
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
Se

pt
em

be
r 

20
21

. D
ow

nl
oa

de
d 

on
 1

2/
5/

20
25

 4
:4

4:
58

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Dehydrogenation
aLaboratory of Aquatic Product Quality,

Fisheries Research Institute, Chinese Ac

200090, China. E-mail: shiyf@ecsf.ac.cn
bInstitute of New Catalytic Materials Science

Materials Chemistry, School of Materials Sc

of Advanced Materials, Nankai University, T

nankai.edu.cn
cCollaborative Innovation Center of Chem

300072, China

† Electronic supplementary informa
10.1039/d1ra05480e

Cite this: RSC Adv., 2021, 11, 29287

Received 17th July 2021
Accepted 20th August 2021

DOI: 10.1039/d1ra05480e

rsc.li/rsc-advances

© 2021 The Author(s). Published by
of methylcyclohexane over Pt-
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activated carbon†
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and Yong-Fu Shi *a

Herein, we developed the dehydrogenation of methylcyclohexane over Pt-based catalysts supported on

functional granular activated carbon. Sulphuric acid, hydrogen peroxide, nitric acid and aminopropyl

triethoxy silane were adopted to modify the granular activated carbon. The structural characterizations

suggested that the carbon materials had a large surface area, abundant pore structure, and a high

number of oxygen-containing functional groups, which influenced the Pt-based catalysts on the particle

size, dispersion and dehydrogenation activity. The hydrogen temperature-programmed reduction

technique was utilized to investigate the interaction between the active component Pt and the various

functionalized granular activated carbon materials. The CO pulse technique revealed the particle sizes

and dispersion of the as-prepared Pt-based catalysts. Finally, the Pt-based catalysts were successfully

applied to study their catalytic activity in the dehydrogenation reaction of methylcyclohexane. The

results showed that the Pt-based catalyst over granular activated carbon functionalized with sulphuric

acid groups had a higher conversion of methylcyclohexane (63%) and a larger hydrogen evolution rate

(741.1 mmol gPt
�1 min�1) than the other resulting Pt-based catalysts at 300 �C.
Introduction

Owing to the cleanliness, rich reserves, environment friendly
and high combustion caloric value, hydrogen energy has
attracted extensive attention as an alternative energy.1–5 The
global demand for H2 has increased continuously by 3–4%
annually.6 The ammability of hydrogen results in potential
hazards during its storage and transportation. Hence, it is
signicant to develop a relatively mild and safe storage
approach. Liquid organic hydrides have emerged as one of
these promising hydrogen carriers owing to their advantages,
such as their reversible hydrogenation–dehydrogenation cycles,
easy storage and the release of hydrogen on demand via the
catalytic process, high hydrogen storage capacity, high energy
density, convenient transportation in the safe conditions,
etc.7–10
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A series of liquid organic hydrides have been developed by
cyclohexane, methylcyclohexane (MCH), 1,4-dimethylcyclohex-
ane, and decalin for their high hydrogen storage capacity (6–
8%) and high boiling points (80–200 �C) to ensure they are in
liquid state during transportation. Among them, MCH is
a potential and satisfactory candidate due to its high revers-
ibility and the low toxicity of the dehydrogenation products.11,12

The dehydrogenation reaction of MCH will be accelerated the
reaction process and reduced the activation energy in the
presence of catalysts. The active components of the dehydro-
genation catalysts are Pt, Pd, Re, Ni, Cu, Co, La, especially the
precious metals Pt and Pd. Shukla et al.13 reported that Pt-based
catalysts showed a higher activity than the Pd-based catalysts
for the dehydrogenation of MCH. Moreover, Pt-based catalysts
can selectively activate the C–H bond without cleavage of the
C–C bond and dramatically decrease the activation energy.14,15

What's more, the rate of H spillover on Pt is more rapid than
that on Pd, which effectively inhibits the background reaction.16

The catalyst supports play a signicant role in the activity and
stability of the Pt-based catalysts. Many efforts have been made
on the supports for Pt-based catalysts,17–20 especially Al2O3,21,22

and activated carbon materials (ACM),23–26 including activated
carbons (AC), activated carbon lters (ACF), activated carbon
nanotubes (ACN) and so on. Compared with Al2O3, ACM always
possesses a high specic surface area, large pore volume and
controllable surface, which are benecial to the dispersion of
catalysts.27 Wang et al.28 showed that the catalytic activity of
RSC Adv., 2021, 11, 29287–29297 | 29287
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0.25% Pt/ACN was equal to that of 1% Pt/Al2O3. Furthermore,
ACM can be modied by HNO3 and O3 to increase the number
of surface functional groups, which is another factor affecting
the dispersion and activity of the catalysts. Viscardi et al.29 re-
ported an MCM-41 sulfonated catalyst with great thermal
stability, high surface area, abundant acid loading and the
maximum methanol conversion. Hosseini et al.30 adopted
sulfonic acid groups to modify the surface of reduced graphene
oxide, which formed efficient solid acids with excellent catalytic
efficiencies in acetalization and esterication reactions.

Herein, we investigated the dehydrogenation of MCH over
Pt-based catalysts supported on functional granular activated
carbon (GAC). Sulphuric acid, hydrogen peroxide, nitric acid and
aminopropyl triethoxy silane were used to modify the GAC to yield
GAC-S, GAC-HO, GAC-N and GAC-NH, respectively. The structural
characterization results, including analysis performed using
scanning electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR), N2-adsorption, X-ray photoelectron spectros-
copy (XPS) and thermogravimetric analysis (TGA), suggested that
the carbon supports had large surface area, abundant pore struc-
ture, and a signicant number of oxygen-containing functional
groups, which inuenced the particle size, dispersion and dehy-
drogenation activity of the Pt-based catalysts. The hydrogen
temperature-programmed reduction (H2-TPR) technique was
utilized to investigate the interaction between the active compo-
nent Pt and the distinct functionalized granular activated carbon.
The CO pulse technique revealed the particle sizes and the
dispersion of the as-prepared Pt-based catalysts. Finally, the cata-
lytic activities of the Pt-based catalysts for the dehydrogenation
reaction ofMCHwere studied. The results showed that the Pt/GAC-
S catalyst demonstrated a higher conversion of MCH (63%) and
a larger hydrogen evolution rate (741.1 mmol gPt

�1 min�1) than
the other resulting Pt-based catalysts at 300 �C.
Experimental section
Materials

Chloroplatinic acid solution (H2PtCl6$6H2O) and ethylene glycol
solution were purchased from Tianjin Jinhai Type Science and
Technology Development Co. Ltd and Tianjin Jiangtian Chemical
Technology Co. Ltd, respectively. GAC was provided by Fujian Xin
Charcoal Industry Co., Ltd. MCH, toluene (TOL), aminopropyl
triethoxy silane, nitric acid, sulphuric acid, and hydrogen peroxide
were purchased fromTianjin Concord Technology Co., Ltd.Milli-Q
water (18.2 MU cm) was utilized throughout the experiments.
Instrumentations

The SEM images were captured by a JEOL JSM-7500F (JEOL,
Japan). The Brunauer–Emmett–Teller (BET) specic surface
area and the pore structure of the materials were obtained using
a microspores instrument ASAP 2020 (American). FTIR spectra
were recorded adopting a Vector 22 FTIR spectrophotometer
(Bruker, Germany). XPS data were measured utilizing a Kratos
Axis Ultra DLD multi-technique with Mg-Ka radiation. All of the
measurements were performed at room temperature. X-ray
diffraction (XRD) patterns were measured on a Bruker D8
29288 | RSC Adv., 2021, 11, 29287–29297
FOCUS diffractometer in the 2q range of 10–80� (scanning rate
of 6� min�1 in steps of 0.02�) with Cu Ka (l ¼ 0.15406 nm)
radiation operating at 40 kV and 40 mA. TGA and differential
thermogravimetry (DTG) were implemented with a Rigaku
thermogravimetry-differential thermal analyzer in nitrogen
with a heating rate of 10 �C min�1. The load capacity of Pt was
determined using inductively coupled plasma-atomic emission
spectrometry (ICP-AES, ICP-9000(N+M)).

Preparation of the functional GAC supports

10 g of GAC was modied by dilute sulfuric acid, aminopropyl
triethoxy silane, nitric acid, and hydrogen peroxide with
a concentration of 2 mol L�1 for 8 h at 65 �C, then washed with
deionized water, and dried at 110 �C for 12 h, and marked as
GAC-S, GAC-NH, GAC-N, and GAC-HO, respectively.

Preparation of the Pt-based catalysts

Pt-based catalysts were prepared using a previously reported
method.31 Briey, 2.0 g GAC and 20 mL deionized water were
dispersed into a 100 mL three-well ask. Aer stirring evenly,
a certain amount of chloroplatinic acid was dropped into the
suspension. Being stirred for 30 min later, 20 mL of ethylene glycol
solution was added. The precursor was heated and reuxed for 4 h,
then ltered and washed with deionized water. The as-prepared
solid was nally dried in a vacuum oven for 12 h at 55 �C to yield
Pt/GAC. The loaded amount of Pt in the catalysts was about 0.2%
(measured by ICP-AES). The catalysts of Pt/GAC-S, Pt/GAC-HO, Pt/
GAC-N and Pt/GAC-NH were synthesized using the same opera-
tion. Before the dehydrogenation reaction of MCH was performed,
the Pt-based catalysts were reduced using H2 at 400 �C for 2 h.

He-temperature-programmed decomposition (He-TPD)
characterization

He-TPD tests were carried out on a Micromeritics Chemsorb 2750
in a helium gas atmosphere. About 0.20 g of the sample was placed
in a U-shaped quartz tube and pretreated in He gas for 1 h at
150 �C before the test, then cooled to 100 �C. Desorption of the
sample was performed in the temperature range of 100–1000 �C
with a heating rate of 10 �Cmin�1, and the spectra were recorded.

H2-TPR characterization

The H2-TPR technique was also carried out on the Micro-
meritics Chemsorb 2750 equipped with a thermal conductivity
detector. About 0.10 g of the sample was placed into a quartz U-
shaped tube and purged for 0.5 h with 10% H2 in Ar, then
heated to 900 �C with a heating rate of 10 �C min�1 and the
spectra were recorded on a computer.

CO pulse characterization

The CO pulse technique was conducted on a Micromeritics
Chemsorb 2750 equipped with a thermal conductivity detector.
About 0.10 g of the sample was acquired and reduced by H2 at
400 �C for 40 min, then cooled to 25 �C under helium protec-
tion. The adsorption of CO was begun when the temperature
stabilized at 25 �C.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Catalytic reaction

Dehydrogenation of MCH to yield hydrogen and toluene was
carried out under atmospheric pressure in a xed-bed ow
reactor (10 mm inner diameter (ID) � 250 mm) with 0.30 g of
the Pt-based catalysts. The MCH was injected into the reactor
with a pump under a nitrogen stream with a ow rate of 0.03
mL min�1. The conversion of MCH was determined using
a Rock GC 7800 gas chromatograph equipped with a ame
ionization detector and an SE-30 column.
Recycling studies

Recycling assays were carried out to investigate the heteroge-
neity and stability of the catalysts. Aer the rst catalytic reac-
tion had nished, the Pt/GAC-S catalyst was recovered by
ltration, washed with distilled water, dried at 55 �C for 12 h in
a vacuum and reused for the second catalytic reaction. The
same operations were implemented in another three runs. At
the same time, aer the rst run, the amount of Pt in the
recovered Pt/GAC-S and in the ltrate was detected by ICP-AES.
Results and discussion
Structural characterization of the supports

SEM images displayed the morphology of GAC, as shown in
Fig. 1A. GAC appeared as a large number of amorphous
spherical particles with a uniform size. The XRD pattern
(Fig. 1B) revealed the crystal structure of GAC. The diffraction
Fig. 1 Structural characterizations of GAC: (A) SEM image; (B) XRD patte

© 2021 The Author(s). Published by the Royal Society of Chemistry
peaks at 24� and 44� were stemmed from the (002) crystal plane
and the (100) crystal plane of graphite microcrystalline (PDF#
041-1487), respectively. The Raman spectrum further evidenced
the degree of crystallization of GAC. As revealed in Fig. 1C, the
peak at 1334 cm�1 for the D band and the 1590 cm�1 peak
representing the G band were observed in the Raman spectrum
of GAC, which were attributed to the disordered carbon and the
Eg vibration of the sp2 bonded carbon double bonds, respec-
tively.32 Meanwhile, the ratio of ID/IG was employed to evaluate
the disorder of the material structure.33 The ratio value of ID
versus IG was calculated to be 1.05, which indicated that the
amorphous carbon was a little higher than the crystal carbon in
GAC. In addition, 2679 cm�1 peak of 2D (an overtone of the D
bond) was determined in the Raman spectrum of GAC, which
was in agreement with the reported literature.34 The FTIR
spectrum (Fig. 1D) conrmed the abundant oxygen-containing
functional groups on the surface of GAC. The peak at
620 cm�1 was assigned to the bending vibration of C–H. The
absorption peak at 1630 cm�1 was assigned to the C]O
stretching vibration.35 1274 cm�1 and 1098 cm�1 were attrib-
uted to the stretching vibration of C–O–C and the asymmetric
stretching vibration of C–OH, respectively.36,37 The 3130–
3740 cm�1 region was resulted from the O–H stretching
vibration.38

The XPS spectra further evidenced the surface structure of
GAC. As observed in Fig. 2A, the surface of GAC was composed
of a great number of C and O elements. In the C 1s spectrum of
GAC (Fig. 2B), the XPS peaks locating at 284.6, 285.5, 286.9 and
rn; (C) Raman spectrum; and (D) FTIR spectrum.

RSC Adv., 2021, 11, 29287–29297 | 29289
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Fig. 2 (A) Survey XPS spectrum (B) C 1s spectrum; and (C) O 1s spectrum of GAC.
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290.4 eV were registered in C–C/C–H, C–O, C]O and O–C]O
bonds, respectively.39 The O 1s spectra (Fig. 2C) divided into two
peaks of 532.4 and 536.5 eV, indicating the presence of C–O and
C]O bonds.40 The results of XPS were identical with those of
FTIR.

Aer modication, the structure of GAC was slightly
changed. Table 1 lists the specic surface areas, pore volumes
and pore sizes of GAC, GAC-S, GAC-HO, GAC-N and GAC-NH.
The specic surface area of GAC was as high as 1782 m2 g�1,
which decreased to 1444 m2 g�1 aer treatment with 2 mol L�1

sulfuric acid, 1540 m2 g�1 with 2 mol L�1 hydrogen peroxide,
1415 m2 g�1 with 2 mol L�1 nitric acid, and 905 m2 g�1 with
2 mol L�1 aminopropyl triethoxy silane. The oxidative treatment
might diminish the specic surface area, which coincided with
the previously published literature.41 The same downward
trends were observed in the microsurface area and pore volume.
Table 1 Surface structural information of GAC supports treated with diff

Supports BET (m2 g�1)
Micropore area
(m2 g�1)

Pore volume
(cm3 g�1)

GAC 1782 832 1.03
GAC-S 1444 699 0.83
GAC-HO 1540 621 0.96
GAC-N 1415 757 0.78
GAC-NH 905 487 0.51

29290 | RSC Adv., 2021, 11, 29287–29297
The drop in the specic surface area and pore volume may be
caused by the blockage of some pores during the oxidative
treatment.42

Fig. 3 shows the adsorption isotherms and the pore diameter
distributions of the supports. As observed in Fig. 3A, all the
adsorption isotherms for the supports belonged to the type IV
hysteresis loops, indicating the presence of mesoporous
pores.43 The pore diameter distributions of the supports
(Fig. 3B) suggested that the supports mainly consisted of the
micropores. The most probable pore sizes of the supports were
focused on the range of 0.5–0.6 nm.

Aer treatment, the surface of GAC was modied with the
functional groups, which gradually decomposed and released
CO or CO2 gas with the increasing temperature under an inert
gas atmosphere (e.g. He gas). Fig. 4A shows the He-TPD proles
of GAC, GAC-S, GAC-HO, GAC-N, and GAC-NH. As shown in
erent reagents

Micropore volume
(cm3 g�1)

Mean pore size
(nm)

Mean micropore
size (nm)

0.37 2.32 0.54
0.31 2.29 0.54
0.27 2.49 0.53
0.34 2.19 0.53
0.22 2.20 0.54

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) N2 adsorption isotherms and (B) pore diameter distributions of (a) GAC, (b) GAC-S, (c) GAC-HO, (d) GAC-N, and (e) GAC-NH.
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Fig. 4A(a), the peaks at 280 �C and 860 �C in the GAC He-TPD
curve were attributed to the carboxylic acid group and the
carbonyl substance, respectively.44 Meanwhile, the distinct peak
at 290 �C in the GAS-S He-TPD curve (Fig. 4A(b)) was also
assigned to the carboxylic acid group and at 850 �C to the
carbonyl substance. However, the peak at 290 �C was obviously
Fig. 4 (A) He-TPD of (a) GAC, (b) GAC-S, (c) GAC-HO, (d) GAC-N, and (e)
and (F) GAC-NH.

© 2021 The Author(s). Published by the Royal Society of Chemistry
larger than that of GAC, we speculated that the difference was
derived from the sulfonic acid group. The He-TPD curve of GAC-
HO (Fig. 4A(c)) was essentially the same as that of GAC, which
indicated that the types of functional group remained
unchanged aer being treated with hydrogen peroxide. Aer
functionalization with nitric acid, many peaks were observed in
GAC-NH; TG and DTG of (B) GAC, (C) GAC-S, (D) GAC-HO, (E) GAC-N,

RSC Adv., 2021, 11, 29287–29297 | 29291
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Fig. 5 H2-TPR of (a) GAC, (b) Pt/GAC, (c) GAC-S, (d) GAC-NH, (e)
GAC-HO, and (f) GAC-N.
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the He-TPD curve of GAC-N (Fig. 4A(d)), which suggested the
fabrication of more functional groups, such as carboxylic
groups, lactone, carboxylic anhydride groups, etc. The He-TPD
curve of GAC-NH (Fig. 4A(e)) was almost the same as that of
GAC, which indicated that the functional groups kept
unchanged aer being treated with aminopropyl triethoxy
silane. Fig. 4B–F show the TGA and DTG curves of GAC, GAC-S,
GAC-HO, GAC-N, and GAC-NH, respectively, which further
revealed the surface functional groups of several carbon mate-
rials. As shown in Fig. 4B of the GAC TG and DTG prole, the
exothermic peak (30–100 �C) was assigned to the evaporation of
moisture. Furthermore, the peak at 155 �C was ascribed to the
decomposition of carboxyl acid,45 which was consistent with
that of He-TPD and FTIR. Additionally, the weak peaks at 376 �C
and 485 �C in the GAC DTG curve were attributed to the
decomposition of the carboxyl anhydrides, and the one at
635 �C of the carbonyl group.46 In the rst stage (30–100 �C) of
the TG curve of GAC-S (black line in Fig. 4C), the mass loss was
also ascribed to the evaporation of moisture, which was shown
at 57 �C of the DTG curve of GAC-S (blue line in Fig. 4C). Similar
to GAC, the peak at 160 �C of the GAC-S DTG curve was attrib-
uted to the decomposition of carboxyl acid. The obvious peak at
312 �C in the GAC-S DTG curve was derived from the decom-
position of the sulfonic acid group.47 The weak peak at 490 �C in
the GAC-S DTG curve was attributed to the decomposition of
carboxyl anhydrides. As shown in Fig. 4D of the GAC-HO TG and
DTG prole, the exothermic peak (30–100 �C) was assigned to
the evaporation of moisture. The broad peaks in the regions of
90–280 �C and 284–500 �C were ascribed to the carboxyl acid
and the carboxyl anhydrides, respectively. The peaks at 54 �C,
158 �C, 270 �C, 427 �C and 674 �C were attributed to the mois-
ture, carboxyl acid, carboxyl anhydrides and carbonyl group,
respectively (Fig. 4E), which was in agreement with the results of
He-TPD. The peaks at 140 �C, 260 �C and 340 �C were assigned
to the carboxyl acid, carboxyl anhydrides and amino group.48
Structural characterizations of the Pt-based catalysts

Fig. 5 shows the H2-TPR curves of the GAC and Pt-based cata-
lysts, which depicted the reduction mechanism. As shown in
Fig. 5a, the peak at 630 �C was observed in the H2-TPR curve of
GAC, which was attributed to the surface functional groups of
GAC. Compared with GAC, the H2-TPR curve of Pt/GAC (Fig. 5b)
showed the peaks at 240 �C and 340 �C, which were generated by
the reduction of Pt–O–Pt and Pt–O–C,49 respectively, further
demonstrating the successful synthesis of Pt-based catalysts.
The reduction peaks of Pt–O–Pt or Pt–O–C were also observed in
the H2-TPR curves of GAC-S (Fig. 5c), GAC-NH (Fig. 5d), GAC-HO
(Fig. 5e), and GAC-N (Fig. 5f), which could improve the disper-
sion of the metal species. 50 Moreover, the reduction peaks in
the curves of the Pt-based catalysts were less than 400 �C, which
indicated that the Pt was in the metallic state in the catalysts
before the dehydrogenation of MCH.

The degree of dispersion of the Pt particles affects the cata-
lytic activity. The CO pulse adsorption was adopted to measure
the degrees of dispersion of the Pt-based catalysts, which were
listed in Table 2. The degrees of dispersion of the active
29292 | RSC Adv., 2021, 11, 29287–29297
component Pt in Pt/GAC, Pt/GAC-S, Pt/GAC-HO, Pt/GAC-N and
Pt/GAC-NH were 26.6, 34.7, 20.3, 19.4 and 11%, respectively. In
addition, the particle sizes of Pt were 4.26, 3.57, 5.58, 5.83 and
10.3 nm, respectively. The degree of dispersion of Pt/GAC-S was
higher than that of Pt/GAC, and the particle size of Pt/GAC-S was
smaller than that of Pt/GAC, which indicated that the activated
carbon modied by dilute sulfuric acid effectively improved the
dispersion of the Pt precursor and reduced the particle size.
However, the degrees of dispersion of the Pt/GAC-HO, Pt/GAC-N
and Pt/GAC-NH catalysts were lower than that of Pt/GAC, and
the particle sizes of the Pt/GAC-HO, Pt/GAC-N and Pt/GAC-NH
catalysts were much larger than that of Pt/GAC, demon-
strating that hydrogen peroxide, dilute nitric acid and amino-
propyl triethoxy silane were not conducive to the
homodispersion of the Pt-based catalyst or improving the
immersion load of chloroplatinic acid. In summary, the results
showed that dilute sulfuric acid was a good reagent for
improving the degree of dispersion of the precious metal Pt and
reducing the particle size, which was consistent with the
previously reported results.51

Dehydrogenation of MCH over the Pt-loaded catalysts

Fig. 6 shows the conversion curves of MCH to TOL and the
hydrogen evolution histograms taking Pt/GAC, Pt/GAC-S, Pt/
GAC-HO, Pt/GAC-N and Pt/GAC-NH as catalysts with a reac-
tion temperature of 300 �C and a space velocity of 5 h�1. As
shown in Fig. 6A, the conversion of MCH using Pt/GAC as
a catalyst was rstly about 21.2%, but dramatically decreased to
8.64% aer 12 h, which might result from the agglomeration of
the Pt/GAC catalyst. In contrast, the conversion of MCH
adopting Pt/GAC-S as the catalyst was initially around 66.3%
and slightly decreased to 61% aer 12 h, which was higher and
more stable than that of Pt/GAC. It might benet from the high
degree of dispersion and the small particle size of Pt/GAC-S.
However, the conversion values of MCH utilizing Pt/GAC-HO,
Pt/GAC-N, and Pt/GAC-NH as the catalysts were much lower
than that of Pt/GAC, which indicated that dilute nitric acid,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The CO pulse adsorption data for the Pt-loaded catalysts

Pt-based catalysts
Adsorption capacity
of CO (mL CO g�1 catalyst)

Surface area of
metal (m2 g�1 sample)

Dispersion of active
component (%)

Mean size of
Pt (nm)

Pt/GAC 61.1 65.7 26.6 4.26
Pt/GAC-S 79.6 85.6 34.7 3.27
Pt/GAC-HO 46.6 50.1 20.3 5.58
Pt/GAC-N 44.7 48.0 19.4 5.83
Pt/GAC-NH 25.2 27.1 11.0 10.3

Fig. 6 (A) The conversion curves of MCH dehydrogenated into toluene and (B) hydrogen evolution histograms over Pt-based catalysts.

Table 3 Comparison of the dehydrogenation of MCH over previously reported Pt-based catalysts

Catalysts
Temperature
(�C)

Rate of liquid
MCH (mL min�1) Catalyst weight

Pt loading content
(wt%)

Conversion of
MCH (%)

H2 evolution rate
(mmol gPt

�1 min�1) Ref.

Pt/SBA-15 300 �C 0.03 0.05 3 65 (initial) 305.8 52
Pt/Ce–Mg–Al–O 300 �C — — 0.35 49.8 686.9 53
Pt/coconut activated
carbon

300 �C 0.03 0.03 1 42 592.9 54

Pt/pyrolytic waste
activated carbon

300 �C 0.03 0.554 0.4 95 302.6 31

PtSn-5/Mg–Al–O-350 300 �C 0.1 0.5 2 90.5 212.9 55
Pt/GAC-S 300 �C 0.03 0.3 0.2 63 741.1 This work
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hydrogen peroxide and aminopropyl triethoxy silane were not
suitable for treating carbon materials to catalyze the dehydro-
genation of MCH. The average conversion values of MCH
utilizing Pt/GAC, PT/GAC-S, Pt/GAC-HO, Pt/GAC-N, and Pt/GAC-
NH as the catalysts were 13.6%, 63.0%, 7.78%, 1.41% and
1.09%, respectively, which were exploited to calculate the
hydrogen evolution (Fig. 6B). The hydrogen evolution rate of Pt/
GAC was 160.2 mmol gPt

�1 min�1, which increased up to
741.1 mmol gPt

�1 min�1 of Pt/GAC-S, further indicating the
good catalytic activity of Pt/GAC-S in the dehydrogenation of
MCH. However, the hydrogen evolution rates of Pt/GAC-HO,
Pt/GAC-N, and Pt/GAC-NH were obviously less than that of Pt/
GAC, which proved their poor catalytic abilities in the dehy-
drogenation of MCH. Table 3 lists a comparison of the dehy-
drogenation of MCH on catalysts previously reported in the
literature, which showed that the hydrogen evolution rate in
this work was higher than previously reported results, further
© 2021 The Author(s). Published by the Royal Society of Chemistry
indicating the good performance of the resultant Pt/GAC-S for
the catalytic dehydrogenation of MCH.

Fig. S1† displays the Pt 4f XPS spectra and S 2p XPS spectra of
the fresh and the recovered Pt/GAC-S catalysts. As revealed in
Fig. S1A,† two-doublet binding energies in the Pt 4f7/2 spectra of
the fresh Pt/GAC-S catalyst were obtained. The peaks at 70.4 and
73.1 eV were attributed to metallic platinum and PtO, corre-
sponding to Pt(0) and Pt(II), respectively.56 76.1 and 79.9 eV in
the Pt 4f5/2 spectra of the fresh Pt/GAC-S catalyst were assigned
to Pt(0) and Pt(II), respectively. Compared to the fresh Pt/GAC-S,
the doublets binding energies in the Pt 4f7/2 and 4f5/2 spectra of
the recovered Pt/GAC-S catalyst were almost unchanged. The
peaks at 70.0 eV in the Pt 4f7/2 spectra and 75.9 eV in the Pt 4f5/2
spectra resulted frommetallic platinum, while that of 73.0 eV in
the Pt 4f7/2 spectra and 80.2 eV in the Pt 4f5/2 spectra were
caused by PtO. Fig. S1B† presents the decomposition curves of
the S 2p spectra in fresh and the recovered Pt/GAC-S catalysts.
RSC Adv., 2021, 11, 29287–29297 | 29293
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Fig. 7 Recycling studies for the Pt/GAC-S catalyst.
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The doublets located at 164.4 eV of the fresh Pt/GAC-S catalyst
and 164.7 eV of the recovered Pt/GAC-S catalyst were assigned to
oxysulde,57 and the ones at 169.1 eV of the fresh Pt/GAC-S
catalyst and 169.3 eV of the recovered Pt/GAC-S catalyst were
attributed to the sulfate species,58 which further proved the
successful functionalization of GAC by dilute sulphuric acid.
Fig. 7 demonstrates the results of the recycling assays. The
conversions of MCH was observed a small uctuation in the
range of 59.8–64.4%, which showed that the activities of Pt/
GAC-S hardly decreased aer being reused four times, indi-
cating the good stability of the Pt/GAC-S catalyst. Aer the rst
run, Pt leaching in the reaction was 0.32 ppm (measured by ICP-
AES). When the Pt catalyst was ltrated from the reaction
system, the catalytic reaction was seldom observed in the
ltrate, which proved that the Pt on carbon supports acted as
the heterogeneous active sites.
Conclusions

Herein, we developed the dehydrogenation of MCH over Pt-
based catalysts supported on functional GAC. Sulphuric acid,
hydrogen peroxide, nitric acid and aminopropyl triethoxy silane
were utilized to modify GAC to yield GAC-S, GAC-HO, GAC-N,
and GAC-NH supports. Characterizations including SEM,
FTIR, N2-adsorption, XPS and TGA suggested that the as-
prepared functional carbon supports had a large surface area,
abundant pore structure, and a signicant number of oxygen-
containing functional groups. The results of H2-TPR analysis
demonstrated the interaction between the active component Pt
and the various functionalized carbon supports. CO pulse data
revealed that Pt/GAC-S showed a smaller particle size and
a higher dispersion than the other Pt-based catalysts. The
catalytic activities of the Pt-based catalysts were nally studied
in the dehydrogenation reaction of MCH. Recycling studies
indicated the good stability of the Pt/GAC-S catalyst and the
heterogeneous active sites of Pt component. The results of the
catalytic reaction showed that the Pt/GAC-S catalyst demon-
strated a higher conversion of MCH (63%) and a larger
hydrogen evolution rate (741.1 mmol gPt

�1 min�1) than the
other resulting Pt-based catalysts at 300 �C.
29294 | RSC Adv., 2021, 11, 29287–29297
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