was revised to "was excess".

40) (Line 306, Page 17) "is" was revised to "was". %

41) (Line 316, Page 18) "is" was revised to "was".

42) (Line 317, Page 18) "is" was revised to "was".

43) (Line 319, Page 18) "increases" was revis@"l eased".

44) (Line 321, Page 18) "was" was reylsed@agere".

45) (Line 369, Page 21) "is" w S "was".

46) (Line 376, Page 21) "b@as revised to "bands".

47) (Line 376, P asHvas revised to "were".

48) (Line 378, PageW2) "decreases" was revised to "decreased".

49) (Line 378, Page 22) "along with the color of the mixture solution fading™ was
revised to "accompanied with decolorization".

50) (Line 382, Page 22) "is" was revised to "was".

51) (Line 392~393, Page 23) "the AU/AC was easily separated by easily
centrifugation” was revised to "the AU/AC could be easily separated by

centrifugation from reaction solution”.



52) (Line 396, Page 24) "exhibits" was revised to "exhibited".

53) (Line 398, Page 24) "have" was revised to "has".

54) (Line 415, Page 25) "decreases" was revised to "decreased".

55) (Line 422, Page 25) "desorb" was revised to “were desorbed".

56) (Line 434~437, Page 26) "AC can promote the adsorption of reactants which
provides a higher concentration of nitrophenols near to Au NPs on AC, leading to
more opportunity for nitrophenols molecules to exposed onto active sites of the

catalysts, accelerating the reaction kinetics " was revised, tq" an promote the

adsorption of reactants, which provides a higher co %n of nitrophenols

near to Au NPs on AC. This could provide opportunity for nitrophenols
molecules to expose onto active sites lysts and thus accelerate the
reaction Kinetics." &

57) (Line 437~440, Page 26) " s a graphite-like layer crystallite structure,

which is beneficial fdg th sorption of 4-NP via m-n stacking interactions,
leading to sﬁr@ce between 4-NP and Au NPs supported on AC." was
revised to " AQ possesses a graphite-like layer crystallite structure, which is
beneficial for the adsorption of 4-NP via n-n stacking interactions. This can
shorten the distance between 4-NP and Au NPs supported on AC."

58) (Line 493~495, Page 28~29) "Compared with other reported catalytic
degradation study of azo dyes, the reductive degradation catalyzed by Au/AC
catalyst is obviously superior to that by other catalysts” was revised to

"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 ".

59) (Line 506, Page 29) "exposed" was revised to "expose”.

60) (Line 510, Page 29) "was" was revised to “were".

61) (Line 512, Page 29) "manifests™” was revised to "manifested".
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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 nalysis. Our
experiment results showed that the abundant functional gr he surface of AC
play a vital role in the immobilization of Au NPs. C was employed as a highly

efficient catalyst with a rate constant of 0 191 e reduction of 4-nitrophenols

by NaBH,. Au/AC was also tested f |c reductlon of other nitrophenols

(2-nitrophenol and 2, 4-dinitro azo dyes (congo red, methyl orange and
erichrome black T), demon@ that Au/AC exhibited superior catalytic efficiency
compared with catalysts. The catalysts showed good reusability, with
conversion of 84% iNthe 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
mechanism of the synergistic effect between Au NPs and AC towards the reduction

of nitrophenols.

Keywords: Au nanoparticles; Activated coke; Catalytic reduction; Nitrophenols;
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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, catalytic reduction of 4-nitrophenol (4-NP) to 4- ol (4-AP) by
NaBH, has been used widely as model reaction to test | ic activity, since
4-NP exhibits high toxicity and stability for a long=ane in water, causing harm to

ecosystem [9-13]. And most importantly, the @ aminophenol is known to be
an important intermediate chemical 4 industries as well as easier to be
mineralized and removed com e nitrophenols [14]. However, Au NPs
suffer from serious stabili\@lems such as aggregation in practice due to their
high surface ene%g ly losing of their intrinsic activity [15-17]. In addition,
considering facile c§talyst 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
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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 macropore 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 adeti ith abundant
functional groups, AC could provide the active sites an ficial for MNPs
anchoring and dispersion [31, 32]. Moreover, A ssesses a graphite-like layer
crystallite structure and flourishing hole stru le2™Ing to high adsorption ability
via ©-7 stacking interactions and thus £aci@iig# the interface reaction with organic
compounds, which could enhan Qmic efficiency [33-35]. Therefore, AC can
be considered as a promis@%e and novel support, particularly, in catalytic
applications. ‘ Q

To date, AC has §een 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 knowledge, few papers thus far have reported on
the utilization of MNPs decorated on AC and on their application of catalytic activity
for organic 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
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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
conductivity 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 a ere supposed
to play the vital role in enhancing catalytic activity. Hence, X as a support for
Au NPs anchoring seems to be a potential approac abricate a novel catalyst with
enhanced catalytic activity for organic transfo@w wastewater treatment.

Herein, taking full advantage of ACge ed Au/AC catalysts via a facile and

one step method employed as% as a mild reducing agent. The Au/AC

catalysts were characteri@

performance of LQ;’nvestigated in the reduction of 4-NP in the presence of

RD, TEM, FTIR and XPS. The catalytic

NaBH,, with the r§e constant evaluated in accordance with pseudo-first-order
Kinetic reaction under different Au loading amounts, catalyst dosage and NaBH,4
concentration. Besides, Au/AC was tested for the reduction of other nitrophenols
such as 2-nitrophenol (2-NP), 2, 4-dinitrophenol (2, 4-DNP) and reductive
degradation of azo dyes, including congo red (CR), methly orange (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



98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

for the catalytic reduction 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 12 h at 60°C in an vacuum oven before
grated with ball mill and sieved to 200 mesh size for further use. Hydrogen
tetrachloroaurate hydrate (HAuCls 4H,0), sodium borohydyi H,4), ascorbic
acid (AA), 2-nitrophenol (2-NP), 4-nitrophenol (4-NP), 2,% henol (2,4-DNP),
Methyl orange (MO) were purchased from Sinop Chemistry Reagent Co., Ltd.
(Beijing, China). Congo red (CR) was pur Yuanhang chemical plant
(Shanghai, China). Erichrome black s obtained from Shanpu Chemistry

Reagent Co., Ltd. (Shanghai, . chemicals were of analytic reagent grade

and used without further p@on.
2.2 Preparation UQ)

AU/AC catalysts Yvith different Au loading amount (1, 2, 3 mL of 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 0.5 h to obtain AC
suspension. Then, 1 mL of HAuCI,;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
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for 24 h under ambient environment. The resulting black products 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 proc&gu 0 mL of 4-NP
aqueous solution (0.2 mM) was taken in a cuvette follo dding 15 mL of
freshly-prepared NaBH, solution (0.1 M). Then, 9 f catalyst was added into the
cuvette. 3 mL aliquots were collected foIIow@ solid-liquid separation, then
the absorbance of samples was immggia onitored at different time intervals
using a UV-Vis spectrophotome@ nning range of 200 - 800 nm. In addition,

the catalytic reduction of @\

procedure. The ila dure was applied for examining the performance on

2, 4-DNP were carried out following the same

catalytic degradatio§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)
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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 IRpresfgesgin(SHIMADZU
(JAPAN) Co., Ltd.), recorded from 4000 - 400 cm™ at a n of 2 cm™. The
X-ray photoelectron spectroscopy (XPS) measure were performed on K-Alpha

1063 spectrometer (Thermo Fisher Scientifi@. e Au loading amount was
determined by inductively coupled plggma emission spectrometry (ICP-OES,

Perkin-Elmer Optima 5300DV, @

3. Results and discussion
3.1 Characteriz®y @AC catalyst

The XRD meas&§ements 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 260 = 26.66°, indicating AC
possesses a graphite-like layer crystallite structure with hexagonal lattice [30]. The
peak intensity at 26.66° decreased 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
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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 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 d&r of crystalline
quality of AC. Besides, the minor peaks at 20.8°, 38.9° an were ascribed to
the presence of trace quantity of silica, aluminum alcium as shown in Fig. S1B,

which was corresponding with previous repor@ e elements were inert for the

catalytic reaction [43]. In each patter with different Au loading amount,

the crystallite structure of Au onfirmed by the presence of diffraction
peaks at 38.18°, 44.38°, 6@‘%7.542 corresponding to the diffraction of the
(111), (200), (2 n 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 intensity of
scattering peaks heightened, which could be attributed to the growth and formation

of larger Au NPs as the Au loading amounts increasing [16].

10
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Fig. 1. X-ray diffraction patterns of virgin AC and Au/AC catalysts with different Au
content.

In order to study the morphology and microstructur virgin AC and
obtained Au/AC, TEM measurements were perfor (Fig. 2). By the morphology

image of virgin AC as indicated in Fig. 2A, i at virgin AC contains some

e dispersed uniformly on the stacking AC

wrinkles composed by some thin lay &atively smooth and planar surfaces.
As revealed from Fig. 2B, the A@Q
O

layers. From Fig. 2C and ould be observed that Au NPs with a size smaller
than 5 nm existe@N AQ’h interplanar spacing of 0.235 nm corresponding to the
(111) crystal plane}y 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 interplanar spacing measured to be 0.235 nm
and 0.205 nm, corresponding to the (111) and (200) crystal planes of fcc Au,
respectively. Moreover, the SAED pattern was inserted in Fig. 2E, displaying the
characteristic rings for the (111), (200), (220) and (311) planes of fcc Au. Both
results confirm the polycrystalline structure of Au NPs supported on AC and are in

11
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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 Fig. 2C, Fig. 2D, Fig. S2B and Fig. S2C, 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
dispersed 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. S1). The -STEM image
shows a clear luminance of Au NPs, revealing homogeno éoution of Au NPs
on AC. The presence of Au element confirmed the hesis of Au NPs. These TEM
images further indicate the successful prepar@o u NPs supported on AC as

well, and illustrate Au NPs dispersed ye surface.

X
%%m
30

20 40

Particle size (nm)

Fig. 2. TEM images of virgin AC (A) and the Au/AC-3 catalyst (B, C and D) (the

inset is HRTEM image of the tiny NPs); HRTEM image (E) of Au/AC-3 catalyst (the
12
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inset is SAED pattern); Size distribution of Au NPs (F).

FTIR measurements were performed to further obtain valid information 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 exhibited 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=0 [45]. The peaks at 1635 and 1445 cm™ corresponded to the
skeletal vibrations stretching of aromatic C=C [19]. The t 1037 cm™

represented a stretching vibration of C-O or primary alc . In addition, the

o Vvibrations of the C-H bonds

\)

gfted, appeared and disappeared. The

peaks at 670-872 cm™ represented out of plane be

[38]. It can be seen from the FTIR spectru -3 that after the deposition

with Au NPs on AC, some adsorpti

ongpea
attenuated peaks at 3421 and J@Q

decreased after active sites @Were occupied by Au NPs. In addition, the shift of

the band at 262 6@1635 cm™ may be accounted for the interaction of Au
xyl

NPs with hydro oups of AC [47]. The gradual variation in this band region of

indicated that the amount of O-H bonds

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

13
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reaction [39, 50].
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Fig. 3. FTIR spectra of AC and Au/AC-3 catalyst.

The XPS was employed to further analyze the cgmposition surface-functional

groups of prepared catalysts. As shown in Fii. binding energies (BE) of

about 530, 284 and 163 eV indexed to ,

d S 2p, respectively. As shown
in Fig. 4B, in the high-resolution ctrum of Au 4f region, the peaks of Au
4f7, an Au 4fs, peaks were %at 4.2 and 87.9 eV respectively, with a gap of
3.7 eV between two gaks . It should be noted that the typical characteristic
peaks of Au(lll) sent in the spectrum, illustrating the almost completed
reduction of the small amount of Au(lll) 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
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[54]. The claim was further 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
sp® carbon (284.6 eV), -CONH (285.1 eV), C-O-C (286.6 eV), C=0 (287.7 V) and
O-C=0 (288.8 eV) [28, 46, 54, 55]. They were attributed to the presence of
carboxylate, carbonyl and hydroxyl functional groups of AC. Obviously, after AC
loaded with Au NPs, the peak intensity 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 sh{t ared with the

virgin AC, owing to the galvanic displacement reaction be echol groups and

Au NPs [56]. Thus, the XPS measureme validate the presence of

sulfur-containing and oxygen-containing grou urface.

Ols

Au 4f

Intensity (a.u.)
Intensity (a.u.)

1
Rt X A
1

1

T T T T T T T I 1
800 1000 1200 80 82 84 86 88 90 92
Bindinqenergy (eV) Binding energy (eV)

¢ Ols D ata Cls

AWAC-3

Intensity (a.u.)
Intensity (a.u.)

T
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Bingding enegy (eV) Binding cnergy (cV)

Fig. 4. XPS survey spectra (A) of Au/AC-3 catalyst; High-resolution XPS spectra of

Au 4f (B), O1s (C) and C 1s (D) of Au/AC-3 and AC.
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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 and the support material
AC catalyzes the reduction of 4-NP. For these reason, two control experiments were
performed in which the reductions of 4-NP were investigated in the presence of
NaBH,4 and AC+NaBH,. After the additional of NaBHy, in the 4-NP, the color of the

mixture aqueous turned to bright yellow rapidly, indicating the 4-NP was converted

into nitrophenolate anion (CgHsNO3). As shown in Fig. S3,Khegjtial maximum

absorbance at 400 nm indexed to the 4-NP in the natural an e conditions. The

maximum absorbance peak of the mixture solutio tered at 400 nm over reaction

time within 20 min in the absence of cata in excess NaBH, was used

exclusively, indicating the reduction ur by the self-hydrolysis of NaBH,4

[57]. This can be ascribed to Is a kinetic negative barrier and mutual
repulsion between BH; ang 4- 8]. On the other hand, the absorbance peak at

400 nm also dec y within 20 minutes but no peak appeared at 298 nm in

the control experingnt in the presence of virgin AC + NaBHj,, indicating the
catalytic reaction did not proceed at all and AC has adsorption ability towards 4-NP.
Nevertheless, it should be point out the adsorption efficiency is modest. Thus, the
adsorption effects of AC towards nitrophenols 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
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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 20 s. Simultaneously, a new peak
appeared at 298 nm, accompanied with an increase intensity of the peak over
reaction 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 vyiel without any
byproduct [59]. As the initial concentration of NaBHj, was excess with
respect to the concentration of 4-NP (0.2 mM), reduction can be treated as

pseudo-first-kinetic. The reduction rate of 4@ ol was calculated using the
following equation:

—In(Ci/Cop) = — In(AdA0) = Kapp

wherein C; is 4-NP concent@t reaction time t, and Cy is the initial concentration
of 4-NP, and the @t Kapp is the first order constant, determined by a liner
plot of In(Ci/Co) vegsus 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
performance 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 highly dispersed and nanosized
properties, which is corresponding to the above characterization of Au/AC. In the
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cases of other loading amounts of the Au catalysts, the catalytic reduction of 4-NP
was performed under similar conditions. The catalytic reduction of 4-NP completed
within 50 s, 30 s and 20 s, respectively. For apparent comparison of rate constant Kapp
of different Au loading amounts catalysts, the C/Cy and In (C/Cy) versus reaction
time were plotted in Fig. 6A and 6B. The rate constant Kap, Was 0.0737, 0.1347, and
0.1916 s, respectively. As expected, the rate constant Kapp Was proportional to the
concentration of the HAUCI, solutions, indicating that the catalytic efficiency
increased with the increased loading amounts of Au NPs 0 is obviously
shown in Fig. S4 that with the lower Au loading amounts, se distribution of
Au NPs resulted in the low catalytic activity. In Au -3 catalyst, Au NPs were well
dispersed on AC, with the better surface m . which relates to the higher
catalytic activity. This result is J onsistent with previous studies,
demonstrating that the catal y is proportional to the quantity of
nanoparticles [60]. Further@he Au content determined by ICP-OES was about

1.37 wt%, 2.45 49 wt%, corresponding to Au/AC-1, Au/AC-2 and

AU/AC-3, respectivqy. 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 catalysts 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 reported. Thus we have a workable and efficient Au/AC catalyst

with relatively high TOF, which is important to the value of a catalyst in industrial
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334  applications.
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335 250 300 wav;{zﬂgﬂ,(nm) 400 450 500 200 250 \\-ﬂ\.e;:;hmm) 350 400
336  Fig. 5. Time-dependent UV-Vis absorption spectra of the reduction of 4-NP
337  catalyzed by Au/AC-3 (A) and plot of In(C/Cy) versus the reactigngmg (B).
Y S B RSl SEEE: Ebbhbi - =---= | Boo AWAC-1 k= 0.0737 5"
1 \\ ) ¢ e 05 A AWAC-2Kk=0.1347 5
084 4 & -& - Without catalyst 4 AWAC3k =0.19165
I . - & - Activated Coke -1.0 ’
K . - & - AufAC-
&) \l\ ~
0.4 ‘\\V\
[ \‘\
0.2 ‘\\:“: )
~ :‘\ i Ao _
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339  Fig. 6. C/Cyp (A) and In(C¢/ veJsus the reaction time for the reduction of 4-NP
340 catalyzed by different 0a amounts catalysts, respectively.
341 Table 1 Compais the catalytic performances of Au/AC with the reported
342  AuNPs catalysts supported on orther materials for the reduction of 4-NP.
Catalyst 5 .
Supported Time Kapp (10° Knor (S
Catalysts dosage Ref
materials (s) ) gh)
(mg)
AU/AC? Activated coke 9 20 191.6 21.3 This work
Auz-Cu,/rGOP Graphene Oxide 0.1 30 96 960 [63]
A Reduced
Ag-Au-rGO 0.1 360 3.47 34.7 [6]

grapheme oxide
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Au/GO° Graphene Oxide - 45 107.97 -

GO-Fes04%-Au NPs Graphene Oxide 0.02 100 0.322 16.1
Mesoporous
Au@CMK-3-0° 75 300 7.75 0.103
carbon
Au/g-C3N,' g-CsN, 1 600 5.936 5.936
CNFs*@Au core—shell Carbon
0.1 300 5.42 54.2
network nanofibers
AU@PZS@CNTs" Carbon nanotubes 0.3 960 1.78 5.93
AUNPs/Chitosan Chitosan 50 67 0.561 0.011

[64]
[19]

[65]

[16]

[66]

[67]
[61]
[68]

Au/MgO' magnesium oxide 15 150 0.507
343 2 AC, activated carbon. ° rGO, reduced graphene oxidegS ene oxide. ¢

344

345

346

347

348

349

350

351

352

353

354

355

356

357

GO-Fes0,4, graphene oxide—FesO; nanocompgsite. °¢ SMK-3-O, oxidized

mesoporous carbon. f g-C3N,, Graphitic carbongit NFs, carbon nanofibers. "

PZS@CNTSs, polyphosphazene function& h nanotubes. ' MgO, magnesium

oxide. ko, the rate constant normith the catalyst dosage (Kapp/the mass of
catalyst, s* g™ @

According to the Saffatier, ciple, the interaction between substrate and catalyst
should be optimu tMregard to the higher catalytic activity [69]. Thus, the effect
of the catalyst dosage on the reduction of 4-NP was also investigated under identical
conditions. It can be seen from Fig. 7A, the rate constant kq,p 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 Kap, increased slowly as the catalyst
dosage increased from 9 to 12 mg. When the dosage was over 9 mg and reached 12

mg, the increasing amount of rate constant kap, was very small, from 0.1916 to
20
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0.2210 s™. 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]. 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 optimization of the NaBH,4 concentration was also investigated. With the

initial NaBH, concentration increasing, the concentration of nitrophenolate anion

increased (Fig. S5). Similarly, the catalytic efficiency of AU/RC
increase upon addition of more NaBH,. Fig. 7B shows

increased intensively by increasing the NaBH,4 co

after the NaBH, concentration of 0.10

concentration was 0.10 M for the ¢

lysts tends to
ate constant Kapp
tration, and increased slowly

ore, the optimum NaBH,

ata:f&on in the study.

154 - .
A{]AZI | —e—Effect of Catalyst Dosage B Bol —e— Effect of NaBH, Concrentration -« ——*
-
a 0.124
o~ 0.14 -~ 0.09
e & .
& 3
a od 2470.06 -
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Catalyst Dosage (mg)

Concerntration of NaBH, (M)

Fig. 7. The effect of catalyst dosage (A) and NaBH, concentration (B) on the

catalytic reduction of 4-NP catalyzed by Au/AC-3.

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 8B. In natural

and alkaline conditions, the distinct bands of 2-NP and 2, 4-DNP were 415 and 359
21
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nm, respectively [72]. Then, the intensity of their absorbance peak gradually
decreased within 40 s and 50 s, accompanied with decolorization upon the additional
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 Kap, was 0.1916, 0.1399 and 0.1229 s™,
respectively. It can be conclude that the catalytic activity of reduction of 4-NP
showed a better activity than that of 2-NP and 2,4-DNP, whi related to the
substituent positions [73]. Nonetheless, the Au/AC cata ibits magnificent

catalytic activity towards various nitrophenols.

QQ
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Fig. 8. Time-de n@/is absorption spectra of the reduction of 2-NP (A) and
2, 4-DNP (B) and INC/Cy) versus the reaction time (C) for the reduction of 4-NP,
2-NP and 2,4-DNP catalyzed by Au/AC-3, respectively.

The reusability of the catalyst was also investigated with the reduction of 4-NP.
After completely catalytic reduction of 4-NP in the first run, the Au/AC could be
easily separated by centrifugation from reaction 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 conversion of 4-NP to 4-AP was 84% in 20 s after six cycles. Thus, the
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AU/AC still exhibited good catalytic activity after six cycles without significant 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 problem 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.

- Ird |a 2rd - 3rd - 4rd - Srd - 6rd

C/c,

- \ \
- -

0 20 0 200 20 200 10 200 20
(s)

Fig. 9. Six cycling reductio s gf 4°NP catalyzed by Au/AC-3 in the presence
of NaBH..
3.3 Feasible mech or reduction of nitrophenols

It has been widely accepted that the catalytic reduction of nitrophenols in the
presence of NaBH, obeys the classical Langmuir-Hinshelwood model on account of
the surface catalysis of catalytic reduction 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
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[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 decreased 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 Ra and the —NO;
when there is direct contact between the Au NPs and 9, 76]. (iii) The

generated aminophenol compounds were desorbed the surface of Au/AC.

_ OH
NaBH, Bo@ G T
N
‘ » 3

Activated Coke

OH

. ﬁb
Desorption +21
S 4_;/
) AuNPs
1,0 OH
4-AP

OH

Scheme 1. Possible mechanism of catalyst preparation and catalytic reduction of
4-NP.
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
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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 tightly 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 nitrophenols near to on AC. This
could provide more opportunity for nitrophenols molecu pose onto active
sites of the catalysts and thus accelerate the re n Kkinetics [28, 64]. (3) AC
possesses a graphite-like layer crystallite hich is beneficial for the

adsorption of 4-NP via n-m stackin & This can shorten the distance

between 4-NP and Au NPs sup

C. Besides, the electrical conductivity of
AC is in favor of the elen@ansfer during reaction. (4) Previous research has
shown that the c@’ activity also can be attributed to the use of a weakly
binding agent ascorl§c 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 performance of the Au/AC
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catalysts.
3.4 Degradation of azo dyes

Azo dyes, as a kind of toxic and hard-biodegraded industrial pollutant 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 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 azg dge e same to that
of 4-NP and the convincing evidence for degradation dyes came from
time-dependent UV-Vis absorption spectra.

As shown in Fig. S6, the initial maximum of CR, EBT and MO was at

Au/AC-3 was tried on CR, EBT and

495, 526 and 465 nm [81]. After the agzDre
MO adsorption, the characterist@che corresponding UV-Vis spectra of CR,

EBT and MO decreased \A@w

With continuou st@for another 15 min, these solutions achieved the

itial 15 min (Fig. S6A, Fig. S6C and Fig. S6E).

adsorption equilibricgn, 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 15 min and then decreased to 12% until equilibrium was achieved.
Besides, the BET surface area (Sger), pore volume, and average pore size of
Au/AC-3 were determined to be 21.383 m? g, 0.0938 cm® g* and 17.55 nm (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
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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 seconds after adding the A catalysts (Fig.
S7), while the new peaks at 240 and 258 nm were eme esponding to the
produced intermediates of EBT and MO (Fig. S6D Fig. S6E) [84, 85].

To sum up, the characteristic peaks of azo eased and the color of these
solutions was decolorization during thgtle Besides, new peaks were formed in
the UV- range, suggesting az indeed degraded, instead of just being
absorbed by Au/AC-3 an& bonds of azo dyes was broken down by
AU/AC-3 [84]. igh absorption at about 250 nm appeared simultaneously
with —N=N- cleaWyge, 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
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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 efficiency was different for the three azo dyes with the rate
constant kg, followed the order by MO (0.1863 s™) > EBT (0.1197 s) > CR
(0.0692 s™), 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 the azo dyes

could be degraded more easily. The structural formula o d EBT possesses

single azo bonds, while CR contains a couple of gy bonds, causing that MO was

Q

ared reason is that the less steric

reductive degraded more easily within 30 s. Ap;
hindrance of dyes with the simpler gio structural and easier electrostatic

attraction between catalyst an promote these dyes to expose on the

catalytic active sites, thus a@tlng the catalytic degradation [86].
4. Conclusions

In this study, a fa§le 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 kg, of 0.1916 s™. 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
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abundant oxygen-containing functional groups and thiol groups on the surface of AC,
promoting the Au NPs firmly anchored and dispersed on AC. The AC in this study is
an excellent supporting 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 performance remained 84% over six
recycles. Considering the low cost of AC, facile preparation method and excellent
catalytic performance, Au/AC catalysts seem to have pqteqti serve as an
efficient catalyst for the reduction of nitrophenols and azo pretreatment for
wastewater treatment in diversified applications.
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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 nalysis. Our
experiment results showed that the abundant functional gr he surface of AC
play a vital role in the immobilization of Au NPs. C was employed as a highly

efficient catalyst with a rate constant of 0 191 e reduction of 4-nitrophenols

by NaBH,. Au/AC was also tested f |c reductlon of other nitrophenols

(2-nitrophenol and 2, 4-dinitro azo dyes (congo red, methyl orange and
erichrome black T), demon@ that Au/AC exhibited superior catalytic efficiency
compared with catalysts. The catalysts showed good reusability, with
conversion of 84% iNthe 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
mechanism of the synergistic effect between Au NPs and AC towards the reduction

of nitrophenols.

Keywords: Au nanoparticles; Activated coke; Catalytic reduction; Nitrophenols;
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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, catalytic reduction of 4-nitrophenol (4-NP) to 4- ol (4-AP) by
NaBH, has been used widely as model reaction to test | ic activity, since
4-NP exhibits high toxicity and stability for a long=agne in water, causing harm to

ecosystem [9-13]. And most importantly, the @ aminophenol is known to be
an important intermediate chemical 4 industries as well as easier to be
mineralized and removed com e nitrophenols [14]. However, Au NPs
suffer from serious stabili!@lems such as aggregation in practice due to their
high surface ene%g ly losing of their intrinsic activity [15-17]. In addition,
considering facile c§talyst 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
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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 macropore 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 adeti ith abundant
functional groups, AC could provide the active sites an ficial for MNPs
anchoring and dispersion [31, 32]. Moreover, A ssesses a graphite-like layer
crystallite structure and flourishing hole stru Ie™Ing to high adsorption ability
via m-m stacking interactions and thus & the interface reaction with organic
compounds, which could enhan% ic efficiency [33-35]. Therefore, AC can

be considered as a promis@ita le and novel support, particularly, in catalytic

applications. Q
To date, AC has §een 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 knowledge, few papers thus far have reported on
the utilization of MNPs decorated on AC and on their application of catalytic activity
for organic 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
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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
conductivity 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 a ere supposed
to play the vital role in enhancing catalytic activity. Hence, X as a support for
Au NPs anchoring seems to be a potential approac abricate a novel catalyst with
enhanced catalytic activity for organic transfo@w wastewater treatment.

Herein, taking full advantage of ACge ed Au/AC catalysts via a facile and

one step method employed as% as a mild reducing agent. The Au/AC

catalysts were characteri@

performance of LQ;’nvestigated in the reduction of 4-NP in the presence of

RD, TEM, FTIR and XPS. The catalytic

NaBH,, with the r§e constant evaluated in accordance with pseudo-first-order
Kinetic reaction under different Au loading amounts, catalyst dosage and NaBH,4
concentration. Besides, Au/AC was tested for the reduction of other nitrophenols
such as 2-nitrophenol (2-NP), 2, 4-dinitrophenol (2, 4-DNP) and reductive
degradation of azo dyes, including congo red (CR), methly orange (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
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for the catalytic reduction 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 12 h at 60°C in an vacuum oven before
grated with ball mill and sieved to 200 mesh size for further use. Hydrogen
tetrachloroaurate hydrate (HAuCls 4H,0), sodium borohydyi H,4), ascorbic
acid (AA), 2-nitrophenol (2-NP), 4-nitrophenol (4-NP), 2,% henol (2,4-DNP),
Methyl orange (MO) were purchased from Sinop Chemistry Reagent Co., Ltd.
(Beijing, China). Congo red (CR) was pur Yuanhang chemical plant
(Shanghai, China). Erichrome black s obtained from Shanpu Chemistry

Reagent Co., Ltd. (Shanghai, . chemicals were of analytic reagent grade

and used without further pL@on.
2.2 Preparation UQ)

AU/AC catalysts Yvith different Au loading amount (1, 2, 3 mL of 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 0.5 h to obtain AC
suspension. Then, 1 mL of HAuCI,;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
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for 24 h under ambient environment. The resulting black products 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 proc&gu 0 mL of 4-NP
aqueous solution (0.2 mM) was taken in a cuvette follo dding 15 mL of
freshly-prepared NaBH, solution (0.1 M). Then, 9 f catalyst was added into the
cuvette. 3 mL aliquots were collected foIIow@ solid-liquid separation, then
the absorbance of samples was immggia onitored at different time intervals
using a UV-Vis spectrophotome@ nning range of 200 - 800 nm. In addition,

the catalytic reduction of @\

procedure. The ila dure was applied for examining the performance on

2, 4-DNP were carried out following the same

catalytic degradatio§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)
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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 IRpresfgesgin(SHIMADZU
(JAPAN) Co., Ltd.), recorded from 4000 - 400 cm™ at a n of 2 cm™. The
X-ray photoelectron spectroscopy (XPS) measure were performed on K-Alpha

1063 spectrometer (Thermo Fisher Scientifi@. e Au loading amount was
determined by inductively coupled plggma emission spectrometry (ICP-OES,

Perkin-Elmer Optima 5300DV, @

3. Results and discussion
3.1 Characteriz®y @AC catalyst

The XRD meas&§ements 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 260 = 26.66°, indicating AC
possesses a graphite-like layer crystallite structure with hexagonal lattice [30]. The
peak intensity at 26.66° decreased 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
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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 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 d&gr of crystalline
quality of AC. Besides, the minor peaks at 20.8°, 38.9° an were ascribed to
the presence of trace quantity of silica, aluminum alcium as shown in Fig. S1B,

which was corresponding with previous repo@ e elements were inert for the

catalytic reaction [43]. In each patter with different Au loading amount,

the crystallite structure of Au onfirmed by the presence of diffraction
peaks at 38.18°, 44.38°, 6&7.54", corresponding to the diffraction of the
(111), (200), (2 n 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 intensity of
scattering peaks heightened, which could be attributed to the growth and formation

of larger Au NPs as the Au loading amounts increasing [16].

10
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Fig. 1. X-ray diffraction patterns of virgin AC and Au/AC catalysts with different Au
content.

In order to study the morphology and microstructur virgin AC and
obtained Au/AC, TEM measurements were perfor (Fig. 2). By the morphology

image of virgin AC as indicated in Fig. 2A, i at virgin AC contains some

e dispersed uniformly on the stacking AC

wrinkles composed by some thin lay &atively smooth and planar surfaces.
As revealed from Fig. 2B, the A@Q

layers. From Fig. 2C and @ould be observed that Au NPs with a size smaller
than 5 nm existe@N A@h interplanar spacing of 0.235 nm corresponding to the
(111) crystal plane}y 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 interplanar spacing measured to be 0.235 nm
and 0.205 nm, corresponding to the (111) and (200) crystal planes of fcc Au,
respectively. Moreover, the SAED pattern was inserted in Fig. 2E, displaying the
characteristic rings for the (111), (200), (220) and (311) planes of fcc Au. Both

results confirm the polycrystalline structure of Au NPs supported on AC and are in

11
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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 Fig. 2C, Fig. 2D, Fig. S2B and Fig. S2C, 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
dispersed 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. S1). The -STEM image
shows a clear luminance of Au NPs, revealing homogeno éoution of Au NPs
on AC. The presence of Au element confirmed the hesis of Au NPs. These TEM
images further indicate the successful prepar@o u NPs supported on AC as

well, and illustrate Au NPs dispersed ye surface.

B 7"*’:‘

#0235 nm
s~ Au (111)

20 40

Particle size (nm)

Fig. 2. TEM images of virgin AC (A) and the Au/AC-3 catalyst (B, C and D) (the

inset is HRTEM image of the tiny NPs); HRTEM image (E) of Au/AC-3 catalyst (the
12
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inset is SAED pattern); Size distribution of Au NPs (F).

FTIR measurements were performed to further obtain valid information 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 exhibited 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=0 [45]. The peaks at 1635 and 1445 cm™ corresponded to the
skeletal vibrations stretching of aromatic C=C [19]. The t 1037 cm*

represented a stretching vibration of C-O or primary alc . In addition, the

o Vvibrations of the C-H bonds

\J

gfted, appeared and disappeared. The

peaks at 670-872 cm™ represented out of plane be

[38]. It can be seen from the FTIR spectru -3 that after the deposition

with Au NPs on AC, some adsorpti

ongpea
attenuated peaks at 3421 and J@Q

decreased after active sites @Were occupied by Au NPs. In addition, the shift of

the band at 262 6@1635 cm™ may be accounted for the interaction of Au
xyl

NPs with hydro oups of AC [47]. The gradual variation in this band region of

indicated that the amount of O-H bonds

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

13
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reaction [39, 50].
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Fig. 3. FTIR spectra of AC and Au/AC-3 catalyst.

The XPS was employed to further analyze the cgmposition surface-functional

groups of prepared catalysts. As shown in Fii. binding energies (BE) of

about 530, 284 and 163 eV indexed to ,

d S 2p, respectively. As shown
in Fig. 4B, in the high-resolution ctrum of Au 4f region, the peaks of Au
4f7, an Au 4fs, peaks were @t 4.2 and 87.9 eV respectively, with a gap of
3.7 eV between two gaks . It should be noted that the typical characteristic
peaks of Au(lll) sent in the spectrum, illustrating the almost completed
reduction of the small amount of Au(lll) 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
14
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[54]. The claim was further 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
sp® carbon (284.6 eV), -CONH (285.1 eV), C-O-C (286.6 eV), C=0 (287.7 V) and
O-C=0 (288.8 eV) [28, 46, 54, 55]. They were attributed to the presence of
carboxylate, carbonyl and hydroxyl functional groups of AC. Obviously, after AC
loaded with Au NPs, the peak intensity 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 sh{t ared with the

virgin AC, owing to the galvanic displacement reaction be echol groups and

Au NPs [56]. Thus, the XPS measureme validate the presence of

sulfur-containing and oxygen-containing grou urface.

Ols

Au 4f

Intensity (a.u.)
Intensity (a.u.)

1
Rt X A
1

1

T T T T T T T I 1
800 1000 1200 80 82 84 86 88 90 92
Bindinqenergy (eV) Binding energy (eV)

¢ Ols D . ata Cls
CONH =0 0C0

AWAC-3

Intensity (a.u.)
Intensity (a.u.)

T
T T T T T T T T U T T
528 530 532 534 536 53 280 282 284 286 288 290 292
Bingding enegy (eV) Binding cnergy (cV)

Fig. 4. XPS survey spectra (A) of Au/AC-3 catalyst; High-resolution XPS spectra of

Au 4f (B), O1s (C) and C 1s (D) of Au/AC-3 and AC.
15
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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 and the support material
AC catalyzes the reduction of 4-NP. For these reason, two control experiments were
performed in which the reductions of 4-NP were investigated in the presence of
NaBH,4 and AC+NaBH,. After the additional of NaBHy, in the 4-NP, the color of the

mixture aqueous turned to bright yellow rapidly, indicating the 4-NP was converted

into nitrophenolate anion (CgHsNO3). As shown in Fig. S3,Khegjtial maximum

absorbance at 400 nm indexed to the 4-NP in the natural an e conditions. The

maximum absorbance peak of the mixture solutio tered at 400 nm over reaction

time within 20 min in the absence of cata in excess NaBH, was used

exclusively, indicating the reduction ur by the self-hydrolysis of NaBH,4

[57]. This can be ascribed to Is a kinetic negative barrier and mutual

repulsion between BH; ang 4- 8]. On the other hand, the absorbance peak at

400 nm also dec d y within 20 minutes but no peak appeared at 298 nm in

the control experingnt in the presence of virgin AC + NaBHj,, indicating the
catalytic reaction did not proceed at all and AC has adsorption ability towards 4-NP.
Nevertheless, it should be point out the adsorption efficiency is modest. Thus, the
adsorption effects of AC towards nitrophenols 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

16
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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 20 s. Simultaneously, a new peak
appeared at 298 nm, accompanied with an increase intensity of the peak over
reaction 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 vyiel without any
byproduct [59]. As the initial concentration of NaBH, was excess with
respect to the concentration of 4-NP (0.2 mM), reduction can be treated as

pseudo-first-kinetic. The reduction rate of 4@ ol was calculated using the
following equation:

—In(Ci/Cop) = — In(AdA0) = Kapp

wherein C; is 4-NP concent@t reaction time t, and Cy is the initial concentration
of 4-NP, and the @t Kapp is the first order constant, determined by a liner
plot of In(Ci/Co) vegsus 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
performance 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 highly dispersed and nanosized
properties, which is corresponding to the above characterization of Au/AC. In the

17
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cases of other loading amounts of the Au catalysts, the catalytic reduction of 4-NP
was performed under similar conditions. The catalytic reduction of 4-NP completed
within 50 s, 30 s and 20 s, respectively. For apparent comparison of rate constant Kapp
of different Au loading amounts catalysts, the C/Cy and In (C/Cy) versus reaction
time were plotted in Fig. 6A and 6B. The rate constant Kap, Was 0.0737, 0.1347, and
0.1916 s, respectively. As expected, the rate constant Kapp Was proportional to the
concentration of the HAUCI, solutions, indicating that the catalytic efficiency
increased with the increased loading amounts of Au NPs 0 is obviously
shown in Fig. S4 that with the lower Au loading amounts, se distribution of
Au NPs resulted in the low catalytic activity. In Au -3 catalyst, Au NPs were well
dispersed on AC, with the better surface m . which relates to the higher
catalytic activity. This result is J onsistent with previous studies,
demonstrating that the catal y is proportional to the quantity of
nanoparticles [60]. Further@he Au content determined by ICP-OES was about

1.37 wt%, 2.45 49 wt%, corresponding to Au/AC-1, Au/AC-2 and

AU/AC-3, respectivqy. 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 catalysts 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 reported. Thus we have a workable and efficient Au/AC catalyst

with relatively high TOF, which is important to the value of a catalyst in industrial
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336  Fig. 5. Time-dependent UV-Vis absorption spectra of the reduction of 4-NP
337  catalyzed by Au/AC-3 (A) and plot of In(C/Cy) versus the reactigngmg (B).
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341 Table 1 Compais the catalytic performances of Au/AC with the reported
342  AuNPs catalysts supported on orther materials for the reduction of 4-NP.
Catalyst 5 .
Supported Time Kapp (10° Knor (S
Catalysts dosage Ref
materials (s) ) gh)
(mg)
AU/AC? Activated coke 9 20 191.6 21.3 This work
Auz-Cu,/rGOP Graphene Oxide 0.1 30 96 960 [63]
A Reduced
Ag-Au-rGO _ 0.1 360 3.47 34.7 [6]
grapheme oxide
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Au/GO° Graphene Oxide - 45 107.97 -

GO-Fes04%-Au NPs Graphene Oxide 0.02 100 0.322 16.1
Mesoporous
Au@CMK-3-0° 75 300 7.75 0.103
carbon
Au/g-CsNy' g-CsN, 1 600 5.936 5.936
CNFs*@Au core—shell Carbon
0.1 300 5.42 54.2
network nanofibers
AU@PZS@CNTs" Carbon nanotubes 0.3 960 1.78 5.93
AUNPs/Chitosan Chitosan 50 67 0.561 0.011

[64]
[19]

[65]

[16]

[66]

[67]
[61]
[68]
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Au/MgO' magnesium oxide 15 150 0.507
343 2 AC, activated carbon. ° rGO, reduced graphene oxidegS ene oxide. ¢

344

345

346

347

348

349

350

351

352

353

354

355

356
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oxide. ko, the rate constant normith the catalyst dosage (Kapp/the mass of
catalyst, s* g™ @

According to the Saffatier, ciple, the interaction between substrate and catalyst
should be optimu tMregard to the higher catalytic activity [69]. Thus, the effect
of the catalyst dosage on the reduction of 4-NP was also investigated under identical
conditions. It can be seen from Fig. 7A, the rate constant Ky, 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 Kap, increased slowly as the catalyst
dosage increased from 9 to 12 mg. When the dosage was over 9 mg and reached 12

mg, the increasing amount of rate constant kap, was very small, from 0.1916 to
20
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0.2210 s™. 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]. 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 optimization of the NaBH,4 concentration was also investigated. With the

initial NaBH, concentration increasing, the concentration of nitrophenolate anion

increased (Fig. S5). Similarly, the catalytic efficiency of AU/RC
increase upon addition of more NaBH,. Fig. 7B shows

increased intensively by increasing the NaBH, co

after the NaBH, concentration of 0.10

concentration was 0.10 M for the ¢

A
0.21 4

o~ 014

app (

0.07+

0.00+

—e— Effect of Catalyst Dosage

e

lysts tends to
ate constant Kapp
tration, and increased slowly

ore, the optimum NaBH,

Bo.1s5-

ata:i&on in the study.

0.124

2~ 0.09

W
=

0,06
0.03 -

0.00+

—e— Effect of NaBH, Concrentration

T
Catalyst Dosage (mg)

T T T
0.02 0.04 0.06 0.08 0.10 0.12 0.14
Concerntration of NaBH, (M)

Fig. 7. The effect of catalyst dosage (A) and NaBH, concentration (B) on the

catalytic reduction of 4-NP catalyzed by Au/AC-3.

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 8B. In natural

and alkaline conditions, the distinct bands of 2-NP and 2, 4-DNP were 415 and 359
21
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nm, respectively [72]. Then, the intensity of their absorbance peak gradually
decreased within 40 s and 50 s, accompanied with decolorization upon the additional
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 Ka,, Was 0.1916, 0.1399 and 0.1229 s™,
respectively. It can be conclude that the catalytic activity of reduction of 4-NP
showed a better activity than that of 2-NP and 2,4-DNP, whi related to the
substituent positions [73]. Nonetheless, the Au/AC cata ibits magnificent

catalytic activity towards various nitrophenols.

QQ
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Fig. 8. Time-de n@/is absorption spectra of the reduction of 2-NP (A) and
2, 4-DNP (B) and INC:/Cy) versus the reaction time (C) for the reduction of 4-NP,
2-NP and 2,4-DNP catalyzed by Au/AC-3, respectively.

The reusability of the catalyst was also investigated with the reduction of 4-NP.
After completely catalytic reduction of 4-NP in the first run, the Au/AC could be
easily separated by centrifugation from reaction 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 conversion of 4-NP to 4-AP was 84% in 20 s after six cycles. Thus, the
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AU/AC still exhibited good catalytic activity after six cycles without significant 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 problem 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.

- Ird |a 2rd - 3rd - 4rd S5rd - 6rd

C/c,

- \ \
- -

0 20 0 200 20 200 10 200 20
(s)

Fig. 9. Six cycling reductio s gf 4°NP catalyzed by Au/AC-3 in the presence
of NaBH..
3.3 Feasible mech or reduction of nitrophenols

It has been widely accepted that the catalytic reduction of nitrophenols in the
presence of NaBH, obeys the classical Langmuir-Hinshelwood model on account of
the surface catalysis of catalytic reduction 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
24
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[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 decreased 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 Ra and the —NO;
when there is direct contact between the Au NPs and 9, 76]. (iii) The

generated aminophenol compounds were desorbed the surface of Au/AC.

_ OH
NaBH, Bo@ G T
N
‘ » 3

Activated Coke

OH

. x’»‘%
Desorption +21
) g 4_’/
) AuNPs
1,0 OH
4-AP

OH

Scheme 1. Possible mechanism of catalyst preparation and catalytic reduction of
4-NP.
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
25
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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 tightly 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 nitrophenols near to on AC. This
could provide more opportunity for nitrophenols molecu pose onto active
sites of the catalysts and thus accelerate the re n Kkinetics [28, 64]. (3) AC
possesses a graphite-like layer crystallite hich is beneficial for the

adsorption of 4-NP via n-m stackin & This can shorten the distance

between 4-NP and Au NPs sup

C. Besides, the electrical conductivity of
AC is in favor of the elen@ansfer during reaction. (4) Previous research has
shown that the c@ activity also can be attributed to the use of a weakly
binding agent ascorl§c 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 performance of the Au/AC

26



03
64
65

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

catalysts.
3.4 Degradation of azo dyes

Azo dyes, as a kind of toxic and hard-biodegraded industrial pollutant 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 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 azg dge e same to that
of 4-NP and the convincing evidence for degradation dyes came from

time-dependent UV-Vis absorption spectra.

As shown in Fig. S6, the initial maximum @ of CR, EBT and MO was at
495, 526 and 465 nm [81]. After the a -&AU/AC-?: was tried on CR, EBT and
MO adsorption, the characterist@che corresponding UV-Vis spectra of CR,
EBT and MO decreased \A@wltlal 15 min (Fig. S6A, Fig. S6C and Fig. S6E).
With continuou st@ for another 15 min, these solutions achieved the
adsorption equilibricgn, 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 15 min and then decreased to 12% until equilibrium was achieved.
Besides, the BET surface area (Sger), pore volume, and average pore size of
AU/AC-3 were determined to be 21.383 m? g*, 0.0938 cm® g™ and 17.55 nm (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
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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 seconds after adding the A catalysts (Fig.
S7), while the new peaks at 240 and 258 nm were eme esponding to the
produced intermediates of EBT and MO (Fig. S6D Fig. S6E) [84, 85].

To sum up, the characteristic peaks of azo eased and the color of these

solutions was decolorization during thgJe Besides, new peaks were formed in

the UV- range, suggesting azc% indeed degraded, instead of just being

absorbed by Au/AC-3 ann@e)

AU/AC-3 [84]. igh absorption at about 250 nm appeared simultaneously

=N- bonds of azo dyes was broken down by

with —N=N- cleaWyge, 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 AuU/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
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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 efficiency was different for the three azo dyes with the rate
constant kg, followed the order by MO (0.1863 s™) > EBT (0.1197 s) > CR
(0.0692 s™), 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 the azo dyes

could be degraded more easily. The structural formula o d EBT possesses

single azo bonds, while CR contains a couple of gy bonds, causing that MO was

Q

ared reason is that the less steric

reductive degraded more easily within 30 s. Ap;
hindrance of dyes with the simpler gio structural and easier electrostatic

attraction between catalyst an promote these dyes to expose on the

catalytic active sites, thus a@tlng the catalytic degradation [86].
4. Conclusions

In this study, a fa§le 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 kg, of 0.1916 s™. 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
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abundant oxygen-containing functional groups and thiol groups on the surface of AC,
promoting the Au NPs firmly anchored and dispersed on AC. The AC in this study is
an excellent supporting 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 performance remained 84% over six
recycles. Considering the low cost of AC, facile preparation method and excellent
catalytic performance, Au/AC catalysts seem to have pqteqti serve as an
efficient catalyst for the reduction of nitrophenols and azo pretreatment for
wastewater treatment in diversified applications.
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